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Fig. 1 Effects of Src inhibitors on ATP contents at high glucose after
exposure to ouabain. a Time-course of ouabain-induced decrease of
ATP ¢ After preincubation with 2.8 mmol/l glucose, islets
were incubated at 2.8 mmol/l glucose (white circles) or 16.7 mmol/
| glucose with (black squares) or without (black circles) | mmol/
| ouabain for the indicated times in Ca®*-depleted condition, and ATP
contents were determined. Values are means+SE (n=5). *p<0.0]1 vs
16.7 mmol/] glucose, b—d Effects of Src inhibitors on ouabain-induced
decrease of ATP contents in high glucose. After preincubation with
2.8 mmol/l glucose with or without Src mhibitors, islets were
incubated for 60 min at 2.8 mmol/l glucose (white bars) or
16,7 mmol/1 glucose with (hawched bars) or without (black bars)

bain in the p or ab of Src inhibitors under Ca®"-
depleted condition, and ATP contents were determined. b Effect of
10 umol/l PP2. ¢ Effect of | umol/l herbimycin A (Herb). d Effect of
5 umol/l SU6656 (SU). Values are means=SE of n=8 (b), n=10 (c)
and n=8 (d) determinations. *p<0.01 vs 2.8 mmol/l glucose; 'p<0.0]
vs 16.7 mmol/l glucose; *p<0.01 vs 16.7 mmol/l glucose plus ouabain
without Src inhibitors

15 min did not suppress ATP content in the presence of
16.7 mmo/l glucose (at 15 min, 16.7 mmol/l glicose plus
ouabain: 15.6+0.2 pmol per islet vs 16.7 mmol/l glucose; p=
NS), but such exposure for 30 min decreased ATP content in
the presence of 16.7 mmo/l glucose (at 30 min, 16.7 mmol/l
glucose plus ouabain: 14.940.4 vs 16.7 mmol/l glucose:
18.040.4 pmol per islet; p<0.01; Fig. la). Furthermore, an
exposure for 60 min profoundly suppressed ATP content at
high glucose (at 60 min, 16.7 mmol/ glucose plus ouabain:
10.640.6 vs 16.7 mmol/l glucose: 18.5+0.6 pmol per islet;
p<0.01; Fig. 1a).

In the presence of 10 pumol1l PP2, a Src inhibitor,
1 mmol/l ouabain failed to suppress ATP content in the
presence of 16.7 mmol/l glucose (16.7 mmol/l glucose plus
ouabain with PP2: 17.2£0.9 vs 16.7 mmol/l glucose with

PP2: 16.2+0.9 pmol per islet; p=NS) (Fig. 1b). ATP content
in ouabain-treated islets at high glucose in the presence of PP2
was larger than that in the absence of PP2 (16.7 mmol/
1 glucose plus ouabain with PP2 vs 16.7 mmol/l glucose plus
ouabain: 12.3£0.5 pmol per islet; p<0.01). Similar results
were observed in experiments using other Src inhibitors
(Fig. le,d).

Effect of ouabain on ROS production Exposure to 1 mmol/
| ouabain for 15 min did not increase CM-DCF fluores-
cence, which represents ROS production, in the presence of
16.7 mmo/l glucose (at 15 min, 16.7 mmol/l glucose plus
ouabain: 1.23£0.11 vs 16.7 mmol/l glucose: 1.08+0.13
relative units; p=NS; Fig. 2a). However, such exposure for
30 or 60 min augmented CM-DCF fluorescence in the
presence of 16.7 mmo/l glucose (at 30 min, 16.7 mmol/
1 glucose plus ouabain: 1.58+0.10 vs 16.7 mmol/l glucose:
1.2440.07 relative units; p<0.05; at 60 min, 16.7 mmol/
1 glucose plus ouabain: 1.71£0.12 vs 16.7 mmol/l glucose:
1.29+0.04 relative units; p<0.05; Fig. 2a). In the presence
of 10 umol/l PP2, 1 mmol/l ouabain did not increase CM-
DCF fluorescence in the presence of 16.7 mmol/l glucose
(16.7 mmol/l glucose plus ouabain with PP2: 1.31£0.07 vs
16.7 mmol/l glucose with PP2: 1.33:£0.05 relative units; p=
NS) (Fig. 2b). PP2 reduced CM-DCF fluorescence of islet
cells in the presence of 16.7 mmol/l glucose and 1 mmol/
| ouabain (16.7 mmol/l glucose plus ouabain with PP2 vs
16.7 mmol/l glucose plus ouabain: 1.63+0.08 relative units;
p<0.05; Fig. 2b).
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Fig. 2 Effects of Src inhibitor on ROS production at high glucose
after exposure 10 ousbain. a Time-course of ouabain-induced increase
of ROS production. After fl € Mmeasurn at time zero, the
dispersed islet cells were incubated for the indicated times, with
(squares) or without (circles) | mmol/l ouabain in the presence of
16.7 mmolll glucose under Ca**-depleted conditions. Values arc
means=SE (n=4) as a ratio of values at time zero. *p<0.05 vs
16.7 mmol/l glucose. b Effects of Sre inhibitor (PP2) on ouabain-
induced increase of ROS production at high glucose. After CM-DCF
fluorescence was determined at time zero, islet cells were incubated
for 60 min with 16,7 mmol/l glucose with (hatched bars) or without
(black bars) 1 mmol/l ouabain in the presence or absence of 10 pmol/
1 PP2 under Ca’*-depleted conditions, and fluorescence was measured
at 60 min. Values are means£SE (n=4) as a ratio of values at time
zero. *p<0.05 vs 167 mmoll glucose. "p<0.05 vs 16.7 mmol/
I glucose plus ouabain without PP2
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Fig. 3 Ouabain-induced Src tyrosine phosphorylation in islets under
Ca**-deprived condition in the presence of 16.7 mmoll glucose. a
Time-course of ouabain-induced Src tyrosine phosphorylation. Afier
preincubation with 2.8 mmol/l glucose, islets were incubated with or
without | mmol1 ouabain in the presence of 16.7 mmol/] glucose
under Ca’*-depleted conditions for the indicated times. Islets were
then lysed, immunoprecipitated with an anti-Sre antibody, and assayed
for Src tyrosine phosphorylation by Westemn blotting using Tyr*'®
phosphospecific Src antibody [rY"'Src. white circles), Tyr*®
phosphospecific Sre antibody (pY"~“Sre, white squares) or phosph
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value (means+SE, 0 min: n=3, | min: n=3, 3 min: n=8, 5 min: n=4).
*p<0.01 vs control (16.7 mmol/l glucose without ouabain). b
Representative immunoblots (1B) for total Src antibody, Tyr*'® or
Tyr*** phosphospecific Src antibodies (pY*"*Src and pY***Src) and
phosphotyrosine antibody (pY) at 3 min in the same membrane. In the
pY immunoblot, blots of 1gG heavy chain derived from antibody used
during immunoprecipitation were also observed. ¢ Dose-dependent
effect of ouabain on the level of Sre tyrosine phosphorylation in islets.
Representative immunoblot (1B) for total Sre antibody and pY'"'Srr:

tyrosine antibody (pY, black squares) by repetition of stripping and
reprobing for the same blot. To ensure equal loading, total Src
antibody (total Src, black circles) was also reprobed. Data are
expressed relative to control (16.7 mmol/l glucose without ouabain)

Effect of ouabain on Src phosphorylation Src activity is
regulated by the phosphorylation of Tyr*'® and Tyr**’,
Either a decrease in phosphorylation of Tyr" or an
increase in phosphorylation of Tyr*'® stimulates Src kinase
activity. Ouabain (1 mmol/l) caused a rapid activation of
Src in the presence of 16.7 mmol/l glucose under Ca*'-
deprived conditions. The maximum increase in Tyr*'®
phospholyration was observed 3 min after ouabain expo-
sure (Fig. 3a). Ouabain caused a significant increase in
Try*'® and total tyrosine phosphorylation, but had no effect
on Try*? phosphorylation (at 3 min, fold increase relative
to control, pY*'*Sre: 1.79£0.15, p<0.01 vs control; total
tyrosine phosphorylation (pY): 2.17£0.26, p<0.01 vs
control; pY***Sre: 1.09+0.04, p=NS vs control; total Sre:
0.96£0.03, p=NS vs control) (Fig. 3b,d). A dose-dependent
effect of ouabain on Tyr*'® phosphorylation was also
observed (100 pumol/l ouabain, at 3 min, fold increase
relative to control, pY*'*Sre: 1.47£0.05, p<0.01 vs control;
total Sre: 1.02+0.04, p=NS vs control; Fig. 3¢, d). Such
effects of ouabain on Src phosphorylation were also
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tibody at 3 min in the same membrane. d Quantification data are
expressed as means=SE of n=6 (100 pmol/l ouabain), n=8 (1 mmeol/
| ouabain) determinations relative to control (16.7 mmoll glucose
without ouabain) values. *p<0.01 vs control (16.7 mmoll glucose
without ousbain). IP, i ipitated

observed in a medium containing a physiological concen-
tration of Ca®'(fold increase relative to control, pY*'*Sre:
1.59£0.10, p<0.01 vs control; pY**’Src: 1.07£0.07, p=NS
vs control; total Sre: 0.96£0.06, p=NS vs control) (Fig. 4).

Effect of ouabain on AW, To evaluate the effect of ouabain
on AW, JC-1 fluorescence was measured in the presence
of 16.7 mmoll glucose without Ca®* (Fig. 5). After
addition of 16.7 mmol/l glucose to the medium, fluores-
cence increased gradually, indicating hyperpolarisation of
mitochondrial membrane potential, whereas the basal level
of fluorescence was unchanged in the presence of
2.8 mmol/l glucose. Ouabain (1 mmol/l) significantly
inhibited glucose-induced hyperpolarisation of mitochon-
dnal membrane potential 30 min afier administration (at
30 min, 16.7 mmol/l glucose plus ouabain: 1.04+0.03 vs
16.7 mmol/l glucose: 1.51£0.05 relative units; p<0.01).
However, in the presence of | mmol/l ouabain with
16.7 mmol/l glucose, 10 pmol/l PP2 reversed the effect of
ouabain on AY,, and increased JC-1 fluorescence 30 min
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Fig. 4 Ouabain (1 mmol/1}-induced Src tyrosine phosphorylation in
islets in medium containing a physiological concentration of Ca®”
(2.8 mmol1) in the presence of 16.7 mmol/l glucose. a Representative
immunoblot (IB) for total Src antibody and pY*'*Src or pY***Src

after administration (16.7 mmol/l glucose plus ouabain with
PP2: 1.41£0.07 vs 16.7 mmol/l glucose plus ouabain:
1.04+0.03 relative units; p<0.01). JC-1 fluorescence
decreased to below the basal level after the addition of
1 umol/l FCCP.

Effect of ouabain on glucose oxidation Glucose oxidation
in islets in the presence of 16.7 mmol/ll glucose was
increased compared with that in the presence of 2.8 mmol/l
glucose (Fig. 6). Glucose oxidation with 2.8 mmol/] glucose
was not affected by | mmol/l ouabain (ouabain plus
2.8 mmol/l glucose: 7.6+1.0 vs 2.8 mmol/l glucose: 5.6+
0.6 pmol islet ' 90 min'; p=NS). However, glucose
oxidation with 16.7 mmol/l glucose was suppressed by
the agent (16.7 mmol/l glucose plus ouabain: 30.0+4.3 vs
16.7 mmol/l glucose: 53.9+6.1 pmol islet”’ 90 min™';

JC-1 fluorescence
(arbitrary units)

0.4 T
0 15 30 45 60 75

Time (min)

Fig. 5 Time-course effects of Src inhibitor (PP2) on ouabain-induced
decrease of mitochondnal membrane potential at high glucose. After
JC-1 was loaded, dispersed islet cells were preincubated for 30 min at
2.8 mmol/l glucose with or without 10 pmol/l PP2. At time zerv, basal
fluorescence was determined, and islet cells were incubated for the
indicated time periods in Ca®” -depleted conditions at 2.8 mmol/
| glucose (white circles) or 16.7 mmol/l glucose with (black squares)
or without (black circles) | mmol/] ouabain, or with 16.7 mmol/
| glucose with 1 mmol/l ouabain in the presence of 10 pmol/ PP2
(black tnangles). At 60 min, | pmol/l FCCP was added to the

li Values are SE (n=6) as a ratio of values at time zero,
*p<0.01, 2.8 mmol/l vs 16.7 mmol/l glucose; 'p<0.01, 16.7 mmol/
| glucose vs 16.7 mmol/l glucose + ouabain; *p<0.01, 16.7 mmol/
| glucose + ouabain vs 16.7 mmol/l glucose + ouabain + PP2
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p<0.01). In the presence of PP2 or a-tocopherol plus
ascorbate, ouabain did not affect glucose oxidation at
16.7 mmol/l glucose. Glucose oxidation with 16.7 mmol/l
glucose and ouabain in the presence of PP2 or a-tocopherol
plus ascorbate was larger than that in the absence of PP2 and
a-tocopherol plus ascorbate (16.7 mmol/l glucose plus
ouabain with PP2: 50.244.5 vs 16.7 mmol/l glucose
plus ouabain: 30.0£4.3; p<0.01; 16.7 mmol/l glucose
plus ouabain with «-tocopherol plus ascorbate: 45.6+
3.2 pmol islet ' 90 min"' vs 16.7 mmol/l glucose plus
ouabain; p<0.01).

Characteristics of animals and islets Table 1 shows the
characteristics of the diabetes model GK rats and control
Wistar rats used in this study. GK rats had lower body
weight than control Wistar rats. In the fed state, GK rats had
higher plasma glucose concentration. DNA content and

Glucose oxidation
{pmol islet1 90 min~')

VE+VC |

Fig. 6 Effects of Src inhibitor and ROS scavenger on ouabain-
induced decrease of glucose oxidation at high glucose. After
preincubation with 2.8 mmol/l glucose with or without Sre inhibitor
and ROS scavenger, islets were incubated for 90 min at 2.8 mmol/
| glucose (white bars) or 16.7 mmoll glucose (black bars) with or
without | mmol/l ouabain (Ou) in the presence or absence of Src
inhibitor (10 pumoll1 PP2) and ROS scavenger (100 pmoll a-
tocopherol plus 200 wmol/l ascorbate, VE+VC) under Ca”"-depleted
conditions, and glucose oxidation was determined. Values are means
+SE of n=11 determinations. *p<0.01 vs 16.7 mmoVl/l glucose; 'p<
0.01 vs 16,7 mmoll glucose plus ovabain without PP2 and a-
tocopherol plus ascorbate
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Table | Characteristics of control Wistar and diabetic GK rats used in
the experiments

Characteristics Control Wistar  GK

Bodyweight (g) 20441 (45) 163£1%* (78)

Non-fasting plasma glucose 5.83=0.11 (45) 8.83=0.11** (78)
(mmaol/1)

Islet DNA content (ng/islet)
Islet insulin content (ng/islet)

13.520.6 (80)
21.8£0.9 (80)

13.5+0.7 (80)
24.241.0 (80)

Data are means+SE for the number of observations shown in
parentheses
**n<0.01 vs control Wistar rat

insulin content of islets derived from GK rats did not differ
from those derived from control Wistar rats.

Effect of Src inhibition and ROS scavenger on insulin
release and ATP content of GK islets In the presence of
16.7 mmol/l glucose, insulin release from GK islets was
reduced compared with control Wistar rats (GK: 1.78+
0.25 vs Wistar: 4.36£0.23 ng islet”' 30 min™"; p<0.01)
(Fig. 7a). PP2 and «-tocopherol plus ascorbate had no
effect on high glucose-induced insulin release from Wistar
islets (Fig. 7a,b). However, high glucose-induced insulin
release from GK islets was restored to control levels by Src
inhibitor (16.7 mmol/l glucose with PP2: 5.05+0.43 vs
16,7 mmol/l glucose; 1.78+0.25 ng islet”' 30 min'; p<
0.01) and ROS scavenger (16.7 mmol/l glucose with -
tocopherol plus ascorbate: 4.22+0.60 vs 16.7 mmol/l
glucose: 2.13+0.42 ng islet™’ 30 min™"; p<0.01; Fig. 7a,b).
The ATP content of GK islets in the presence of 2.8 mmol/
| glucose was not different from that in the presence of
16.7 mmol/l glucose (2.8 mmol/l glucose: 7.0+0.4 vs
16.7 mmol/l glucose: 8.3+0.7 pmolislet; p=NS; Fig. Tc).
In GK islets, ouabain did not suppress ATP content
(16.7 mmol/l glucose plus ouabain: 7.7£0.6 pmol/slet vs
16.7 mmol/l glucose; p=N8§), while PP2 and o-tocopherol
plus ascorbate increased ATP content in the presence of

16.7 mmol/l glucose (16.7 mmol/l glucose with PP2: 123+
0.7 pmol/islet vs 16,7 mmol/l glucose, p<0.01; 16,7 mmol/
I glucose with a-tocopherol plus ascorbate: 11.0£0.7 pmol/
islet vs 16.7 mmol/l glucose, p=0.01; Fig. 7c).

Effect of Src inhibition and ROS scavenger on ROS
production by GK islet cells Ouabain had no effect on
ROS production in the presence of high glucose in GK islet
cells (at 60 min, 16,7 mmol/l glucose plus ouabain: 2.19+0.18
vs 16,7 mmol/l glucose; 2.4240.27 relative units; p=NS;
Fig. 8a). However, PP2 and a-tocopherol plus ascorbate
decreased ROS production in the presence of high glucose in
GK islet cells (at 60 min, 16.7 mmol/l glucose with PP2:
1.53+0.08 relative units vs 16.7 mmol/l glucose, p<0.05;
16.7 mmol/l glucose with a-tocopherol plus ascorbate:
1.46£0.04 relative units vs 16.7 mmol/l glucose, p<0.05;
Fig. 8b).

Discussion

In the present study, we show that Src plays a role in the
signal-transducing function of Na'/K'-ATPase, by which
ROS generation decreases ATP production in conirol islets.
Moreover, ROS generated by Sre activation plays an
important role in impaired glucose-induced insulin secretion
in GK islets, in which Src activation is ouabain independent.

In pancreatic beta cells, ROS production via non-
mitochondrial and mitochondrial pathways has been pro-
posed. ROS production from non-mitochondrial pathways
including the hexosamine pathway [23], an unknown
pathway from D-glyceraldehyde [24], and NADPH oxidase
[25] have been reported. However, in most tissues, the
major biological process leading to generation of ROS is
the electron transport chain associated with the mitochon-
drial membrane [26, 27]. Recent studies have shown that
beta cells exposed to high glucose produce mitochondrial
ROS [14, 15]. Increase in ROS in the presence of high
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Fig. 7 Effects of Src inhibitor and ROS scavenger on insulin release
and ATP contents in GK islets. After preincubation with 2.8 mmol/
| glucose for 30 min, islets were incubated at 2.8 mmoll glucose
{white bars) or 16.7 mmol/l glucose (black bars) with or without test
materials for 30 min (a, b) or 60 min (¢). PP2 and a-tocopherol plus
ascorbate were also included during preincubation, a Effects of
10 umol/l PP2 on insulin release from control Wistar islets and GK

@ Springer

islets. Values are meanstSE (n=10). *p<0.01 vs Wistar, 16.7 mmol/
| glucose; 'p<0.01 vs GK, 16.7 mmol/l glucose without PP2. b Effects
of 100 umolN e-tocopherol plus 200 pumol/1 ascorbate (VE+VC) on
ATP contents in GK islets. Afier incubation as indicated for 60 min in
Ca**-depleted conditions, ATP contents were determined. Values are
means£SE (n=10). *p<0.01 vs 16.7 mmol/l glucose
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Fig. 8 Effects of ouabain, Src inhibitor and ROS scavenger on ROS
production at high glucose in GK islet cells. a Effect of 1 mmol/l
ouabain on the time-course of high glucose-induced increase of ROS
production. After fluorescence measurements at time zero, the
dispersed islet cells were incubated for the indicated times with
(squares) or without (circles) 1 mmol/l ouabain in the presence of
16.7 mmol glucose under Ca’*-depleted conditions. Values are
means+SE (n=3) as a ratio of values &t time zero. b Effects of
| mmol/l cuabain (Ou), 10 umol/1 PP2 and 100 umoll a-tocopherol
plus 200 pmolAl ascorbate (VE + VC) on ROS production in the
pn:scncc of 167 mmolfl gll.u:osc in GK islet cells. After CM-DCF

e was d ined at time zero, islet cells were incubated
for 60 min with 16.7 mmol/l glucose in the presence or absence of test
materials under Ca®’-depleted conditions, and fluorescence was
measured at 60 min. Values are means<SE (n=3) as a ratio of values
at time zero. *p<0.05 vs 16.7 mmol/l glucose

Contrdl Ou  PP2 VE-VC

glucose may be attributable to A%, -dependence of ROS
formation, in which an exponential increase in ROS
production is observed above 140 mV in mitochondrial
membrane potential [28]. However, in the present study, we
show for the first time that there is an increase in
mitochondrial ROS production via intracellular signal
transduction in pancreatic islets. Thus, ROS production
via the signal-transducing function of Na'/K"-ATPase does
not necessarily require hyperpolarisation of mitochondrial
membrane potential, as ouabain increases ROS production
while the agent simultaneously inhibits hyperpolarisation of
mitochondrial membrane potential.

Src is a 60 kDa membrane-associated non-receptor
tyrosine kinase that regulates various signal transduction
pathways, Src production is widespread and has been
demonstrated in pancreatic islets and in a beta cell line
[29-32]. Its catalytic activity is controlled by tyrosine
phosphorylation and protein-protein interaction. Phosphor-
ylation of Tyr” on Src holds the kinase in an inactive
conformation through an intramolecular interaction with its
Src homology 2 domain, whereas phosphorylation of Tyr*'®
activates Src by disrupting the intramolecular interaction
and creating the substrate-binding site [33]. The binding of
ouabain to the Na'/K'-ATPase causes rapid activation of
Src in various cells including cardiac myocytes [34],
smooth muscle cells [34, 35] and kidney epithelial cells
[36] independently of the changes in intracellular ion
concentrations. In the present study, ouabain stimulated
Tyr*'* phosphorylation but had no effect on Tyr'>’
phosphorylation, a phenomenon also observed in different
types of cells [36]. Since ouabain-induced direct interaction

between the Na' /K -ATPase «, subunit and Src is observed
in kidney epithelial cells [36], ouabain-induced direct
interaction between Na'/K'-ATPase and Src may well be
involved in ouabain-induced Src phosphorylation in pan-
creatic beta cells.

A signal-transducing function of Na' /K "-ATPase via Src
activation has been proposed recently in different types of
cells including cardiac myocytes, A7r5 cells and HelLa cells
[37]. The binding of ouabain to Na'/K'-ATPase activates
Src, resulting in transactivation of the EGF receptor and
increased mitochondnal production of ROS independently
of changes in intracellular ion concentrations, In the present
study, PP2, a specific Src inhibitor that reduces Src kinase
activity and Tyr*'® phosphorylation in rat islets [32], was
found to decrease ouabain-induced ROS production, indi-
cating that this signal-transducing function of Na'/K'-
ATPase plays a role in regulating mitochondnal ROS
production in islets. However, the involvement of the
transactivation of the EGF receptor in this pathway in islets
remains unknown.

In a previous study, we found that ouabain reduces not only
the increment in ATP content and the hyperpolarisation of
mitochondnal membrane potential by glucose, but also the
increment in O, consumption by glucose [17]. Since
increased O, consumption occurs in uncoupling [38],
ouabain-induced suppression of mitochondrial ATP produc-
tion clearly is not mediated by uncoupling, and the
suppression may derive from direct or indirect effects on
the respiratory chain. Ouabain (1 mmol/1) was found to
reduce glucose oxidation in the presence of 16.7 mmol/l
glucose in islets in medium containing a physiological level
of Ca®* [39]. In the present study, | mmol/l ouabain also
suppressed glucose oxidation in the presence of 16.7 mmol/l
glucose in Ca’'-depleted conditions. Since ouabain-induced
suppression of glucose oxidation was restored by ROS
scavenger and by Src inhibitor, increased ROS production
derived from Src activation may well suppress mitochondrial
metabolism in the Krebs cycle, in which CO; is released in
the reaction mediated by dehydrogenases. This is supported
by the fact that administration of 50 umol/l H;0,, a
concentration nearly equivalent to the 1 mmol/l ouabain-
induced increase in ROS production [17], to mitochondria
reduced activity of Krebs cycle enzymes including aconitase,
a-ketoglutarate dehydrogenase and succinate dehydroge-
nase, whose activities declined 96%, 39% and 37%,
respectively [40]. Considered together, these findings sug-
gest that ouabain-induced mitochondrial ROS suppresses
mitochondrial metabolism in the Krebs cycle, subsequently
reducing NADH supply to the respiratory chain, hyper-
polarisation of mitochondnal membrane potential, O, con-
sumption and ATP production.

We then investigated the role of ROS generated by Src
activation in impaired glucose-induced insulin secretion in
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diabetes. One of the characteristics of type 2 diabetes is that
the insulin secretory response of beta cells to glucose is
selectively impaired [41]. In the GK rat, a genetic model of
type 2 diabetes mellitus [42], glucose-induced insulin
secretion is selectively impaired [43]. On single-channel
recording, the glucose sensitivity of the beta cell Kapp
channel is remarkably reduced in GK rats, while the
inhibitory effect of ATP on channel activity is not
significantly different in control and GK rats [5]. The
intracellular ATP elevation induced by high glucose is
impaired in GK rats [44] as well as in patients with type 2
diabetes [45]. Thus, the impaired insulinotrophic action of
glucose in beta cells of GK rats may be attributable to
insufficient closure of the K srp channel because of deficient
ATP production derived from impaired glucose metabolism.
While there is evidence that islets in GK rats (a diabetes
model) and human type 2 diabetes are oxidatively stressed
[46, 47], the association between oxidative stress and
impaired intracellular ATP elevation in islets is unclear. In
the present study, both Src inhibitor and ROS scavenger
restored the impairment in high glucose-induced insulin
release and ATP elevation in GK islets but had no such
effects in control islets. Moreover, Src inhibitor reduced the
high glucose-induced increase in ROS generation in GK islet
cells but had no effect on that in control islet cells. Ouabain
had no effect on ATP content and ROS production in the
presence of high glucose despite the prominent recovery
effect of Src inhibitor in GK islets, suggesting that Src is
endogenously activated independently of ouabain. Taken
together, these results indicate that ROS generated by Src
activation plays an important role in impaired glucose-
induced insulin secretion derived from impaired glucose
metabolism in GK islets.
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Corosolic acid (CRA), a constituent of Banaba leaves, has been reported to exert anti-hypertension, anti-hy-
perinsulinemia, anti-hyperglycemia, and anti-hyperlipidemia effects as well as to induce anti-inflammatory and
anti-oxidative activities. The aim of this study was to investigate the inhibitory effects of CRA on the develop-
ment of obesity and hepatic steatosis in KK-Ay mice, a genetically obese mouse model. Six-week-old KK-Ay mice
were fed a high fat diet for 9 weeks with or without 0.023% CRA. Nine-week CRA treatment resulted in 10%
lower body weight and 15% lower total fat (visceral plus subcutaneous fat) mass than in control mice. CRA
treatment reduced fasting plasma levels of glucose, insulin, and triglyceride by 23%, 41%, and 22%, respectively.
The improved insulin sensitivity in CRA-treated mice may be due on part to the increased plasma adiponectin
and white adipose tissue (WAT) AdipoR1 levels. In addition, CRA treatment increased the expression of peroxi-
some proliferator-activated receptor (PPAR)@ in liver and PPARY in WAT, This is the first study to show that
CRA treatment can contribute to reduced body weight and amelioration of hepatic steatosis in mice fed a high
fat diet, due in part to increased upnulon of PPAR@ in liver and PPARY in WAT.
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Banaba leaves (Lagerstroemia speciosa LiNN.) have been
used as a traditional medicine in Southeast Asia, and tea
made from the leaves is used as a treatment for diabetes. The
leaves contain large amounts of corosolic acid (CRA) (Fig.
1), which recently has attracted attention for its biological
properties,' 7 It was shown that Banaba leaf extract (1%
CRA) treatment for 2 weeks decreased blood glucose levels
in humans.” In addition, CRA (10 mg) has been shown to re-
duce post challenge plasma glucose levels at 90 min in hu-
mans.” We previously reported that CRA ameliorates hyper-
tension and abnormal lipid metabolism as well as mitigating
oxidative stress and the inflammatory state in SHR/NDmecr-
cp rats on a high fat diet,” that is an animal model of meta-
bolic syndrome.'” We also found that the administration of
CRA (10 mg/kg) in a normal diet for 2 weeks improved hy-
perglycemia by reducing insulin resistance in a KK-Ay
mouse, an obese animal model that spontaneously develops
hypertriglyceridemia, hyperglycemia, hyperinsulinemia, and
diabetes.'""'® However, the effects of CRA on the adipocy-
tokines and transcription factors that play central roles in the
development of obesity are unknown.

Fig. 1
* To whom correspondence should be addressed.

Structure of Corosoric Acid (CRA)
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Obesity and type 2 diabetes in both humans and animals
are associated with insulin resistance.'”’ Adiponectin is an in-
sulin-sensitizing hormone, and plasma levels of adiponectin
have been reported to be significantly reduced in obese /dia-
betic mice and humans.'*'® It also was reported that
adiponectin receptors, AdipoR1 and AdipoR2, are downreg-
ulated in adipose tissue and skeletal muscle in obese diabetic
ob/ob mouse, which is correlated with decreased adiponectin
sensitivity.'”

Abnormalities of lipid metabolism are frequently observed
in obesity and type 2 diabetes. Peroxisome proliferator-acti-
vated receptor (PPAR)a is predominantly expressed in liver,
and regulates the expression of genes involved in lipid me-
tabolism. Activators of PPAR & decrease circulating lipid lev-
els and are commonly used to treat hypertriglyceridemia and
other dyslipidemic states. Recent studies suggest that the ac-
tivation of PPAR & prevents high fat diet-induced obesity,'”
insulin resistance,'™'” and hepatic steatosis.” It was also
found that activation of PPARa increased AdipoR1 and
AdipoR2 expression in adipocytes in vivo.?"

Growth and differentiation of adipocytes are regulated by
PPARY, which is highly expressed in adipose tissue. Activa-
tion of PPARy by agonists such as thiazolidinediones in-
creases the number of small adipocytes, which increases the
amount of the insulin-sensitizing hormone adiponectin.'**
PPARY activation also stimulates lipid storage in adipocytes
and reduces lipotoxicity in liver and skeletal muscle, thereby
improving insulin sensitivity.””

In the present study, we examined the inhibitory effects of
CRA on the development of obesity and hepatic steatosis in

© 2008 Pharmaceutical Society of Japan
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KK-Ay mice using 43 mg/kg CRA, a dosage similar to that
used in the previous study.'” We performed biochemical
measurements, body composition analysis, and morphologi-
cal analysis of liver and white adipose tissue (WAT). In addi-
tion, we examined gene and protein expression of PPARa in
liver, which regulates f-oxidation of fatty acid. We also ex-
amined gene expression of AdipoR1 and AdipoR2, which are
increased by PPARa agonist, and PPARa, which increases
adiponectin, in WAT.

MATERIALS AND METHODS

Chemicals CRA provided by Use Techno Corporation
(Kyoto, Japan) was stored at room temperature until use. All
other chemicals were of reagent grade.

Animals Male KK-Ay mice were purchased from Clea
Japan (Tokyo, Japan). The mice were housed in an air-con-
trolled room (temperature 25+2 °C and 50% humidity) with
a 12 h light/dark-cycle and food and water provided ad libi-
tum. Six-week-old male KK-Ay mice (1 mouse/cage) were
fed a high fat diet with (CRA-treated mice) or without (con-
trol mice) 0.023% (w/w) CRA for 9 weeks. The high fat diet
contained 45% kcal as fat, 35% kcal as carbohydrate, and
20% keal as protein, with an energy density of 3.57 kcal/g.*¥
All studies were performed in the laboratories of the Depart-
ment of Diabetes and Clinical Nutrition, Kyoto University, in
accordance with the Declaration of Helsinki. The Animal
Care Committee of Kyoto University Graduate School of
Medicine approved animal care and procedures.

Computed Tomography (CT)-Based Body Composition
Analysis CT-based analysis of body composition was per-
formed after 9 weeks. The mice were anesthetized with in-
traperitoneal injections of pentobarbital sodium, and scanned
using a LaTheta (LCT-100M) experimental animal CT sys-
tem (Aloka, Tokyo, Japan). Contiguous | mm slice images of
the whole abdominal cavity (Fig. 3A) were used for quantita-
tive assessment by LaTheta software (version 1.00), as de-
scribed previously®? Visceral plus subcutancous fat mass
(total fat mass) and lean body mass were evaluated quantita-
tively.

Histological Examination Epididymal white adipose
tissue (WAT) after 9 weeks was removed and fixed in 10%
formalin, embedded in paraffin, and stained with hema-
toxylin and eosin?® The diameter of the adipocytes was
determined by microsocope (BZ-8000, Keyence, Osaka,
Japan); 50 cells per mouse were measured in several parts of
the epididymal fat pad. Liver was fixed in 4% paraformalde-
hyde in 0.1 M phosphate-buffered saline for 2h at 4°C,
frozen, sectioned, stained with Oil Red O, and counterstained
with hematoxylin.?”

Measurement of Liver Triglyceride (TG) Content To
analyze hepatic TG levels, approximately 0.2 g of tissue was
homogenized and extracted in a chloroform : methanol mix-
ture (2:1 v/v).*® Triglyceride was enzymatically quantified
using a2 TG E Test Wako (Wako Pure Chemical Industries,
Osaka, Japan).

Biochemical Measurements Blood samples were col-
lected in heparinized capillary tubes and centrifuged at 2400
g. Plasma TG and glucose levels were measured using a TG
E test and Glucose II test, respectively (Wako Pure Chemical
Industries, Osaka, Japan). Plasma insulin levels were meas-
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ured using a mouse insulin ELISA kit (Shibayagi, Gunma,
Japan). Plasma adiponectin levels were measured by mouse/
rat adiponectin immunoassay kit (Otsuka Pharmaceutical,
Tokushima, Japan).

Quantitaive Reverse Transcription-Polymerase Chain
Reaction (RT-PCR) Total RNA was isolated from liver
and fat with Trizol reagent (Invitrogen, CA, US.A.), and ex-
amined by real time quantitative RT-PCR using a PE Applied
Biosystems prism model 7000 sequence detection instru-
ment. SYBER Green PCR Master Mix (Applied Biosystem,
CA, US.A.) was prepared for the PCR run. Thermal cycling
conditions were denaturation at 95 °C for 10 min followed by
50 cycles at 95°C for 15 s and 60°C for 1 min. The se-
quences of the sense and antisence primers of PPARa,
PPARy, AdipoR1 and AdipoR2 used for amplication from
mouse liver and WAT were as follows: the sense primer for
PPARa was ccctgaacatcgagtgtcgaa, the antisence primer
tigcageteegatcacactt; the sense primer for PPARa was tgteg-
gtiicagaagtgectt, the antisense primer getcgeagatcageagactet;
the sense primer for AdipoR1 was 5'-acgttggagagtcatccegtat-
3’, the antisense primer 5'-cicigtgtggalgeggaagat-3'; the
sense primer for AdipoR2 was 5'-tcccaggaagatgangggtiiat-
3’, the antisence primer 5’-ticcattcgticgatagcatga-3'. Gene
expression levels were corrected for GAPDH mRNA level.

Protein Analysis For PPAR« analysis, nuclear extracts
were prepared essentially as described by Gebel er al™”
Briefly, frozen liver samples (0.1 g) were homogenized in 0.5
ml of ice cold buffer containing 20mm Tris—=HCI (pH 7.4),
10% glycerol, | mm EDTA, 25mm KCI, and 1 mum dithiothre-
itol together with protease inhibitors (Complete, EDTA Free;
Roche, Mannheim, Germany), and the nuclei were then
pelleted and resuspended in fresh buffer 0.4m NaCl The
suspensions were mixed (4°C, 30min) and centrifuged
(2000%g, 4°C, 30 min), and supernatants (nuclear extracts)
were collected. Protein was analyzed using a kit from Bio-
Rad Laboratories (CA, U.S.A.) with bovine serum albumin
as standard.

Nuclear Extracts (15 ug protein) were 12% SDS-polyacryl-
amide gels, transferred to PVDF membranes, which were
blocked in TBST buffer (20mm Tris-HCI [pH 7.5] and 55
mum NaCl, 0.1% Tween 20) containing 5% non-fat milk pow-
der and incubated with primary antibody 24 h. Primary anti-
bodies and dilutions used were as follows: mouse anti-
GAPDH (1:5000, Chemicon, CA, US.A.), rabbit anti-
murine PPAR@ (1:500, Santa Cruz Biothechnology, San-
taCruz, CA, US.A.). TBST was used as wash buffer and an-
tibody diluent. After washing for 310 min, blots were incu-
bated (60 min) with horseradish peroxidase-conjugated sec-
ondary anti-bodies, either anti-rabbit IgG (1:5000, GE
Healthcare, Buckinghamshire, UK.) or anti-mouse IgG (1:
5000, GE Healthcare, Buckinghamshire, UK.). Blots were
given final washes (215 min) and antibody binding was de-
tected on X-ray film by enhanced chemiluminescenece (ECL
Advance, GE Healthcare, Buckinghamshire, UK.).

Statistics Results are expressed as mean*S E M. Statis-
tical analysis was performed using unpaired Student’s {-test
for data from control and CRA-treated mice. Difference was
considered significant at p<<0.05.
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Fig. 2. Body Weight of Control Mice (Closed Circle) and CRA-Treated
Mice (Open Circle) During 9-Week Observation Period on a High Fat Diet
with or without 0.023% CRA

Each value represents mean= S EM. (n=4). Significantly different from controls,
*p<0.05.
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Fig. 3. Computed Tomography (CT)-Based Body Composition Analysis

(A) The arrow (from (&) W (b)) indicates the observation area. (B) total fat mass, (C)
subcutancous fat mass, (D) visceral fat mass, and (E) lean body mass of control mice
(closed bar) and CRA-treated mice (CRA) (open bar) after § weeks on a high fat diet
with or without 0.023% CRA. Each walue represents mean=S.EM. (n=4). Signifi-
cantly differemt from controls, = p<<0.05

RESULTS

Effects of CRA on Body Weight and Fat Mass in KK-
Ay Mice KK-Ay mice were fed a high fat diet with (CRA-
treated mice) or without (control mice) 0.023 % (w/w) CRA
for 9 weeks. As shown in Fig. 2, mice treated with CRA for 9
weeks had 10% less body weight than control mice. In nor-
mal diet-fed mice, there were no significant differences in
CRA-treated or control mice (data not shown). There were
no significant differences in food intake between CRA-
treated (460+10g/9 weeks) and control mice (454+8g/9
weeks). As shown in Fig. 3, a significant decrease in total fat
mass (Fig. 3B, 15%, p<0.05) and visceral fat mass (Fig. 3D,
16%, p<0.05) was observed in CRA-treated mice compared

653
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Fig. 4. (A) Fasting Plasma Blood Glucose Levels, (B) Fasting Plasma In-
sulin Levels, (C) Fasting Plasma Triglyceride Levels, and (D) Fed Plasma
Adiponectin Levels of Control Mice (Closed Bar) and CRA-Treated Mice
(CRA) (Open Bar) after 9 Weeks on a High Fat Diet with or without 0,023%
CRA

Each value represents mean*8 EM. (n=4) Significantly differemt from controls,
*p<0.05.

to controls. Subcutaneous fat mass was somewhat decreased,
but not significantly, in the CRA-treated mice (Fig. 3C, 14%,
p=0.09). Lean body mass was similar in control and CRA-
treated mice (Fig. 3E).

Effects of CRA on Fasting Plasma Glucose, Insulin, TG
and Fed Plasma Adiponectin Levels As shown in Fig. 4,
the CRA-treated mice showed levels of fasting plasma glu-
cose (A) and insulin (B) reduced by 23% (p<0.05) and 41%
(p=<0.05), respectively, compared to controls, suggesting that
the CRA-treated mice were more insulin sensitive, CRA-
treated mice showed fasting plasma TG (Fig. 4C) levels re-
duced by 22% (p<0.05) compared to controls. Fed plasma
levels of adiponectin were higher (16%, p<0.05) in CRA-
treated mice compared to controls (Fig. 4D),

Histology of Epididymal WAT and Effects of CRA on
WAT mRNA Expression Levels of AdipoR1, AdipoR2 and
PPARY Figure SA shows representative sections of epi-
didymal WAT from control and mice treated with CRA for 9
weeks, stained with hematoxylin and eosin. As shown in Fig.
5B, the size of adipocytes of epididymal WAT of CRA-
treated mice was significantly less (28%, p<<0.05) than that
of controls. AdipoR1 mRNA expression levels were signifi-
cantly higher in CRA-treated mice (15%, p<<0.05) than in
controls (Fig. 5C), although there was no difference in Adi-
poR2 mRNA between control and CRA-treated mice (Fig.
5D). CRA-treated mice showed significantly elevated PPARy
mRNA expression levels (60%, p<0.05) compared to con-
trols (Fig. 5E).

Histology of Liver, Liver TG Content, and Hepatic
mRNA and Protein Expression of PPAR@ Figure 6A
shows Qil Red O-stained sections of liver of control mice
and CRA-treated mice. The liver of control mice showed
widespread deposition of fat globules of various sizes. In
contrast, the liver of CRA-treated mice showed less fat accu-
mulation, indicating less hepatic steatosis than in controls.
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Fig. 5. (A) Histology of Epididymal White Adipose Tissue (WAT) of
Control and CRA-Treated Mice (CRA) after 9 Weeks on & High Fat Diet
with or without 0.023% CRA

Original magnification: 200>, Scale bars: 100 ym.
(B) Dj of Adipocytes in Epididymal Fat Pad of Control Mice (Closed
Bar) and CRA-Treated Mice (CRA) (Open Bar) after 9 Weeks on a High Fat
Diet with or without 0.023% CRA and Quantitative Real-Time RT-PCR
Analysis of Fatty Expression of (C) AdipoR1, (D) AdipoR2 and (E) PPARY
mRNA of Contral Mice (Closed Bar) and CRA-Rreated Mice (CRA) (Open
Bar) after 9 Weeks on a High Fat Diet with or withour 0.023% CRA

Gene expression levels of each mRNA were cormected for GAPDH mENA levels.
Each value represents mean=S.EM. (n=4). Significandy different from controls,
*p<0.05

The liver weight of CRA-treated mice was significantly less
(35%, p<0.05) than in controls (Fig. 6B), which is associ-
ated with the significantly decreased hepatic TG accumula-
tion in CRA-treated mice (37%, p<0.05) (Fig. 6C). Since
PPAR« plays an important role in maintaining homeostasis
of lipid metabolism, PPARa mRNA expression was exam-
ined in liver samples from controls and mice treated with
CRA for 9 weeks. As shown in Fig. 6D, expression of
PPAR & mRNA in CRA-treated mice was significantly higher
(64%, p<0.05) than in controls. We also confirmed protein
expression of PPARa and found that CRA-treated mice
showed significantly higher (31%, p<0.05) PPAR¢ protein
levels than in controls (Fig. 6E).

DISCUSSION

This is the first study to show that CRA treatment in mice
fed a high fat diet contributes to reduced body weight and
hepatic steatosis associated with increased expression of
PPAR« in liver and PPARy in WAT. CRA treatment also
may improve insulin sensitivity by increasing plasma
adiponectin and WAT AdipoR 1 levels.
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Control CRA
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PPARg | GAPDH
&
Protein expression
PPARy | GAPDH
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Control CRA
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Fig. 6. (A) Photomicrographs of Oil Red O Stained Liver of Control and
CRA-Treated Mice (CRA) after 9 Weeks on a High Fat Diet with or without
0.023% CRA
Original magnification: 100, Scale bars: 200 pm.

(B) Liver Weight of Control Mice (Closed Bar) and CRA-Treated Mice
(CRA) (Open Bar) after 9 Weeks on & High Fat Diet with or without 0.023%
CRA, (C) Liver TG Content of Control Mice (Closed Nar) and CRA-Treated
Mice (CRA) (Open Bar) after 9 Weeks on a High Fat Diet with or without
0.023% CRA, Quantitative Real-Time RT-PCR Analyses of Hepatic (D)
mRNA Expression and (E) Protein Expression of PPARe of Control Mice
(Closed Bar) and CRA-Treated Mice (CRA) (Open Bar) after 9 Weeks on
High Fat Diet with or without 0.023% CRA

Gene and protein expression levels of PPARa were corrected for GAPDH levels
Each walue represents mean+=SEM. (n=4). Significantly different from controls,
*p<0.05.

In the present study, we found that CRA increased mRNA
and protein expression of PPAR« in liver, suggesting that
CRA may act as a PPAR« agonist. The decreased body
weight and fat mass observed in the CRA-treated mice are
most likely due to increased f-oxidation and energy expendi-
ture by PPARa activation, as seen in mice treated with
PPAR@ agonists.'®1%3%)  Hypeririglycemia and hepatic
steatosis are also ameliorated by CRA treatment, in a manner
similar to that by PPAR« agonists,”” by increasing fatty acid
B-oxidation in liver. CRA-treated mice on a high fat diet
showed significantly reduced liver weight compared to con-
trols, due to the significantly decreased hepatic TG accumu-
lation. However, there are several reports of increased liver
weight by synthetic PPAR & agonists in rodents on a normal
diet™ ¥ through induction of DNA synthesis and suppres-
sion of apoptosis in hepatocytes.” In the present study, in-
creased AdipoR1 expression in WAT was found in the CRA-
treated mice, which may well contribute partly to the CRA-
related improvement in insulin sensitivity.

In addition, CRA treatment was found in the present study
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to increase PPARy expression in WAT. Treatment of obese
diabetic mice with thiazolidinediones, a PPARy agonist, has
been suggested to stimulate adipocyte differentiation and
apoptosis, thereby preventing adipocyte hypertrophy,-®
which is consistent with our results. Increased plasma
adiponectin levels also play an essential role in improved in-
sulin sensitivity in CRA-treated mice, most likely due to in-
creased number of small adipocytes through CRA-induced
activation of PPARy in WAT, resulting in decreased plasma
glucose levels.

It is noteworthy that CRA can activate both PPAR«a and
PPARy. Tsuchida er al. reported that activation of PPAR«
and PPARy by combination therapy of Wy-14643 and
rosiglitazone improved insulin sensitivity and reduced body
weight in KK-Ay mice.?") Compounds that have dual agonis-
tic activity on both of these receptors have been shown to ex-
hibit several beneficial metabolic effects in obese diabetic
animals. Ragaglitazar, a PPARa and PPARy agonist, was
shown to reduce plasma TG and glucose levels in high fat
diet-fed animals in the absence of weight gain,* and similar
results were obtained in Zucker fa/fa rats.*” CRA may there-
fore have therapeutic potential as a dual agonist of PPARa
and PPARY.

In conclusion, we have demonstrated that CRA amelio-
rates high fat diet-induced obesity and hepatic steatosis in
genetically obese KK-Ay mice, at least in part, by increasing
PPAR« expression in liver and PPARY expression in WAT,
CRA treatment also improved insulin sensitivity by increas-
ing plasma adiponectin levels and WAT AdipoR1 levels. As
obese patients are likely to prefer a high fat diet, CRA may
be an effective therapeutic option for the treatment of obesity
and diabetes.
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Abstract

Objecrive: Remnani-like lipoprotein particles (RLPs) have been implicated in atherogenesis especially by diabetic dyslipidemia; however,
their receptor(s) and effects on vascular smooth muscle cells (VSMCs) remain unclear. In this study, we examined if lectin-like oxidized LDL
receptor-1 (LOX-1) acts as a receptor for RLPs and its biological effects in VSMCs,

Methods and results: RLPs were isolated from human plasma by immunoaffinity gel containing anti-apolipoprotein A-1 and anti-
apolipoprotein B-100 monoclonal antibodies. Dil-labeled RLPs were taken up by CHO-K cells stably expressing LOX-1 but not by wild-type
CHO-K1 cells. RLPs induced LOX-1 expression and cell migration in bovine VSMCs (BVSMCs), which were significantly suppressed by
transfection with LOX-1 specific siRNAs. Inhibitors of metalloproteinases, epidermal growth factor (EGF) receplor tyrosine kinase, heparin-
binding EGF-like growth factor (HB-EGF), p38 mitogen-activated protein kinase (p38 MAPK), MAPK kinase (MEK 1) and phosphoinositide
3-kinase (P13K) significantly blocked RLP-induced LOX-1 expression and cell migration of BVSMCs.

Conclusions: The present study provides direct evidence that LOX-1 is a novel receptor for RLPs in VSMCs. LOX-1-mediated uptake of RLPs
may thus play important roles in atherogenesis by inducing LOX-1 expression and VSMC migration especially in the settings of postprandial
hyperlipidemia, diabetes and metabolic syndrome.

© 2008 Elsevier Ireland Lid. All rights reserved.

Keywords: LOX-1; Atherosclerosis; Remnant lipoproteins; Vascular smooth muscle; Disbetes mellitus

1. Introduction

Coronary heart disease (CHD) is prevalent in diabetes
mellitus and metabolic syndrome [1,2]. in which plasma
lipoprotein profiles are characterized by elevated remnant
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lipoprotein levels. Plasma remnant lipoprotein levels have
been assessed as levels of remnant-like lipoprotein particles
(RLPs) by isolating fractions unbound to two monocolonal
antibodies directed to apolipoprotein B-100 and apolipopro-
tein A-1 [3]. By this method, plasma RLP levels have been
shown to predict the CHD risk [4-7], and also to have bio-
logical effects on macrophages and vascular cells related to
atherogenesis [8-11].

Vascular smooth muscle cells (VSMCs) migration from
media to intima and subsequent proliferation play key roles
in atherogenesis [12]. A previous report has demonstrated
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that RLPs induce VSMC proliferation [9]; however, their
effects on VSMC migration have not been clarified. In addi-
tion, receptors for RLPs in VSMCs have not yet been well
characterized, although LRP in the liver [13], apoB-48-R in
macrophages [10,14], and VLDL receptor in heart, skeletal
muscle, adipose tissue, brain and macrophages [15] have
been shown to act as a receptor for RLPs.

Lectin-like oxidized LDL receptor-1 (LOX-1) is a recep-
tor for Ox-LDL expressed in vascular endothelial cells,
macrophages and VSMCs [16-21]. LOX-1 expression is
dynamically inducible by various proatherogenic stim-
uli, including tumor necrosis factor-ce (TNF-a) [18.21],
heparin-binding epidermal growth factor-like growth factor
(HB-EGF), [22] and Ox-LDL [23]. Furthermore, LOX-1 is
highly expressed by macrophages and VSMCs accumulated
in the intima of advanced atherosclerotic lesions, as well as
endothelial cells covering early atherosclerotic lesions in vivo
[24], indicating that LOX-1 appears to play important roles
at various stages of atherogenesis.

In previous reports, LOX-1 has been indicated to act as a
receptor for RLPs in vascular endothelial cells using an anti-
LOX-1 antibody and an antisense oligonucleotide directed
to LOX-1 [25.26]. In the present study, we provide direct
evidence, by cDNA and short interference RNAs (siRNAs)
transfection, that LOX-1 acts as a receptor for RLP and
whereby induce VSMC migration, depending upon HB-EGF
shedding and the downstream signal transduction cascades.

2. Materials and methods
2.1. Reagents

AG 1478, PD98059, SB203580 and wortmannin were pur-
chased from Calbiochem (San Diego, CA). CRM197 was
from Sigma Chemical CO (St. Louis, MO). GM6001 and its
negative control compound were from Chemicon (Temec-
ula, CA). PDGF-BB and TNF-a were purchased from Roche
(Mannheim, Germany).

2.2. Cell culture

Chinese hamster ovary-K1 (CHO-K1) cells stably
expressing human LOX-1 (hLOX-1-CHO) or bovine LOX-1
(bLOX-1-CHO), as well as wild-type CHO-K1 cells (wt-
CHO), were established and cultured as previously reported
[16.17]. Bovine VSMCs (BVSMCs) were purchased from
Cell Applications, Inc. (San Diego, CA) and cultured as pre-
viously reported [19,22].

2.3. Antibodies

Mouse anti-bovine LOX-1 and anti-human LOX-1 mon-
oclonal antibodies were prepared by immunization with
recombinant bovine and human LOX-1 extracelluler domains
as previously described [ 16]. Polyclonal antibodies for phos-

phorylated and total SAPK/JJINK and p38 MAPK were
purchased from Cell Signaling Technology (New England
Biolabs, London, UK). Polyclonal antibodies for phosphory-
lated and total ERK, Akt and EGFR were from Santa Cruz
Biotechnology (Santa Cruz, CA).

2.4. Lipoprotein preparation

RLPs and nascent VLDL were separated using an
immunoaffinity mixed gel (JIMRO, Gunma, Japan) from
triglyceride-rich lipoprotein fraction (d < 1.006 g/ml) isolated
from human plasma using ultracentrifugation as described
previously [3]. LDL fraction (d=1.019-1.063 g/ml) was also
isolated and modified oxidatively as previously described
[16,17,19]. Lipoproteins were dialyzed overnight against
PBS containing | mM EDTA (pH 7.4) and sterilized with
a 0.22-pm filter unit (Millipore, Billerica, MA). Labeling of
lipoproteins with 1,1-dioctadecyl-3,3,3’,3'- tetramethylindo-
carbocyanine perchlorate (Dil; Molecular Probes, Eugene,
OR) and quantification of Dil-labeled lipoprotein uptake
were performed as previously described [16].

2.5. Immunoblot analysis

Total cell lysates were separated on 12% SDS-PAGE,
transferred onto nitrocellulose membranes (Schleicher &
Schuell, Dassel, Germany) and proved with each primary
antibody, horseradish peroxidase-linked secondary antibod-
ies (Amersham, Hilleroed, Denmark) and the ECL Western
blotting detection reagents (Amersham). Representative
results from three independent experiments are shown in
figures.

2.6, Northern blor analysis

Total cellular RNA was isolated by RNeasy Plus Mini
Kit (Qiagen, Valencia, CA). Total RNA (15 pg) was sub-
jected to electrophoresis through 1% agarose gels containing
formaldehyde, and transferred onto nitrocellulose mem-
branes (OPTITRAN, Schleicher & Schuell). Membranes
were hybridized with Xhol fragment of bovine LOX-1 cDNA
which had been labeled with [a-*2P] dCTP (Amersham)
using random oligonucleotide primers (Megaprime DNA
labelling systems, Amersham).

2.7. Transwell migration assay

Transwell migration assay was performed as previously
described [27,28], BVSMCs were applied to the upper
chamber of transwell (Costar, Coming Inc. Coming, NY)
containing serum-free medium and allowed to migrate to
lower chamber containing test stimuli through a fibronectin-
coated polycarbonate filter (8 wm pore), Migrated cells on the
bottom side of filter were fixed with 100% methanol, stained
with Harris hematoxylin solution, and counted manually
in randomly chosen five high power fields in each tran-
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Fig. 1. Human and bovine LOX-1 mediates uptake of RLPs, (A) hLOX-1
CHO were incubated with 5 pg/ml of Dil-RLPs (a) or Dil-labeled Ox-LDL
(b) for 2h, BLOX-1-CHO (¢) as well as wi-CHO (d) were incubated with
5 pg/ml of Dil-RLPs. (B) Total cell lysates of bLOX-1-CHO transfected
with or without 100aM of LOX-1 siRNA #1, #2

#2 or control non-silencing
sIRNA were subjected to Western blotting for LOX-1. (C) BVSMCs

) Y. Aramaki et al. / Atheros

swell, using a light microscope (Axioskop2 plus, Zeiss, Jena,
Germany). Relative average numbers of migrated BVSMCs

compared with the control were calculated.
2.8. LOX-1I specific short interference RNAs (siRNAs)

To block bovine LOX- 1 expression, we designed two dif-
ferent siRNAs directed to the coding sequence of bovine
LOX-1: siRNA #1: ACCCAAUUACUCGUGGCUU (650-
668) and siRNA #2: GGCGAAUCUAUUGAGAGCA (821
839). None of these siRNAs shares homology with exons
of other known bovine genes. Control non-silencing siRNA
(control siRNA) was obtained from Qiagen. For siRNA
transfection, bLOX-1-CHO and BVSMCs were transfected
with siRNAs using siFECTOR (B-Bridge International, Inc.
Mountain View, CA) according to the manufaciurer’s instruc-
nons
2.9. Statistical analysis

Data in the bar graphs indicate the mean £+ S.D. calcu-
lated from three independent experiments. One-way ANOVA
was used to compare differences among groups. Statistical
significance was defined as p<0.05

3. Results

1.1, Uptake of Dil-labeled RLPs in CHO-K1 cells stably
expressing LOX-1

To examine whether LOX-1 acts as a receptor for RLPs,
hLOX-1-CHO, bLOX-1-CHO and wi-CHO were incubated
with Dil-labeled RLPs (Dil-RLPs) or Dil-Ox-LDL. As
shown in Fig. 1A, hLOX-1-CHO, but not wt-CHO, showed
prominent uptake of Dil-RLPs as well as Dil-Ox-LDL.
Uptake of Dil-RLP in hLOX-1-CHO was competitively
inhibited by the 100-fold excess amount of unlabeled RLPs
or Ox-LDL (data not shown), suggesting that uptake of RLPs
is specific and that binding sites for RLPs and Ox-LDL on
the LOX-1 molecule are identical or overlapped. Dil-RLPs,
as well as Dil-Ox-LDL, were also taken up by bLOX- 1-CHO.
These results thus demonstrate that both human and bovine
LOX-1 act as receptors for RLPs.

3.2. Uptake of RLPs by BVSMCs is significantly
suppre ssed f.!_\ transfection with LOX-1 specific siRNAx

We confirmed that both of LOX-1 siRNA #1 and #2, but
not control siRNA, dramaucally reduce LOX-1 expression in

(control siRNA) transfected with or without (a) 100 nM of LOX- | siRNA#]
(b), #2 {c) or control siRNA (d) were incubated with 5 pg/ml of Dil-
RLPs. Representative pictures under fluorescence microscopy are shown
(D) Uptake of Dil-RLPs was guantified by measuring fluorescence counts
after extraction of Dil. (*) p<0.0001 vs. control. (1) p<0.0001 vs. control
siRNA
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bLOX-1-CHO or BVSMCs by more than 90% (Fig. 1B). To
determine whether RLPs are mainly taken up by BVSMCs
via LOX-1, BVSMCs were incubated with Dil-RLPs after
transfection with LOX-1 siRNAs or control siRNA. Uptake of
RLPs was significantly reduced in BVSMCs transfected with
LOX-1 siRNAs when compared to those transfected with
control siRNA or without siRNA (Fig. IC and D), indicating
that LOX-1 is one of major receptors for RLPs in BVSMCs.

3.3. RLPs induce LOX-1 expression in BVSMCs

To explore biological effects of RLPs on BVSMCs,
LOX-1 expression was evaluated by Western blotting. As
shown in Fig. 2A, treatment of BVSMCs with RLPs, as
well as TNF-a, significantly increased LOX-1 expression
in a concentration-dependent fashion; maximal effects were

(A) RILPs TNF-at
(ng/ml) (ng/ml)
0 10 25 50 100 5
L e ——
3 L] *
(B) RLPs 25 pg/ml
0 4 8 12 16 20 24 28(h)
L LU
P i Gl
Lt
() RLPs 25 pg/ml
T TR 8(h)
Lox-1 -
285
188
# i #

i
4

0

Fig. 2. RLPs, but not nascent VLDL (n-VLDL), induce LOX- | expression
in BVSMCs. (A und B) After BVSMCs were treated with the indicated con-
centrutions of RLPs for 16h (A) or 25 g/ml of RLPs for the indicated time
periods (B, total cell lysates were subjected to immunoblotting for LOX-
I. TNF-a served as a positive control. (C) After treatment with 25 pg/ml
of RLPs for the indicated time periods, total cellular RNA was subjected to
Northern blot analyses. Bands for 285 and 185 rnibosomal RNAs were visual-
1zed by ethidium bromide staining to control the aumount of RNA loaded. (%)
2<0.001 vs. 0 pg/ml of RLPs, (1) p<0.005 vs. 0 h-incubation, (#) p<0.05
vs. Oh-incubation

275

observed at 25-50 pg/ml of RLPs. Time-course experiments
showed that expression of LOX-1 peaked at 16-20h after
RLP treatment and declined after 24 h (Fig. 2B). Further-
more, Northern blot analyses show RLPs induced LOX-1
expression at the level of gene transcription (Fig. 2C). In
contrast with RLPs, nascent VLDL (n-VLDL) had negligi-
ble effects on LOX-1 expression in BVSMCs (supplemental
Fig. S-A).

3.4. RLPs induce migration of BVSMCs via LOX-/

Effects of RLPs on BVSMC migration were examined by a
transwell migration assay. As shown in Fig. 3A and B, RLPs,
as well as PDGF-BB, significantly enhanced BVSMC migra-
tion compared with control in serum-free media. N-VLDL
showed modest and statistically insignificant increases in
BVSMC migration. Statistically significant increases in cell
migration were observed at 25 and 50 pg/ml of RLPs after
the stimulation for more than 8h (supplemental Fig. S-
B). BVSMC migration was not enhanced when RLPs were
present both in the upper and lower chambers, as compared
with that without RLPs (supplemental Fig. 5-C). Therefore.
the increases in the cell numbers on the bottom sides of
the filters were due to chemotaxis or cell migration rather
than chemokinesis or cell proliferation. Fig. 3C shows that
RLP-induced BVSMC migration, but not PDGF-BB-induced
BVSMC migration, was significantly inhibited by LOX-1
siRNA transfection. These results indicate LOX-1 mediates
RLP-induced BVSMC migration.

3.5. RLP-induced expression of LOX-1 depends upon
HB-EGF shedding and EGFR phosphorylation

A previous study has shown that RLPs induce pro-
liferation of rat VSMCs via shedding of HB-EGF and
subsequent EGFR transactivation [9]. we sought to deter-
mine if RLP-induced LOX-1 expression depends upon
HB-EGF shedding and EGFR transactivation. As shown
in Fig. 4A, RLPs, but not n-VLDL, activate EGFR. In
addition, CRM 197, which functionally neutralizes HB-EGF,
suppressed the activation of EGFR. Furthermore, a metal-
loproteinase inhibitor GM6001 (GM), but not its negative
control compound (GMNC), significantly suppressed RLP-
induced LOX-1 expression (Fig. 4B). In addition, AG1478,
an EGFR tyrosine kinase inhibitor and CRM 197 significantly
inhibited LOX-1 expression induced by RLPs, respectively
(Fig. 4C and D), indicating involvement of certain metallo-
proteinases, HB-EGF shedding and wransactivation of EGFR
in RLP-induced LOX-1 expression in BVSMCs.

3.6. RLP-induced expression of LOX-1 depends upon
ERK, p38 MAPK and PI3K activation

To determine which signal transduction cascades are
involved in RLP-induced LOX-1 expression in BVSMCs,
phosphorylation of ERK. p38 MAPK, c-Jun N-terminal

=94 -
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Fig. 3. LOX-1 mediates RLP-induced, but not PDGF-induced, BVSMC
migration. (A and B) BVSMCs were applied 1o the upper chamber of tran-
swells whose lower chamber contained serum-free medium with or without
(), RLPs (25 pg/ml; b), n-VLDL (25 pg/ml; ¢). or PDGF-BB (3 ng/ml; d)
Representative photomicrographs (A) and migrated cell numbers (B) from
three independent experiments are shown (A), (C) After transfection with or
without 100 aM of LOX-1 siRNA #1, LOX-| siRNA #2, or control siRNA,
BVSMCs were subjected to the transwell cell migration assay with RLPs
(25 pg/ml) or PDGF-BB (3ng/ml) for 8h. (#) p<0.0001 vs. control. (#4#)
p<0.005 vs. RLPs. (*) p<0.05 vs. RLPs without siRNAs, (1) p<0,05 vs
RLPs with control 5iRNA.

kinase (JNK) and Akt elicited by RLPs were measured
by immunoblotting. RLPs induced significant phosphory-
lation of ERK. p38 MAPK and Akt (Fig. 5A). but not
JNK (data not shown). Furthermore, CRM 197 significantly
suppressed RLP-induced phosphorylation of these signals
{(data not shown). Dependency of RLP-induced LOX-I
expression upon ERK, p38 MAPK and PI3K was exam-
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Fig. 4. Phosphorylation of EGFR induced by RLPs, and imvolvement of
metalloproteinase activation, HB-EGF shedding and EGFR transactivation
in RLP-induced LOX-1 expression, (A) BVSMCs were incubated with
15 pg/ml RLPs with or without | h-pretreatment with CRM 197 (5 pg/ml),
25 pg/ml of n-VLDL. or 10 ng/ml of EGF for 5 min. Then, total cell lysates
were subjected to immunoblotting for phosphorylated or total EGFR. (B-D)
After pretreated with 50 pM of GM or GMNC for 12h (B), or with the indi-
cated concentrations of AG 1478 (C) or CRMI9T (D) for | h, BVSMCs were
incubated with RLPs or TNF-a for 16 h. Total cell lysates were subjected to
immunoblot analyses for LOX-1. (*) p<0.05 vs. RLPs without inhibitors,
(#) p<0.05 vs. RLPs with GMNC, (**) p<0.01 and (##) p <0.001 vs. RLPs
without AGI478, (1) p<0.05 vs. RLPs without CRM197

ined by specific inhibitors. As shown in Fig. 5B, PD98059.
SB203580 and wortmannin, an inhibitor of MEKI, p38
MAPK and phosphoinositide 3-kinase (PI3K), respectively,
significantly suppressed RLP-induced LOX-1 expression in
BVSMC. These results indicate RLP-induced LOX-1 expres-
sion depends upon MEK I-ERK, p38 MAPK and PI3K-Akt
cascades located downstream to the EGFR transactivation,
respectively,
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Fig. 5. Involvement of ERK, p38 MAPK and Akt phosphorylation in RLP-
induced LOX-1 expression in BVSMCs. (A) After BVSMCs were incubated
with 25 wg/ml of RLPs for the indicated periods, total cell lysates were
subjected to immunoblot analyses for phosphorylated or total ERK, p38
MAPK and Akt (B) After pretreated with the indicated concentrations of
PD98059, SB203580 or wortmannin for | h, BVSMCs were incubated with
RLPs (25 jeg/ml) for 16 hand then subjected to immunoblotting for LOX-1.

3.7. Shedding of HB-EGF, EGFR transactivation and
phosphorylation of ERK, p38 MAPK and Akt are
involved in RLP-induced cell migration of BVSMCs

Pretreatment with GM, AGI478 and CRMI97, but
not GMNC, significantly suppressed RLP-induced VSMC
migration (Fig. 6A and B). Furthermore, PD98059,
SB203580 and wortmannin significantly suppressed migra-
tion of BVSMCs induced by RLPs (Fig. 6C). These results
indicate RLP-induced BVSMC migration depends upon
HB-EGF shedding, EGFR transactivation, and subsequent
activation of MEK1-ERK, p38 MAPK and PI3K-Akt.

4. Discussion

In this study, we have provided the direct evidences that
LOX-1 serves as a receptor for RLPs in VSMCs by use of
two cell lines which stably express human or bovine LOX-1
and siRNA directed to LOX-1. In addition, we have shown
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Fig. 6. Imvolvement of metalloproteinase activation, HB-EGF shedding,
EGFR transactivation, and activation of ERK, p38 MAPK and PI3K in RLP-
induced migration of BYSMCs. (A-C) After pretreatment with 50 uM of
GM or GMNC for 12h (A), AG1478 (0.5 pM) or CRM 197 (5 wg/ml) for | h
(B), or with PD9805Y (50 M), SB203580 (20 uM), or wortmannin (1 uM)
for | h (C), BVSMCs were subjected to cell migration assay with RLPs
(25 pg/ml) for Bh. (#) p<0.005 vs. RLPs without inhibitors, (1) p<0.005
vi. GMNC, (**) p<0.0001, (***) p < 0,001, (##) p< 0,005 vs. RLPs without
inhibitors,

that RLPs induce cell migration and LOX-1 expression by
RLP-LOX-1 interactions, thus making a positive-feed back
loop to further enhance the RLP-induced vascular dysfunc-
tion, as we already showed in oxidized LDL-induced vascular
dysfunction [ 19].

In accordance with a previous report [9], we have
demonstrated that RLP-induced LOX-1 expression and
cell migration depend upon HB-EGF shedding and subse-
quent EGFR transactivation. Furthermore, we have shown
the involvement of ERK, p38 MAPK and Akt as signal
transducrion cascades located downstream to the EGFR
transactivation. Furthermore, INK was not activated by RLPs
or not involved in RLP-induced LOX-1 expression or cell
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migration (data not shown), indicating the specificity of the
RLP-induced signals.

Competition studies in cells stably expressing LOX- I indi-
cated binding site(s) on the LOX-1 molecule for RLPs and
oxidized LDL appear to be identical or overlapped, suggest-
ing the C-terminal cysteine-rich C-type lectin-like domain
may also be the responsible binding site(s) for RLPs [29],
although the direct evidence should be provided in the future.
Furthermore, previous studies have indicated that ADAMs
are proteases responsible for HB-EGF shedding [30]; there-
fore, ADAMs may be involved in RLP-induced HB-EGF
shedding. However, it remains to be fully elucidated which
molecular mechanisms are involved after RLP-LOX-1 inter-
actions to activate ADAMs which shed HB-EGE

In summary, RLP-induced LOX- | expression and VSMC
migration appear to be important in atherogenesis elicited by
postprandial hyperlipidemia, diabetes mellitus and metabolic
syndrome. The present study has suggested the importance of
LOX-1 in RLP-induced atherogenesis, as well as that induced
by oxidized LDL. Further studies in suitable animal models,
as well as clinical studies. would further elucidate the roles
of LOX-1 in this process.
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