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Background: The acute glucose fluctuations in diabetes can be a risk factor of cardiovascular events,

Sung Hoon Yu, MD, PhD  Nonetheless, the mechanism of action of intermittent hyperglycemia on the proliferation of vascular
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smooth muscle cells (VSMCs) is poorly understood. We compared the effects of exposure to constant
and intermittent hyperglycemia on in vitro proliferation of aortic VSMCs from obese diabetic rats.
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with different glucose concentrations: a constant normal-glucose medium (4.8 mM), constant high-
glucose medium (24.5 mM), normal- and high-glucose media alternating every 12 hours, and mannose

(12.0 mM; an osmotic control for high glucose levels). The proliferation of VSMCs was analyzed
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by a 3-[4,5-dimethylthiazol-2-yl]-diphenyltetrazolium bromide (MTT) assay. The molecular mechanism
(including phospho-p44/42 mitogen-activated protein kinase [MAPK], mitogen-activated protein kinase
kinase-1/2 (MEK1/2), Protein kinase B (Akt), and the apoptosis pathway) was then studied. Results:

*These authors contributed Ve detected enhanced proliferation of VSMCs incubated with the constant or intermittent high-glucose

equally to this study and

medium using the MTT assay (p<0.05). The proliferation of VSMCs was more pronounced in the

should be considered co-first jntermittent high-glucose environment than at a constant high glucose concentration, In western

authors.

blot analysis, treatment with the constant high-glucose medium for 72 hours increased phospho-p44/42

MAPK and phospho-MEK1/2 expression as compared to treatment with the normal-glucose medium,
These effects were further enhanced by the intermittent high glucose concentration. Akt and phos-
pho-Akt were not affected by hypergly cemia. In the apoptotic pathway, Bcl-x., phospho-Bad, and
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caspase-3 were not affected by hyperglycemia for 72 hours. Conclusion: Hyperglycemia increased
the proliferation of VSMCs from OLETF rats via the MAPK pathway. These effects were further

Accepred: August 23, 2017 enhanced by intermittent exposure to the high glucose concentration.
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INTRODUCTION

Diabetes mellitus is an important risk factor of cardiovas-
cular disease?. The progression of atherosclerosis of blood
vessels is a characteristic complication in diabetic patients3),
Many studies have compared the roles of different factors
in diabetic vascular complications; however, their precise
mechanisms are still unclear”. As demonstrated by many
studies, macrovascular and microvascular complications de-
pend on hyperglycemiaB).

Hyperglycemia can increase inflammation and proliferation
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of atherosclerotic lesions in coronary arteries"®” Diabetes
mellitus aggravates these processes by upregulating athero-
genicity and oxidative stress of vascular smooth muscle cells
(VSMCs)"®. VSMC proliferation is an important step in the
development of atherosclerotic lesions, which induces remo-
deling of the vascular basement membrane®?, Chronic hyper-
glycemia in diabetes has been identified as a risk factor
of complications accelerating atherosclerosis. Both fasting
and postprandial hyperglycemia contribute to this process.

The fluctuating glucose levels that occur in diabetes can
be a risk factor of cardiovascular events. Alternating rather
than consistent hyperglycemia provokes an increase in colla-
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gen production by cultured mesangial cells'’, There is in-
creasing evidence that glycemic disorders, such as intermit-
tent glucose fluctuations over a short period, may play a
significant role in diabetic complications”'m_ Nevertheless,
the mechanism of action of intermittent hyperglycemia on
VSMC proliferation is poorly understood.

The goal of this study was to compare the effects of
constant and intermittent high glucose concentrations on
the proliferation of rat aortic VSMCs in culture and to identify
the signaling pathway associated with the possible change
in proliferation and apoptosis.

MATERIALS AND METHODS

1. Cell Culture

VSMCs were harvested from the thoracic aorta of 12-
week-old male Otsuka Long-Evans Tokushima Fatty (OLETF)
rats by elastase and collagenase digestion, as previously des-
cribed". The cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM, Gibco-BRL, Life Technologies, New York,
NY, USA) with 10% of fetal bovine serum at 37°C and 5%
CO; in a humidified incubator. At confluence, the cells were
trypsinized with 0.125% trypsin in 0.005% ethylenediaminete-
traacetic acid (EDTA). The cells from passages 7-10 were
used for the experiments, The cells grew in the “hill and
valley” pattern that is characteristic of VSMCs in culture
and showed positive immunostaining for smooth muscle a-
actin (antibody was from Cell Signaling Technology, Beverly,
MA, USA)'".

2. Experimental Protocol

VSMCs in the logarithmic growth phase were trypsinized
to obtain a single-cell suspension, adjusted to a cell concen-
tration of 10°/mL, and transferred into a six-well plate. After
the cells reached confluence, the medium was replaced with
serum-free DMEM, which was incubated with the cells for
24 hours for synchronization. The cells were then incubated
for additional 48 hours in a glucose-specific basic medium.
The cells were randomly divided into four groups: (1) constant
normal-glucose medium (4.8 mM); (2) constant high-glucose
medium (24.5 mM); (3) normal- and high-glucose media alter-
nating every 12 hours; (4) mannose (11.5 mM; an osmotic
control for high glucose). All the groups were otherwise
subjected to identical conditions, and the experiment was
repeated at least 5 times,

3. Assessment of Cell Proliferation

Cell proliferation was evaluated by a methylthiazolete-
trazolium (MTT, Sigma, St. Louis, MO, USA) assay, and we
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calculated the cell viability percentage. VSMCs were incu-
bated with various concentrations of glucose (4.8, 25, or 4.8
and 25 mM alternating every 12 hours). Next, the MTT solution
(5 mg/mL in phosphate-buffered saline [PBS]) was added into
each plate and incubated for 4 hours. The cells were solubi-
lized by the addition of dimethyl sulfoxide (Sigma), and the
absorbance was measured at 570 nm on an Enzyme-Linked
Immunosorbent Assay ELx800 Universal Microplate Reader
(Bioteck Instruments Inc., Winooski, VT, USA). A BD FACS
Calibur flow cytometer (BD Biosciences, San Jose, CA, USA)
was used for flow cytometric analysis of the effects of intermit-
tent or constant hyperglycemia on the proliferation of VSMCs.

4. Western Blot Analysis

The cells cultured with normal-glucose (4.8 mM), high-glu-
cose (25 mM), or alternating normal- and high-glucose media
for 72 hours were washed and disrupted with lysis buffer
(10 mM Tris [pH, 7.4], 1T mM EDTA, 1% sodium pyrophosphate
[NP]-40, 0.1 mM phenylmethylsulfonyl fluoride, 20 nM sodium
vanadate, and 1x cocktail solution). The supernatants were
analyzed by the Bradford assay (Bio-Rad, Hercules, CA, USA).
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
was run in a 10% resolving gel, followed by transfer to a
nitrocellulose membrane (Bio-Rad). The membranes were
blocked for 1 hour at room temperature in a blocking solution
(5% skim milk in Tris-HCI buffer with Tween 20 [TBST, 200
nM Tris-HCI, 500 mM NaCl, pH 7.5, 0.05% Tween 20]), and
then incubated overnight at 4°C with an anti-phospho-p44/42
MAP kinase (ERK1/2) and anti-phospho-MEK1/2 antibodies
(Cell Signaling Technology). The membranes were washed with
TBST (5 minutes with 3 changes) and incubated with a peroxi-
dase-conjugated anti-mouse IgG antibody (Amersham Life
Science, Buckinghamshire, UK), The membrane was washed
and processed using the Visualizer Western Blot Detection
Kit (Upstate Cell Signaling Solutions, Lake Placid, NY, USA),
and autoradiography was then performed. The band intensity
was analyzed by densitometry in the Imagel software,

Experiments were conducted with western blot analysis.
Antibodies were specific to either the antiapoptotic proteins
Bcl-2 and Bcl-x. or the proapoptotic proteins Bad, Bax, and
caspase 3 (all supplied by Cell Signaling Technology)w. Cells
were washed three times with cold PBS and then lysed for
30 minutes at 4C in a buffer consisting of 1% Nonidet P-40
and 50 mM Tris-HCI (pH, 7.5), 100 mM NaCl, 5 mM EDTA,
and 1T mM phenylmethylsulfonyl fluoride. After centrifugation
at 13,000 g for 10 minutes at 4°C, the supernatant was col-
lected, and the protein content of all the samples was deter-
mined by the Bradford assaym with bovine serum albumin
as a standard. Proteins were transferred to a nitrocellulose
membrane (Amersham Pharmacia Biotech, Buckinghamshire,
UK), blocked for 2 hours in 5% nonfat dry milk in TBS (50



mM Tris-HCI, pH 7.5, and 150 mM NaCl), and washed with
TBST, and then incubated at room temperature for 2.5 hours
with mouse anti-human Bcl-2 or anti-human Bad antibodies
(5 mg/mL). The filter was later washed with TBST, and detec-
tion was carried out using a secondary antibody (horseradish
peroxidase-linked anti-mouse IgG antibody: 1:7,000) and the
Enhanced Chemiluminescence System (Amersham Pharmacia
Biotech), with exposure of Kodak Bio Max Light-1 films, The
intensity of the Western blot signals was quantified by den-
sitometry.

5. Statistical Analysis

All the experiments were repeated 5 times. Data are expre-
ssed as meanzstandard deviation. Statistical analysis was
performed by Student t-test or one-way analysis of variance.
The analyses were performed in the SPSS ver. 16.0 (SPSS Inc.,
Chicago, IL, USA). Differences with a p-value of <0.05 were
considered significant.

6. Ethics Statement

The procedures involving animals and their care were con-
ducted in conformity with the institutional guidelines that
are in compliance with international laws and policies (NIH
Guide for the Care and Use of Laboratory Animals 8th edi.
2011). The Institutional Review Board of Hallym Medical Center
approved this study (HMC2017-1-0404-13).

RESULTS

1. The Effect of Intermittent High Glucose
Concentration on the Proliferation of VSMCs

To examine the effect of high glucose concentration on
the proliferation of cultured VSMCs, quiescent cultures were
exposed to constant or intermittent high glucose concentra-
tion. As shown in Fig. 1, high glucose levels stimulated VSMC
proliferation in a time-dependent manner. When exposed
to constant high glucose concentration, in the MTT assay,
VSMC numbers increased compared with cells exposed to
the normal glucose concentration (as a control). This effect
increased when the cells were exposed to intermittent high
glucose concentrations (Figs. 1, 2).

As shown in Fig. 1, exposure to the constant high glucose
concentration for 72 hours induced a 51.6% increase in cell
numbers when compared with normal glucose (2.910_1><1O6
cells versus 4.4+0.1x10° cells per well, p<0.05). When the
VSMCs were exposed to intermittent high glucose concen-
trations compared with the results obtained at the normal
glucose concentration, this effect reached a 120% increase
in cell numbers (2.940.1x10° cells vs, 6.4+0.2x10° cells per
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well, p<0.05).

In fluorescence-activated cell sorter analysis, exposure
to intermittent high glucose concentrations induced a 14.5%
increase in the M2 phase when compared with the normal
glucose concentration (Fig. 2).

The proliferation of VSMCs did not change significantly
during the incubation with mannitol compared to the use
of the normal glucose concentration in the MTT assay.

2. Effects of the Intermittent High Glucose
Concentration on the MAPK Pathway

We tested whether constant or intermittent high glucose
concentration alters the mitogen-activated protein kinase
(MAPK) pathway in VSMCs. As shown in Fig. 3, after exposure
to constant high glucose concentration (25 mM) for 72 hours,
phospho-MAP-kinase signals increased as compared to the
cells exposed to the normal glucose concentration. Never-
theless, after VSMCs were exposed to the intermittent high
concentrations of glucose, phospho-MAP-kinase increased
by 61%=0.5% compared to cells exposed to the constant
normal glucose level (p<0.01).

Both constant and intermittent high glucose concentra-
tions significantly increased phospho-MAP-kinase and phos-
pho-MEK1/2 amounts in VSMCs compared to the cells ex-
posed to the normal glucose concentration (relative ex-
pression: 1,00+0.00 vs, 1.61+0.05, p<0.01; 1.00%0.00 vs. 1.26+
0.03, p<0.05, respectively; Fig. 3). Moreover, this effect incre-
ased in VSMCs exposed to the intermittent high concen-
trations of glucose compared to the cells exposed to the
constant high glucose level (1.61+0.02 vs. 1.28+0.02, p<0.05;
Fig. 3).

3. Effects of Hyperglycemia on the Akt and the NF-«B

Pathways
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Fig. 1. The effect of glucose fluctuations on the proliferation
of vascular smooth muscle cells (VSMCs). Data are expressed
as mean=standard deviation. N, normal glucose concentration
(4.8 mM); H, high glucose concentration (24.5 mM); F, fluctua-
tion of glucose between normal (4.8 mM) and high concentra-
tions (24.5 mM); M, mannitol control (11.5 mM). *p<0.05 vs.
N, **p<0.01 vs. N. Tp<0.05, compare F with H.
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Fig. 2. Fluorescence-activated cell sorting analysis of glucose-treated vascular smooth muscle
cells. (A) Normal glucose level (4.8 mM). (B) High glucose concentration (24.5 mM). (C)
Fluctuation of glucose between normal (4.8 mM) and high levels (24.5 mM).

We determined whether constant or intermittent high glu-
cose concentration alters the Akt or nuclear factor-kappa
B (NF-kB) pathway in VSMCs, The expression of PI-3 kinase,
Akt, phospho-Akt, and NF-kB was not changed by constant
hyperglycemia or intermittent hyperglycemia in OLETF rats
(Fig. 3B).

4. The Effect of Hyperglycemia on the Apoptosis
Pathway

We tested whether constant or intermittent high glucose
concentration alters the apoptosis pathway in VSMCs. As
shown in Fig. 4, there were no significant changes in Bcl-x,
Bcl-2, Bax, or caspase 3 after exposure to the constant high
glucose concentration compared to the cells exposed to the
normal glucose level. This effect was the same after the
exposure of VSMCs to the intermittent high concentrations
of glucose compared to the cells exposed to the constant
normal glucose level. Nonetheless, the expression of phospho-
Bad increased slightly during intermittent hyperglycemia.

DISCUSSION

This work shows that cultured aortic VSMCs of OLETF
rats exposed to high glucose concentrations manifest en-
hanced cell proliferation, MAPK activity, and MEK1/2 activity.
These effects increased in the cells that were exposed to
intermittent rather than constant hyperglycemia. These re-
sults suggest that fluctuations in glycemic control may be
more detrimental to VSMCs than constant high concen-
trations of glucose.

Research has shown that chronic hyperglycemia enhances
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VSMC proliferation and migration and contributes to diabetic
atherosclerosis'®?". Studies on animal and human diabetes
models have revealed enhanced proliferation of aortic
VSMCs?2 %, Therefore, hyperglycemia-induced VSMC pro-
liferation appears to be an important cause of diabetic athe-
rosclerosis, Ceriello et al,* reported that glycemic variability
may directly and significantly participate in the pathogenesis
of diabetic vascular complications. Recently, several studies
showed that glycemic fluctuation is a major mechanism of
the onset of type 2 diabetes and diabetic complications in-
duced by oxidative stress®®_ Other authors mention that
glycemic fluctuations affect B-cell functions and induce cell
death?*,

The MAPK cascade is a highly conserved signaling module
that is involved in various cellular activities, including cell
proliferation, differentiation, and migration. Extracellular sti-
muli such as growth factors and environmental stressors
induce sequential activation of the MAPK pathway. MAPK
modules can be thought of as signaling pathways that collect
some kinds of signals from receptors, reactive oxygen species
(ROS), and other cellular sensors and then transduce these
assorted signals into highly controlled on and off signals,
which are passed on to numerous cellular effectors. These
downstream effectors mediate critical cellular functions in-
cluding metabolism, gene transcription in response to stimuli,
cell architecture, differentiation, cell survival, proliferation,
and apoptosis3”. Lo et al.*? demonstrated that a chemoatt-
ractant, such as MCP-1, for smooth muscle cells requires
both ROS production and ERK1/2 activation in atherosclerosis,

Cultured aortic VSMCs exposed to hyperglycemia show
increased proliferation and MAPK activity33]. Of note, these
effects further increased in our cells that were exposed to



intermittent rather than constant high glucose concentra-
tions. These findings suggest that glycemic fluctuations could
be more deleterious to VSMCs than constant high glucose
concentrations. These findings, in combination with other
results of this study point to a crucial role of VSMCs exposed

E—
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to intermittent high glucose concentrations in accelerated
VSMC proliferation in diabetes.

On the other hand, the effects of the intermittent high
glucose concentration on the proliferation of VSMCs are
not fully understood. Hou et al.” stated that a 72-hour
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Fig. 3. The effect of glucose fluctuations
on the proliferation of vascular smooth
muscle cells via the mitogen-activated
protein kinase (MAPK) pathway: Wes-
tern blot analysis. (A) Phosphorylation
of MAPK and MEK1/2 were increased

in glucose fluctuations compared to high
glucose. (B) Phosphorylation of NF-kB,
PI3K and akt were not changed. Data
are expressed as mean=standard devi-
ation from 5 separate experiments. N,
normal glucose concentration (4.8 mM);
H, high glucose level (24.5 mM); F,
fluctuation of glucose between normal
(4.8 mM) and high concentrations (24.5
mM); M, mannitol control (11.5 mM);
NF-kB, nuclear factor-kappa B; pMEK
1/2, phosphor-mitogen-activated pro-
tein kinase kinase 1/2; PI3K, phospho-
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inositide 3-kinase; akt, Protein Kinase
B. *p<0.05 vs. N, **p<0.01 vs. N.
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exposure to intermittent high glucose induces more serious
deterioration of glucose-stimulated insulin secretion than
constant high glucose in rat pancreatic islet cells and INS-1
cells. Monnier et al.'” in 2006 reported that the fluctuation
of glucose during postprandial periods has a more severe
effect on oxidative stress than does constant high glucose
concentration. Mesangial cells cultured with a periodic high
glucose concentration increase matrix production more than
do the cells cultured with stable high glucose concentra-
tion', Similarly, glucose fluctuations have a more adverse
effect than does stable high glucose concentration on both
tubulointerstitial cells and human renal cortical fibroblasts,
in terms of collagen synthesis and cell growth34).

Our study has limitations in terms of complete evaluation
of the mechanisms of action of intermittent hyperglycemia
on VSMCs, Oxidative stress is known to stimulate atheroscle-
rosis, but we did not test oxidative stress markers, To com-
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pletely mimic glucose variability in human diabetes, hypo-
glycemic conditions and a longer incubation with stimulation
(hyperglycemia) are needed.

In summary, we found that a constant high glucose con-
centration increased the proliferation and phosphorylation
of MAPK activity in cultured rat aortic VSMCs. The apoptotic
signaling did not change during either constant or inter-
mittent hyperglycemia. MAPK activity further increased in
cells that were exposed to intermittent rather than constant
high glucose concentration, indicating that variability in gly-
cemic control has important pathological effects on the de-
velopment of diabetic atherosclerosis.

Thus, our results reveal that intermittent hyperglycemia
is more deleterious for VSMC proliferation owing to enhanced
MAPK activity and points to a potential treatment strategy
against diabetic atherosclerosis.
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Fig. 4. The effect of glucose fluctuations on
the proliferation of vascular smooth muscle
cells via the apoptotic pathway: Western blot
analysis. Data are expressed as mean=stan-
dard deviation from § separate experiments.
N, normal glucose concentration (4.8 mM);
H, high glucose level (24.5 mM); F, fluctua-
tion of glucose between normal (4.8 mM) and
high concentrations (24.5 mM); M, mannitol
control (11.5 mM). *p<0.05 vs. normal glu-
cose concentration.
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