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Abstract

Osteogenic differentiation of vascular smooth muscle cells (VSMCs) results in medial artery calcification, which is common
in diabetes, but the pathogenesis is poorly understood. We aimed to explore the pathophysiological roles of insulin
resistance (IR) on medial artery calcification in rats with 10% fructose in drinking water. After 12 weeks of fructose
feeding, rats showed severe IR, with increased levels of fasting blood glucose, serum insulin and oral glucose tolerance
test (OGTT). Fructose-fed rats showed aortic calcification, increased aortic calcium deposition and irregular elastic fibers
in the medial layer of the vessel wall. Moreover, plasma phosphorus concentration, calcium x phosphorus product and
alkaline phosphatase (ALP) activity, and aortic calcium content and ALP activity were significantly increased. Fructose
feeding increased mRNA levels of osteopontin, type Ill sodium-dependent phosphate co-transporter, bone morphogenetic
protein-2 and the key transcription factor core binding factor alpha 1 in aortic tissue and downregulated mRNA levels of
osteoprotegerin and matrix y-carboxyglutamic acid protein. Fructose feeding decreased protein levels of smooth-muscle
lineage markers and induced severe lipid peroxidation injury. IR induced by high fructose feeding could evoke osteogenic

transdifferentiation of VSMCs and promote vascular calcification.
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Introduction

Vascular calcification (VC) is a well-recognized pathological
entity associated with cardiovascular morbidity and mor-
tality.! Calcific vasculopathy can be categorized by its
location in the neointima (within atherosclerotic plaque) or
in the tunica media (the medial smooth muscle layer).>
Typical atherogenesis is found in large-vessel disease and
coronary arteries and is associated with lipid-laden macro-
phages and intimal hyperplasia. In contrast, medial calcifi-
cation occurs independent of intimal calcification and
atherosclerosis. Medial calcification occurs initially in the
medial layer and is not associated with lipid-laden macro-
phages or intimal hyperplasia. It forms a dense circumferen-
tial sheet of calcium crystals in the center of the media,
bounded on both sides by vascular smooth muscle cells
(VSMCs), and can contain bone trabeculae and osteocytes.
Calcification of both locations often occurs in the same
patient and even in the same arterial site.
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Clinical studies have shown that the index of arterial cal-
cification is significantly higher in diabetic patients than in
non-diabetic patients, and the elevated glucose concen-
trations observed in patients with diabetes may directly
affect the calcification process, because patients with dia-
betes are at increased risk of both atherogenic and medial
calcification. A study of 1059 patients with type II diabetes
demonstrated that medial arterial calcification of peripheral
arteries was a strong independent predictor of total cardio-
vascular mortality and a significant predictor of future cor-
onary heart disease events, stroke and ampu’cation.3
Everhart et al.* showed that risk factors for arterial calcifica-
tion were impaired vibration perception, long duration of
diabetes and high plasma glucose concentration. In calcified
distal peripheral arteries from patients with diabetes,
VSMCs expressed a number of osteocytic/chondrocytic
markers.” Despite this strong clinical evidence, a compre-
hensive explanation for the association of diabetes and
medial arterial calcification is still lacking.
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VC is an active, cell-regulated process, with many simi-
larities to bone formation.°”® Recent studies have shown
that VSMCs can lose the expression of smooth-muscle
lineage markers and begin to express osteogenic markers
and deposit a mineralized bone-like matrix.°"* Once the
osteogenic phenotype is induced, cells of the vascular wall
show a distinctive molecular fingerprint, as indicated by
increased levels of bone morphogenetic protein 2 (BMP2)
and core binding factor alpha 1 (Cbfa-1)."'~** Alternatively,
loss of endogenous inhibitors of mineralization, such as
y-carboxyglutamic acid (Gla) protein (c(MGP) and osteopro-
tegerin (OPG), also contributes to VC."***

In this study, we used an insulin-resistant rat model
induced by fructose feeding to observe changes in vascular
medial calcium and phosphorus contents, alkaline phospha-
tase (ALP) activity, and the mRNA and protein expression
of bone-related protein and lineage markers of VSMCs,
and to investigate the mechanisms of VC induced by
insulin resistance (IR).

Materials and methods
Materials

Male Sprague-Dawley (SD) rats (180-200g) were pur-
chased from the Animal Center, Health Sciences Center of
Peking University (Beijing, China). All animal care and
experimental protocols complied with the Animal
Management Rule of the Ministry of Health, People’s
Republic of China (document no. 55, 2001). Rats were
housed under standard conditions (room temperature
20 + 8°C, humidity 60 + 10%, lights from 6:00 to 18:00)
and given standard rodent chow and water freely.
D-fructose was from Ameresco (Tempe, AZ, USA); kits for
ALP, Cu/Zn superoxide dismutase (Cu/Zn SOD) and cata-
lase (CAT) were from Nanjing Jiancheng Bioengineering
(Nanjing, China); kits for calcium and phosphorus concen-
tration were from Zhongsheng Biosino Bio-technology and
Science (Beijing, China); Trizol was from Gibco-BRL
(Rockville, MD, USA); and dNTP, M-MuLV RT, Oligo (dT)
15 primer and Taq DNA polymerase were from Promega
(Madison, WI, USA). Oligonucleotides were synthesized
by Sai Baisheng Biotechnology (Beijing, China). The
sequences of oligonucleotide primers were as follows: osteo-
pontin (OPN)-S, 5 AGA CCA GCC ATG AGT CAA GTC A
3’ and OPN-A, 5 TGA AAC TCG TGG CTC TGATGT T 3/;
OPG-S, 5 TCT ATA CTG CAG CCC CGT GT 3’ and OPG-A,
5 AGG AGG GCA GCT CCT ATG TT 3'; MGP-S, 5 AAT
CTC ACG AAA GCA TGG AAT C 3 and MGP-A, 5
GCA GGC TTIG TTG AGT TCC C 3’; BMP2-S, 5 TCA
AGC CAA ACA CAA ACA GC 3 and BMP2-A, 5 TGA
GCT AAG CTC AGT GGG 3'; type III sodium-dependent
phosphate co-transporter (Pit-1)-S, 5 TGG CTIT CTG CTIT
TAT GGT GGT 3’ and Pit-1-A, 5 AGG TTC TTC CGA
CAA CTG ACC 3'; Cbfa-1-S, 5 GCC AGG TTC AAC GAT
CTG AG 3’ and Cbfa-1-A, 5 GAG GCG GTC AGA AAC
AAA C 3; B-actin-S, 5 GAG ACC TTC AAC ACC CCA
GCC 3’ and B-actin-A, 5 TCG GGG CAT CGG AAC CGC
TCA 3'. Other chemicals and reagents were of analytical
grade.
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Preparation of animal model

SD rats were randomly divided into two groups (n =12
each) for treatment for 12 weeks: chow diet and normal
drinking water (control) and chow diet and 10% fructose
in drinking water (fructose-drinking group).’> During the
last week, all rats underwent a carbohydrate tolerance test.

All rats fasted overnight but had free access to water. At
the end of the experiment, rats were anesthetized with
ethylcarbamate (10 mg/kg, intraperitoneally). Aortic blood
pressure was measured by using a pressure transducer
after intubation of a polyethylene catheter (PE-50) filled
with heparin through the right carotid artery for 30 min.
After measurement of blood pressure, the catheter was man-
euvered from the right carotid artery into the left ventricle
(LV). Heart rate, left ventricular end-systolic pressure and
end-diastolic pressure, left ventricular peak rate of contrac-
tion (+LV dp/dtnay) and peak rate of relaxation (—LV dp/
dtmax) were measured by using a Power Lab BL-420F instru-
ment (TaiMeng, Chengdu, China). After hemodynamic par-
ameters were measured, a blood sample was drawn and
mixed with 1mg/mL ethylenediaminetetraacetic acid
(EDTA)-Na, and 500 KIU/mL aprotinin. Plasma was
obtained by centrifugation at 3000g for 15 min at 4°C and
stored at —70°C. The heart and intact aorta were then
removed to cold (4°C) phosphate-buffered saline. Hearts
were weighed and aortas were stripped of adventitia with
the use of sterile forceps. The tissue samples were stored
at —70°C.

Fasting blood glucose (FBG) was measured by the glucose
oxidase method, and serum insulin concentration was
assayed by radioimmunoassay.

Hematoxylin and eosin and von Kossa staining

As described previously,'® thoracic aortas were fixed in 4%
paraformaldehyde for 12 h, embedded in paraffin, then cut
into 6 um-thick sections and stained with hematoxylin and
eosin (H&E). A 1-cm segment of aorta was placed in 4%
phosphate-buffered neutral formalin (pH 7.4, 0.1 mol/L)
for 12 h, immersed in 20% sucrose solution, embedded in
optimal cutting temperature compound and then
6-um-thick frozen sections were cut. The slides were dehy-
drated before being immersed in a light-protected silver
nitrate solution (1 g in 100 mL distilled water) for 30 min
under an intense sunbeam, and then immersed in a solution
of 5% sodium thiosulfate in distilled water for two minutes.
Finally, slides were counterstained with aldehyde-
fuchsin and viewed under an Olympus BX50 microscope
(Olympus Optical, Tokyo, Japan).

Measurement of calcium and inorganic phosphorus
concentrations in plasma and calcium content in aorta

Plasma calcium concentration was measured by the
o-cresolphthalein colorimetric (OCPC) method of color
development to quantify calcium concentration. Plasma
samples (0.02mL) were added into the mixed working
reagent solution, including the ethanolamine buffer solution
and OCPC and 8-hydroxyquinoline solution, and the ratio
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of volume to sample volume was 1:25. The solutions were
allowed to stand for five minutes at 30°C. The red absor-
bance of the compound solution was measured at 600 nm.
The detection of inorganic phosphorus in the plasma
involved the malachite green direct development process.
A 1.0-mL carbamide reagent was added into a 0.02-mL
plasma sample with 3.0 mL malachite green molybdic
acid reagent and then mixed thoroughly. After 15 min of
color development at room temperature (23 + 1°C), the
absorbance was read at 640 nm. The calculation of plasma
calcium and phosphorus concentrations followed the kit
manufacturer’s instructions.

Abdominal aortas (10 mg) were dissolved in HNO;, then
dried in an oven and re-dissolved with the blank solution
(27 nmol/L KCI and 27umol/L LaCls). The calcium content
was measured by using an atomic absorption spectropho-
tometer (novAA 300; Analytik Jena AG, Jena, Germany) at
422.7 nm as we described previously.'® The calcium content
of the aorta was normalized to tissue dry weight.

Assay of ALP activity in plasma and aorta

Homogenates of endothelium-denuded thoracic aortas (hom-
ogenized buffer: 20 mmol/L HEPES containing 0.2% NP-40
and 20 mmol/L MgCl,) were prepared by using a Polytron
(Kinematica Incorporated, Bohemia, NY, USA). After cen-
trifugation at 8000g for 10 min, the protein content of the
supernatant was determined by the Bradford method."”
ALP activity was measured by using an ALP assay kit (alka-
line buffer:stock substrate solution 1:1). The samples of
plasma and supernatant for tissue homogenate of thoracic
aortas were mixed with I mL reaction mixture; the mixture
was then incubated for 15 min at 37°C. Then the developer
(1.5 mL) was added to each well; the red color indicated
ALP activity, and the absorbance was determined at
520 nm. ALP activity was calculated according to the manu-
facturer’s instructions. One unit was defined as 1 g tissue
protein producing I mg phenol for 15 min.

Measurement of mRNA expression of OPN, OPG,
BMP2, MGP, Pit-1 and Cbfa-1

We used reverse transcriptase polymerase chain reaction
(PCR) to assess the mRNA expression of OPN, OPG, MGP,
BMP2, Pit-1 and Cbfa-1 as described.’® Total RNA of
aortic tissues was extracted by standard techniques, and
then quantified by using an ultraviolet (UV) spectropho-
tometer (Eppendorf AG 22331, Hamburg, Germany). An
amount of 2 ug of RNA was primed with Moloney murine
leukemia virus and oligo (dT) 15 primer. The PCR reaction
mixture was in a 25 ul volume containing 2.5 mmol/L
dNTP 1uL, 10 x PCR buffer 25ul, cDNA 2 ulL,
200 nmol/L of the appropriate OPN, OPG, MGP, BMP2,
Pit-1 or Cbfa-1 paired primers 1 uL and 1.25 unit Taq
DNA polymerase. The following PCR cycles were used:
94°C for 30's, 57°C for 30 s and 72°C for 40 s, for 30 cycles,
then 74°C for five minutes. As an internal control for each
PCR reaction, B-actin mRNA was amplified with each
sample. A total of 200 nmol/L actin primers and 2 uL
cDNA was amplified under the same reaction conditions.

All PCR products were loaded onto a 1.5%
agarose-Tris-acetate-EDTA gel before electrophoresis, and
products were visualized on ethidium bromide staining.
The UV illumination photos then underwent computerized
densitometric analysis. The final results are expressed as
the ratio of OPN, OPG, MGP, BMP2, Pit-1 or Cbfa-1 PCR
product to the B-actin PCR product for each sample. All
experiments were repeated three times.

Measurement of protein expression of a-actin, SM-22«
and B-actin

The rat vessel tissues were prepared by adding a membrane
lysis buffer containing a detergent (mmol/L: 16
3-[(3-cholamidopropyl) dimethylammonio]propanesulfonate
(CHAPS), 20 Tris-HCl, pH 7.5, 1 Na,EDTA and 1 dithio-
threitol) with protease inhibitors (1 mmol/L benzamidine,
1 ug/mL leupeptin, 10 ug/mL soybean trypsin inhibitor
and 0.5mmol/L phenylmethyl sulfonylfluoride). The
samples were then centrifuged at 15,000g for 30 min, and
the pellets were suspended in lysis buffer. The protein con-
centration was estimated by the Bradford method."” The
amount of protein used for Western blot analysis was 20
and 40 ug to detect a-actin and SM-22a, respectively, in
rat aortas. The proteins were loaded onto 10% sodium
dodecyl sulfate-polyacrylamide gels and underwent electro-
phoresis and blotting onto nitrocellulose membranes. The
membranes were saturated for one hour in Tris buffer
solution containing 0.5% Tween and 5% non-fat milk.
Then the nitrocellulose membranes were incubated with
the primary antibodies anti-a-actin and anti-SM-22«
(1:2000) overnight at 4°C, followed by secondary antibody
(anti-goat or anti-mouse IgG conjugated to horseradish per-
oxidase) for one hour, at room temperature. The reaction
was visualized by enhanced chemiluminescence. The films
were scanned and analyzed by using NIH image software
(NIH, Bethesda, MD, USA). The protein contents were nor-
malized to that of B-actin. All experiments were repeated
three times.

Measurement of malondialdehyde content and Cu/Zn
SOD and CAT activities in aortas

The malondialdehyde (MDA) content was measured by
thiobarbituric acid assay. The optical density at 532 nm
was measured by using a spectrophotometer. 1,1,3,3-
Tetramethoxypropane was used as an external standard,
and the level of MDA was expressed as nanomoles per
milligram protein for aorta."

Cu/Zn SOD activity was determined by its inhibitory
action on the O*-dependent reduction of xanthine-xanthine
oxidase-stimulated ferricytochrome. The assay medium was
cytochrome ¢, 100 mmol/L; hypoxanthine, 100 mmol/L;
and Tris-HCl (pH 7.4), 10 mmol/L. The reaction was
initiated by adding 8 mU xanthine oxidase. The inhibition
rate of cytochrome ¢ reduction was calculated. SOD activity
was expressed as units per milligram protein.

CAT can decompose H,O,, and this reaction is stopped
by ammonium molybdate. H,O, can bind ammonium
molybdate to produce a kind of yellow comoles compound.
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Table 1 General characteristics of rats with insulin resistance
induced by fructose drinking

Control Fructose-drinking
Body weight (g) 488 + 11 563 + 12
Fasting blood glucose (mmol/L) 6.18 + 0.11 7.33 + 0.35
Fasting blood insulin (mIU/L) 8.37 +0.23 17.66 + 0.69**
HOMA-IR 2.04 +0.10 5.18 + 0.39**
Triglyceride level (mg/dL) 79.47 +3.69 162.7 + 7.28**
Cholesterol concentration 49.07 + 1.81 53.79 + 1.93
(mg/dL)
LDL-cholesterol concentration 59.78 + 2.76  59.89 + 2.06
(mg/dL)
HDL-cholesterol concentration 9.127 + 0.60 6.63 + 0.37*
(mg/dL)

HOMA-IR, homeostasis model assessment of insulin resistance; LDL,
low-density lipoprotein; HDL, high-density lipoprotein. Values are mean +
SEM, n =10 in each group

*P < 0.05, “*P < 0.01 versus control

The reduction of H;O, by ammonium molybdate was mon-
itored at 405 nm to measure the amount of yellow comoles
compound. One unit of CAT activity is defined as the
amount of decomposed H,O, in one milligram vessel
tissue for one second. The CAT activity was normalized to
the protein content.

Statistical analysis

All statistical analyses were carried out using the GraphPad
Prism 5.0 software (GraphPad Software Inc, La Jolla, CA,
USA). Data are expressed as mean + SEM. Comparisons
between two groups involved unpaired Student’s f-test. A
two-tailed P < 0.05 was considered statistically significant.

Results
Fructose feeding induced IR and mild hypertension

After 12 weeks of 10% fructose administration in drinking
water, rats showed no significant differences from controls

(a)
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in body weight. FBG and serum insulin concentrations
were greatly increased by 14.1% and 111%, respectively,
and the IR index and the total area under the glucose
curve were higher by 135% and 40.8% (all P < 0.01), respect-
ively, in fructose-fed rats than in control rats (Table 1,
Figure 1). In fructose-fed rats, plasma triglyceride concen-
tration was increased 107 % (P < 0.01) and high-density lipo-
protein cholesterol decreased 27.4% (P < 0.05) as compared
with control rats, with no changes in total cholesterol or
low-density lipoprotein cholesterol (P > 0.05) (Table 1).
Fructose feeding also resulted in mild hypertension, and
mean arterial pressure, systolic pressure and diastolic
pressure were higher by 23% (P<0.01), 11% (P < 0.01)
and 14.5% (P < 0.05), respectively, than in control rats
(Table 2). Left ventricular systolic pressure was increased
by 10.9% (P < 0.05) as compared with control rats.

Fructose feeding induced vascular calcification

Histological sections of fructose-fed aortas showed more
proliferative smooth muscle cells and local hyperplastic
structure with irregular elastic fibers in the aortic medial
layer (Figure 2). Von Kossa staining revealed dispersed cal-
cified nodules among the elastic fibers in calcified aortas
(Figure 3); the aortic calcium concentration and ALP activity
were significantly increased by 3.52- and 3.28-fold (all P <
0.01), respectively, as compared with controls. Plasma phos-
phorus concentrations, calcium x phosphorus (Ca x P)
product and ALP activity were increased by 47.5%, 50.2%
and 66.7% (P < 0.01), respectively (Table 3).

Fructose feeding increased the aortic mRNA level of
OPN, pit-1, BMP2 and Cbfa-1 and decreased that of
OPG and MGP

OPN, Pit-1, BMP2 and Cbfa-1 mRNA levels were higher in
aortic tissue by 69.8% (P < 0.01), 69.1% (P < 0.05), 93.1% (P
<0.01) and 90.2% (P < 0.05), respectively, in fructose-
fed rats than in control rats, whereas fructose feeding
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Figure 1

Glucose responses during the oral glucose tolerance test (OGTT) of the 12-week fructose drinking: (a) the glucose curve and (b) the total area under the

glucose curve. FDR, fructose-drinking rats. Data are mean + SEM. n =10. *P < 0.05, “*P < 0.01 versus control
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Table 2 Effect of fructose drinking on heart rate, blood pressure and
heart function in rats

Control Fructose-drinking

LVW/BW (mg/g) 2.33 +0.15 2.24 4+ 0.11

HR (beats/min) 334 + 11 369 + 15

MAP (mmHg) 74+ 3 91 + 3**

SAP (mmHg) 109 + 3 121 4+ 3**

DAP (mmHg) 62 +3 71+ 20

LVSP (mmHg) 110+ 4 122 4 3°
LVEDP (mmHg) -11.6 +0.78 —12.0 + 0.99
+LV dp/dtmax (MMHg/s) 4635 + 149 4747 + 137

~LV dp/dtmax (MMHg/s) —3718 + 110 —3787 + 97

LVW, left ventricular weight; BW, body weight; HR, heart rate; MAP, mean
arterial pressure; SAP, systolic aortic pressure; DAP, diastolic aortic
pressure; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end
diastolic pressure; + LV dp/dtmayx, left ventricular peak rate of contraction
and peak rate of relaxation were measured in vivo. Values are mean 4+ SEM,
n =10 in each group. *P < 0.05, **P < 0.01 versus control

downregulated the mRNA expression of OPG and MGP by
46.1% and 43.6% (P < 0.01), respectively (Figure 4).

Fructose feeding resulted in loss of lineage markers
in VSMCs

Because the phenotype transition of VSMCs is associated
with VC in vitro and in vivo, we further investigated the
protein expression of smooth-muscle lineage markers.
Compared with normal vessels, fructose-fed vessels showed
decreased protein concentration of a-actin and SM-22a by
27.9% and 43.5% (all P < 0.01), respectively (Figure 5).

Fructose feeding promoted oxidative stress

Fructose feeding induced severe lipid peroxidation injury:
MDA content in aorta was increased by 183% (P < 0.05),
and SOD and CAT activity were reduced by 46.1% and
61.1% (all P < 0.01), respectively (Table 4).

Discussion

VC is common in subjects with diabetes mellitus and is con-
sidered an important risk factor of cardiovascular morbidity
and mortality with diabetes.?® Clinical and pathophysiologi-
cal studies have shown severe coronary artery calcification,
a typical intimal calcification, associated with diabetes.*"**
In fact, radiologically detectable medial calcification in per-
ipheral arteries or abdominal aorta are strong prognostica-
tors of future cardiovascular events in patients with type 2
diabetes.”® Further studies showed morphological and mol-
ecular differences between atherosclerotic and medial calci-
fication.”®> However, most of the mechanisms that drive
medial calcification in IR are still incompletely understood.

In the present study, we found that SD rats fed 10% fruc-
tose in drinking water for 12 weeks showed mild hyperten-
sion, IR, hyperinsulinemia and hyperglyceridemia, as was
previously shown.”* Compared with the control group,
fructose-fed rats showed aortic calcification, as shown by
von Kossa staining for calcification, increased aortic
calcium deposition and irregular elastic fibers in the
medial layer of the vessel wall. Moreover, plasma phos-
phorus concentration, Ca x P product and ALP activity,

Control

Figure 2 Effect of fructose drinking on structure of the thoracic aorta of rats with calcification (n = 6/group, original magnification x 100 for all staining sections).
Sections were stained with hematoxylin/eosin. FDR, fructose-drinking rats; L, lumen; M, media; A, adventitia. (A color version of this figure is available in the

online journal)

Figure 3 Effect of fructose feeding on calcific nodules in thoracic aortas of rats with calcification (n =6/group, original magnification x400 for all von
Kossa-stained sections). Arrows show calcified nodules. FDR, fructose-drinking rats; L, lumen; M, media; A, adventitia. (A color version of this figure is available

in the online journal)
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Table 3 Effect of fructose drinking on plasma ionized calcium (Ca)
and phosphorus (P) concentrations, Ca x P product and alkaline
phosphatase (ALP) activity, and aortic calcium content and ALP
activity in rats

Control Fructose-drinking
Plasma Ca concentration (mg/dL)  9.04 + 0.31 9.18 + 0.35
Plasma P concentration (mg/dL) 3.93 +0.14 5.80 + 0.22**
Plasma Ca x P product 35.47 +1.52 53.26 + 2.86**
(mg?/dL?)

Plasma ALP activity (U/L) 35.05 + 0.84 58.43 + 2.52*
Aortic Ca content (umol/g dw) 51.13+1.96 231.0 + 8.66"*
Aortic ALP activity (U/g protein) 93.16 + 3.96 398.4 + 16.41**

Ca, calcium; P, phosphorous; dw, dry weight. Values are mean + SEM, n =
10 in each group. *P < 0.05, **P < 0.01 versus control

and aortic calcium content and ALP activity were signifi-
cantly increased, which suggests that IR induces aorta calci-
fication in fructose-fed rats. Ample evidence suggests that
promoting osteogenic transition of contractile VSMCs is
related to VC.2'12 Thus, arterial calcification is considered
associated with a loss of smooth-muscle lineage markers
and a gain of an osteogenic phenotype, as indicated by
increased expression of bone-related protein. In the
present study, we found strikingly decreased levels of

(a) (b)
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SM-22a and c-actin and increased expression of OPN,
BMP2, Pit-1 and Cbfa-1 in calcified vascular aortas of
fructose-fed rats. Inhibitory bone-regulated protein such as
OPG and MGP are necessary to prevent soft-tissue calcifica-
tion.® MGP is thought to be an inhibitor of VC because of its
Ca*"-binding y-carboxyglutamic acid (Gla) motif,*>*® inhi-
bition of cartilage calcification’” and binding to and antago-
nizing BMP2 to prevent osteogenic transition of contractile
VSMCs.?*? OPG is a secreted protein of the tumor necrosis
factor family; targeted deletion of the OPG gene resulted
in calcification of the aorta and renal arteries in mice.**""
We found the mRNA levels of OPG and MGP signifi-
cantly decreased in fructose-fed rats, which may further
enhance VC.

Several mechanisms may regulate the expression of bone-
related protein of VSMCs in IR. Recent papers investigated
the effect of high glucose and high insulin on the SMC phe-
notype in vitro and their contribution to calcification. High
glucose induced the expression of ALP and osteocalcin in
bovine SMCs, which was accompanied by an increase in
calcium Cleposition32 In in vitro studies, high glucose
induced cell proliferation and expression of OPN in cultured
rat VSMCs™ and in medial layers of the carotid arteries of
streptozotocin-induced diabetic rats.** More recently, high
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Figure 4 Reverse transcriptase polymerase chain reaction analysis of effect of fructose on the mRNA expression of (a) osteopontin (OPN), (b) osteoprotegerin
(OPG), (c) matrix y-carboxyglutamic protein (MGP), (d) bone morphogenetic protein 2 (BMP2), (e) type Ill sodium-dependent phosphate co-transporter (Pit-1) and
(f) core binding factor alpha 1 (Cbfa-1) in aortas of rats. FDR, fructose-drinking rats. Data are mean + SEM from three independent experiments and were normal-

ized to B-actin expression *P < 0.05, “*P < 0.01 versus control
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Figure 5 Western blot analysis of effect of fructose on the protein expression of (a) a-actin and (b) SM-22« in aortas of rats. FDR, fructose-drinking rats. Data are
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Table 4 Effect of fructose on aortic superoxide dismutase (SOD),
catalase (CAT) activity and malondialdehyde (MDA) concentrations in
rats

Control Fructose-drinking
SOD activity (U/mg protein) 148.4 +8.73 79.9 + 3.19**
CAT activity (U/mg protein) 54.87 + 3.62 21.3 +1.44*
MDA (umol/g protein) 1.17 + 0.07 3.3+ 017

Values are mean + SEM, n = 10 in each group
**P < 0.01 versus control

insulin was found to accelerate calcium deposition in
human VSMCs, which was accompanied by decreased syn-
thesis of OPG.?" High concentrations of glucose with insulin
treatment increased [*H]-thymidine uptake, ALP activity,
and the number of mineralized nodules and area stained
for collagen in bone-marrow stromal cells,” which suggests
that insulin can promote osteoblast proliferation and func-
tion. Therefore, both high glucose and high insulin may
be added to the list of factors promoting VC. Our study
revealed that high fructose feeding induced hyperglycemia
and hyperinsulinemia, which could increase ALP activity
and the mRNA expression of BMP-2, Cbfa-1, OPN and
Pit-1 and downregulate the expression of OPG and MGP,
which are critical for the pathogenesis of VC because
these osteoblast-like cells can then regulate the production
of the matrix and subsequent calcification.**>”

In addition to hyperglycemia and hyperinsulinemia, oxi-
dative stress plays a critical role in VC. Liu et al.*® showed
that oxysterol cholestane-38, 5a, 6B-triol (Triol) increased
calcifying nodule formation, calcium deposition and ALP
activity in calcifying VSMCs, which were all attenuated by
antioxidant vitamin C plus vitamin E. Triol promoted
VSMC calcification probably by a reactive oxygen species
(ROS)-related mechanism. Oxidative stress is closely
linked to apoptosis and can alter both signal transduction
and genomic processes.”” Bovine retinal pericyte apoptosis
induced by advanced glycation end products was found
associated with decreased cellular CAT and SOD activities

and increased MDA production, which is similar to antiox-
idant results in patients with diabetes.*” Oxidative stress
parameters were observed in a fructose-fed-induced IR
model, and high fructose feeding was associated with an
early (one week) increase in ROS production by the aorta,
heart and circulatory polymorphonuclear cells*' associated
with enhanced markers of oxidative stress. We revealed
that fructose feeding increased lipid peroxidation and inhib-
ited the activity of antioxidases such as SOD and CAT,
which may be involved in the pathogenesis of VC.

Our fructose feeding-induced IR resulted in medial artery
calcification, significantly altered mRNA expression of
aortic bone-related proteins and strikingly decreased
protein expression of VSMC lineage markers in the tunica
media of vessel walls. High fructose feeding-induced hyper-
glycaemia and hyperinsulinemia and increased oxidative
stress may be involved in medial artery calcification.
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