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Figure 1 Increased MK expression in the carotid artery after balloon injury. (a) RT-PCR prod-
ucts for MK and GAPDH were separated on 1% agarose gels. (b) Competitive RT-PCR for MK
and GAPDH. (c) Proteins extracted from the carotid arteries that corresponded to an original
weight of 10 mg were separated by 15% SDS-PAGE. MK protein was detected with anti-mouse

MK antibody on Western blotting.
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Figure 2 Left: Intimal lesion formation was suppressed in MK-deficient mice, and exogenous MK caused its resumption. The
results of hematoxylin and eosin staining of samples 14 days after ligation (b—e) and a control (a) are shown. (a) Control (without
ligation); (b) wild-type mice (Mdk*"*); (c) MK-deficient mice (Mdk™); (d) Mdk™ mice treated with saline; (e) Mdk” mice treated
with MK protein. Arrowheads indicate the internal elastic lamina. Asterisks indicate intimal lesions. Bar, 100 um.

Right: Morphometric analysis of neointima formation. (a and b) Comparison between Mdk** and Mdk™~ mice; (c) comparison
between Mdk™ mice treated with either saline, albumin, or MK protein. (a) The mean ratios between the areas of the intimal lesion
and the media (IL/M) and standard deviations for Mdk"* and Mdk™". The difference between Mdk*™* and Mdk™ mice was statistically
significant (P < 0.001; Mann-Whitney test). (b) Circumferences of the external elastic lamina (EEL) and lumen (Lumen). The cir-
cumference of the lumen was significantly different between Mdk** and Mdk™ mice (P < 0.001; Mann-Whitney test). In all plots, the
open columns indicate Mdk** mice, and the filled columns indicate Mdk™". NS, not significant. (c) The mean ratios (IL/M) and stan-
dard deviations for Mdk™ mice treated with saline, human albumin, or MK. The open column indicates mice treated with MK; the
gray column indicates mice treated with human albumin; and the filled column indicates mice treated with saline. The difference
between the MK-treated group and those treated with human albumin or saline was statistically significant (P < 0.001; Mann-Whit-
ney test).
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Figure 3 Left: In vivo transfection of a rabbit MK antisense ODN. FITC-conjugated AS3 was transfected into the common carotid
artery. A, top: localization of the ODN at 6 h after transfection (/eft). The nuclei were stained with propidium iodide (middle). A
merge view of the ODN and nuclei stain is also presented (right). The elastic lamina of the vascular wall is well known to be autoflu-
orescent. However, by merging the green signals with those of propidium iodide, we were able to detect that the transfected FITC-
conjugated AS3 persisted in the wall at least 6 h after transfection. A, top middle and bottom middle: negative controls of no transfec-
tion and lipofection alone, respectively. A, bottom: localization of ODN 24 h after transfection. Bar = 50 pm. In B and C, the artery
was transfected with AS3 (AS) or sense control (S), removed 4 days after transfection, and then subjected to Western blot analysis
for MK expression. Experiments were performed independently 3 times and gave the similar results, with a representative result
shown here. The relative densitometric densities of MK bands in B standardized as to B-actin bands are also shown (C). In D, MK
expression was monitored 4, 7, and 14 days after transfection of ODN into the balloon-injured artery. Scramble (Scr), lipofection
alone (Lip), and no transfection (NT) controls were included.

Right: Effects of a rabbit MK antisense ODN on intimal thickening induced by balloon injury. Arteries were removed 14 days after
balloon angioplasty with MK antisense or sense ODN. They were then stained with hematoxylin and eosin (A). The ratio of intima
and media (B) was calculated by means of an image analyzer. The number of animals used for the experiment was 6; in 3 animals,
the antisense ODN (AS3) was administered to the left carotid artery and the corresponding sense ODN to the right carotid artery,
whereas in the other 3 animals the sense ODN was administered to the left and antisense one to the right. "P < 0.05 (by Mann-Whit-
ney U-test). Bar = 50 um.
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Figure 4 Midkine expression during neointima formation. Right iliac arteries of hypercholesterolemic rabbits were obtained at the
indicated number of days after stenting. The graphs show relative densitometric density ratios presented as the average + SE (n =4).
‘P <0.01; "P < 0.0001 (Student  test). Western blot and reverse transcription-polymerase chain reaction (RT-PCR) data were
obtained from two individual animals, respectively, at each time point (except for control and day 7: n = 4). Because the results of
each set of experiments were similar, representative data are shown. A: Midkine protein expression revealed by Western blot analy-
sis. B: Midkine messenger RNA expression estimated by RT-PCR. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
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Figure 5 Increased midkine (MK) expression in a rabbit vein
graft. A: The time course of MK expression in the rabbit vein
graft is shown. Protein extracts of grafted veins at the indicated
times after operation were subjected to Western blot analysis
for MK and B-actin. B: Immunostaining for MK 7 days after
the operation is shown (upper left and right). A magnified
photo of the upper left panel is shown at upper right. The bot-
tom panel shows a controlled staining without the first anti-
body of an adjacent section. Bars, 100 wm.
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Figure 6 Quantification of intimal hyperplasia. A: Representative elastic Van Gieson-stained sections from animals at 4 weeks
after operation. Representative photos at low (above) and high (below) magnifications are presented. Arrowheads indicate the inter-
nal elastic lamina. Bars, 1 mm. B: The graph shows the intima-media ratio (leff) and intimal thickness (right) (n =5 in each group, P
< 0.05 by analysis of variance with the Bonferroni post hoc analysis). SCR siRNA, scrambled small interfering RNA; MK, midkine.
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Figure 7 Left: Effect of pitavastatin on the development of neointima formation of the vein graft 4 wk after
operation. (A) Microscopic findings of the middle portion of an autologous vein graft from the control group and
the pitavastatin group. Arrowheads indicate the internal elastic lamina (elastica van Gieson staining; original mag-
nification x400). (B) Quantitative analysis of neointima formation of vein grafts. The intima/media index was sig-
nificantly suppressed in the pitavastatin group (7 = 6) compared with the control group (n = 6). Results are

expressed as the mean + SEM. “P < 0.05.

Right: Western blotting of whole vein grafts (2 wk after implantation). Quantitative analysis of MK expression of
vein grafts showed significant suppression in the pitavastatin group (n = 6) compared with the control group (n =

6). Results are expressed as the mean + SEM. "P < 0.05.
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Relationship between Midkine and Intimal Hyperplasia in Vascular Disease
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Intimal hyperplasia is a major obstacle to patency after angioplasty or vein grafting. Despite the diverse array of trials
to prevent it, a satisfactory therapeutic strategy for clinical use has not been established. However, sufficient inhibition of
early stages of intimal hyperplasia may prevent this long-term progressive disease. Midkine promotes migration, survival
and other activities of target cells. It plays a role in tumor growth, inflammatory response and repair of injured tissue. In
this review, we show that midkine plays a key role for intimal hyperplasia in the experimental resteonosis model after
balloon injury, vein graft and stent implanting models. In the two former models, suppression of midkine attenuated
neointimal formation. Increased clinical application of midkine inhibitors is needed and the improvement in delivery
methods are among the subjects on which further basic research is required. Molecular drugs targeting midkine are

expected to prevent intimal hyperplasia. (J Jpn Coll Angiol, 2011, 51: 415-422)
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