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Table 5. Patient Background (Responders Versus
Nonresponders)
Responders  Nonresponders
(n=32) {n=10) OR (95% Ci* P
Age, y 60.8+13.0 62.8+15.6 0.73(0.30,1.65) 0.59
Gender
Male 27 (84.4) 7{70.0) 0.56
Female 5(15.6) 3(30.0) 0.66 (0.25, 1.88)
Diagnosis
ASO 20 (62.5) 8 (80.0) 0.45
TAD 12 (37.5) 2 (20.0) 1.53 (0.61,5.14)
Ischemic status
Fontaine 2 5(15.6) 1(10.0) 0.28
Fontaine 3 3(9.9) 3(30.0) 0.41 (0.07, 2.50)
Fontaine 4 24 (75.0) 6 (60.0) 1.54 (0.32, 5.88)
ABPI 0.77+0.30 0.75+0.39 0.87(0.06,12.3) 0.92
Rest pain scale 26+14 1814 3.59(0.74,17.4) 0.18
Complications
Diabetes 15 (46.9) 6 (60.0) 0.77(0.32,1.76) 0.71
Dyslipidemia 12 (37.5) 7 (70.0) 0.52(0.19,1.20) 0.15
Hypertension 18 (56.3) 7 (70.0) 0.75(0.28,1.74) 0.70
CRF on HD 13 (40.6) 6 (60.0) 0.68(0.28,1.55) 0.46
CAD 12 (37.5) 7 (70.0) 0.52(0.19,1.20) 0.15
CvD 12 (37.5) 2(20.0) 1.53 (0.61,5.14) 053
CD34™ cells, 3.82+5.09 3.61+6.69 1.30(0.70,2.39) 0.49
X107
Serum VEGF, 187112 119+27.9 5.70(0.30,108) 0.03
pg/mL

Data are shown as mean=SD or n (%). OR indicates odds ratio; CRF, chronic
renal failure; HD, hemodialysis; CAD, coronary artery disease; CVD, cerebro-
vascular disease; VEGF, vascular endothelial growth factor.

*0R and 95% CI for OR.

factor and thus induced neovascularization of ischemic
myocardium.

Discussion

In this study, we analyzed the long-term outcome of thera-
peutic neovascularization with PB-MNC. Overall, improve-
ment of ischemic symptoms was observed in 60% to 70% of
the treated patients. The annual major amputation rate was
<10%, and the mortality rate was 20% at 2 years and 30% at
3 years in our patients (Figures 1G and 2A). In other
populations similar to our patients, it has been reported that
clinical improvement was achieved in 25% to 50% by
standard therapy, whereas 30% to 50% of patients required
major amputation within a year after conventional treat-
ment.20-23 The reported mortality rate for patients receiving
standard treatment is =~20% at 1 year and between 40% and
70% after 5 years.20-23 Because this study was preliminary
and did not have a placebo control group, it was difficult to
assess precisely the efficacy and safety of cell therapy only in
this study. Nevertheless, our results taken together with
previous reports suggest that the performance of therapeutic
neovascularization with PB-MNC might be safe and effective
for patients with critical limb ischemia.
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The improvement of rest pain and walking distance was
less marked in ASO patients on dialysis (Figure 1D and 1E,
Table 2, and supplemental Table II). Moreover, 4 of 5 major
amputations occurred in ASO patients on dialysis (Figure
1G). Although it could be explained by an actual detrimental
effect in ASO patients, it is possible that this treatment had
been less effective for such patients. The survival rate of ASO
patients on dialysis was lower than that of either nonhemo-
dialysis ASO patients or TAO patients (Figure 2A), and most
of the adverse events (death, major amputation, and cardio-
vascular events) occurred in the ASO group (mainly in
patients on dialysis; Figures 1G and 2B). Thus, we need to be
more cautious when we consider this treatment for ASO
patients on dialysis. The worse outcome in these patients
could be attributable to functional abnormalities of vascular
cells and progenitor cells, which are associated with age and
various risk factors.24-26 For example, there is evidence of a
decrease in the number and angiogenic activity of endothelial
progenitor cells in patients with chronic renal failure,?” and it
was reported that such impairment was reversed by amelio-
ration of uremia after renal replacement therapy.2® In contrast,
we found no significant difference in the number of progen-
itor cells between hemodialysis and nonhemodialysis patients
(Table 3) or between responders and nonresponders (Table
5). We found that the number of progenitor cells was much
lower in nonresponders from the nonhemodialysis group than
in responders of the same group (supplemental Table VII),
and similar findings were observed in the TAO group
(supplemental Table V). However, no such differences were
observed between responders and nonresponders in the he-
modialysis group or the ASO group (supplemental Tables IV
and VI), suggesting that the function of progenitor cells was
impaired in nonresponders from these groups rather than cell
numbers being reduced.

TAO patients showed a better response to this therapy than
ASO patients with or without hemodialysis (supplemental
Table II). None of the TAO patients died, and only 1 TAO
patient underwent major amputation during the observation
period, and few cardiovascular events occurred in this popu-
lation (Figures 1G, 2A, and 2B), suggesting that TAO
patients may be well suited for cell therapy. The better
response of the TAO population may also have been achieved
because they were younger and had fewer risk factors than
ASO patients with or without hemodialysis.

The survival rate was very similar to the MACE-free rate,
suggesting that cardiovascular disease influenced survival.
Although cardiovascular events were not a direct cause of
death in about half of the patients, they had several cardio-
vascular diseases (including stroke, coronary artery disease,
and heart failure) that could compromise their ability to fight
infection and regulate the fluid balance. Such impairment
may in turn increase the incidence of severe infections like
sepsis and aspiration pneumonia, as well as fatal renal failure.
It has been suggested that neovascularization might induce
the development of atherosclerotic plaque and that increased
vascularity of atheroma could lead to plaque rupture.?*-3* OQur
previous study demonstrated that plasma levels of proangio-
genic cytokines were increased after cell therapy, particularly
in responders.'8 Therefore, we performed coronary angiogra-
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Figure 3. Relapse of ischemic symptoms. A, Relapse rates for ischemic symptoms. B, Survival rates of responders and nonresponders
under 70 years old. G, Myocardial perfusion SPECT imaging of a responder with coronary artery disease before (Pre) and after (Post)

treatment. *P<0.05 versus Pre.

phy and myocardial perfusion SPECT imaging in all of the
patients both before and after treatment. There was no
significant increase of cardiovascular events (including pro-
gression of coronary artery disease) in responders compared
with nonresponders, suggesting that therapeutic neovascular-
ization with PB-MNC did not promote atherogenesis. In fact,
this therapy may have a beneficial rather than an adverse
effect on coronary atherosclerosis because the area of myo-
cardial ischemia estimated by SPECT imaging showed a
significant decrease after treatment, and this improvement
was associated with an increase in the plasma levels of
proangiogenic factors. Moreover, survival tended to be better
in responders younger than 70 years old. We previously
demonstrated in a model of therapeutic neovascularization
that implanted mononuclear cells could enhance muscle
regeneration and increase the expression of various proangio-

genic cytokines by regenerating myocytes, thus promoting
vascularization and contributing to limb salvage. Taken
together with our findings in animal studies, these clinical
results suggest that this treatment increases the production of
proangiogenic factors in ischemic limbs, thereby reducing
myocardial ischemia as well as improving survival.

Limitations

This study was not placebo-controlled, and we did not
analyze the data prospectively. The subjects were heteroge-
neous in terms of the underlying disease, age distribution, and
coronary risk factors. Moreover, the survival rate of ASO
patients was lower than that of TAO patients, although death
was not directly related to limb ischemia. Therefore, it was
difficult to assess precisely the efficacy of cell therapy in the
present study.
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Conclusion

Although this study was not placebo-controlled and we
cannot assess the efficacy and safety of cell therapy only in
this study, therapeutic angiogenesis with PB-MNC has a
possibility of a safe and potentially effective treatment for
critical limb ischemia. The results of a double-blind placebo-
controlled study are needed to confirm our findings. Such a
study is currently in progress.

Sources of Funding

This work was supported by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science, Sports, and Cuiture; Health
and Labor Sciences Research Grants (to 1.K.); a Grant-in-Aid for
Scientific Research from the Ministry of Education, Culture, Sports,
Science, and Technology of Japan; and grants from the Suzuken
Memorial Foundation, the Japan Diabetes Foundation, the Ichiro
Kanehara Foundation, the Tokyo Biochemical Research Foundation,
the Takeda Science Foundation, the Cell Science Research Founda-
tion, and the Japan Foundation of Applied Enzymology (to T.M.).

Disclosures
None.

References

1. Braunwald E, Zipes DP, Libby P. Heart Disease: A Textbook of Cardio-
vascular Medicine. 6th ed. Philadelphia, Pa: WB Saunders; 2001.

2. Dormandy JA, Rutherford RB. Management of peripheral arterial disease
(PAD). TASC Working Group. TransAtlantic Inter-Society Concensus
(TASC). J Vasc Surg. 2000;31:51-5296.

3. Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med.
2000;6:389-395.

4. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T,
Witzenbichler B, Schatteman G, Isner JM. Isolation of putative progenitor
endothelial cells for angiogenesis. Science. 1997;275:964-967.

5. Shi Q, Rafii S, Wu MH, Wijelath ES, Yu C, Ishida A, Fujita Y, Kothari
S, Mohle R, Sauvage LR, Moore MA, Stortb RF, Hammond WP.
Evidence for circulating bone marrow-derived endothelial cells. Blood.
1998;92:362-367.

6. Asahara T, Masuda H, Takahashi T, Kalka C, Pastore C, Silver M,
Kearne M, Magner M, Isner JM. Bone marrow origin of endothelial
progenitor cells responsible for postnatal vasculogenesis in physiological
and pathological neovascularization. Circ Res. 1999;85:221-228.

7. Rafii S, Lyden D. Therapeutic stem and progenitor cell transplantation for
organ vascularization and regeneration. Nar Med. 2003;9:702--712.

8. Tkenaga S, Hamano K, Nishida M, Kobayashi T, Li TS, Kobayashi S,
Matsuzaki M, Zempo N, Esato K. Autologous bone marrow implantation
induced angiogenesis and improved deteriorated exercise capacity in a rat
ischemic hindlimb model. J Surg Res. 2001;96:277-283.

9. Shintani S, Murohara T, Ikeda H, Ueno T, Sasaki K, Duan J, Imaizumi T.

Augmentation of postnatal neovascularization with autologous bone

marrow transplantation. Circulation. 2001;103:897-903.

Li TS, Hamano K, Suzuki K, Ito H, Zempo N, Matsuzaki M. Improved

angiogenic potency by implantation of ex vivo hypoxia prestimulated

bone marrow cells in rats. Am J Physiol Heart. 2002;283:H468-H473.

11. Tateishi-Yuyama E, Matsubara H, Murohara T, Ikeda U, Shintani S,
Masaki H, Amano K, Kishimoto Y, Yoshimoto K, Akashi H, Shimada K,
Iwasaka T, Imaizumi T. Therapeutic angiogenesis for patients with limb
ischaemia by autologous transplantation of bone-marrow cells: A pilot
study and a randomised controlled trial. Lancet. 2002;360:427-435.

12. Chen SL, Fang WW, Ye F, Liu YH, Qian J, Shan SJ, Zhang JJ, Chunhua RZ,
Liao LM, Lin S, Sun JP. Effect on left ventricular function of intracoronary
transplantation of autologous bone marrow mesenchymal stem cell in
patients with acute myocardial infarction, Am J Cardiol. 2004,94:92-95.

13. Wollert KC, Meyer GP, Lotz J, Ringes-Lichtenberg S, Lippolt P, Bre-
idenbach C, Fichtner S, Korte T, Hornig B, Messinger D, Arseniev L,
Hertenstein B, Ganser A, Drexler H. Intracoronary autologous bone-
marrow cell transfer after myocardial infarction: The BOOST randomised
controlled clinical trial. Lancet. 2004;364:141-148.

14. Janssens S, Dubois C, Bogaert J, Theunissen K, Deroose C, Desmet W,
Kalantzi M, Herbots L, Sinnaeve P, Dens J, Maertens J, Rademakers F,

10.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Long-Term QOutcome of Cell Therapy 253

Dymarkowski S, Gheysens O, Van Cleemput J, Bormans G, Nuyts J,
Belmans A, Mortelmans L, Boogaerts M, Van de Werf F. Autologous
bone marrow-derived stem-cell transfer in patients with ST-segment
elevation myocardial infarction: Double-blind, randomised controlled
trial. Lancet. 2006;367:113-121.

Lunde X, Solheim S, Aakhus S, Amesen H, Abdelnoor M, Egeland T,
Endresen K, Ilebekk A, Mangschau A, Fjeld JG, Smith HJ, Taraldsrud E,
Grogaard HK, Bjornerheim R, Brekke M, Muller C, Hopp E, Ragnarsson A,
Brinchmann JE, Forfang K. Intracoronary injection of mononuclear bone
marrow cells in acute myocardial infarction. N Engl J Med. 2006;355:
1199-1209.

Schachinger V, Erbs S, Elsasser A, Haberbosch W, Hambrecht R, Hol-
schermann H, Yu J, Corti R, Mathey DG, Hamm CW, Suselbeck T,
Assmus B, Tonn T, Dimmeler S, Zeiher AM. Intracoronary bone marrow-
derived progenitor cells in acute myocardial infarction. N Engl J Med.
2006;355:1210-1221.

Hristov M, Heussen N, Schober A, Weber C. Intracoronary infusion of
autologous bone marrow cells and left ventricular function after acute myo-
cardial infarction: A meta-analysis. J Cell Mol Med. 2006;10:727-733.
Tateno K, Minamino T, Toko H, Akazawa H, Shimizu N, Takeda S,
Kunieda T, Miyauchi H, Oyama T, Matsuura K, Nishi J, Kobayashi Y,
Nagai T, Kuwabara Y, Iwakura Y, Nomura F, Saito Y, Komuro L Critical
roles of muscle-secreted angiogenic factors in therapeutic neovascular-
ization. Circ Res. 2006;98:1194-1202.

Minamino T, Toko H, Tateno K, Nagai T, Komuro I. Peripheral-blood or
bone-marrow mononuclear cells for therapeutic angiogenesis? Lancet.
2002;360:2083-2084; author reply 2084.

Matsuno K, Kuwabara Y, Watanabe S, Kuroda T, Mikami Y, Fujii K, Saito
T, Masuda Y. Detection of myocardial viability using rest-redistribution
thallium-201 imaging in a stress 99Tcm-tetrofosmin/rest thallium-201 dual-
isotope protocol. Nucl Med Commun. 2001;22:165-173,

Hirsch AT, Haskal ZJ, Hertzer NR, Bakal CW, Creager MA, Halperin JL,
Hiratzka LF, Murphy WR, Olin JW, Puschett JB, Rosenfield KA, Sacks
D, Stanley JC, Taylor LM Jr, White CJ, White J, White RA, Antman EM,
Smith SC Jr, Adams CD, Anderson JL, Faxon DP, Fuster V, Gibbons RJ,
Halperin JL, Hiratzka LF, Hunt SA, Jacobs AK, Nishimura R, Ornato JP,
Page RL, Riegel B. ACC/AHA 2005 guidelines for the management of
patients with peripheral arterial disease (lower extremity, renal, mes-
enteric, and abdominal aortic): executive summary a collaborative report
from the American Association for Vascular Surgery/Society for
Vascular Surgery, Society for Cardiovascular Angiography and Inter-
ventions, Society for Vascular Medicine and Biology, Society of Inter-
ventional Radiology, and the ACC/AHA Task Force on Practice
Guidelines (Writing Committee to Develop Guidelines for the Man-
agement of Patients With Peripheral Arterial Disease) endorsed by the
American Association of Cardiovascular and Pulmonary Rehabilitation;
National Heart, Lung, and Blood Institute; Society for Vascular Nursing;
TransAtlantic Inter-Society Consensus; and Vascular Disease Foun-
dation. J Am Coll Cardiol. 2006;47:1239-1312.

Norgren L, Hiatt WR, Dormandy JA, Nehler MR, Harris KA, Fowkes
FG. Inter-Society Consensus for the Management of Peripheral Arterial
Disease (TASC II). J Vasc Surg. 2007;45(Suppl S):S5-567.

Weitz JI, Byme J, Clagett GP, Farkouh ME, Porter JM, Sackett DL,
Strandness DE Jr, Taylor LM. Diagnosis and treatment of chronic arterial
insufficiency of the lower extremities: A critical review. Circulation.
1996;94:3026-3049.

Brass EP, Anthony R, Dormandy J, Hiatt WR, Jiao J, Nakanishi A,
McNamara T, Nehler M. Parenteral therapy with lipo-ecraprost, a
lipid-based formulation of a PGEl analog, does not alter six-month
outcomes in patients with critical leg ischemia. J Vasc Surg. 2006;43:
752-759.

Ballard VL, Edelberg JM. Stem cells and the regeneration of the aging
cardiovascular system. Circ Res. 2007;100:1116-1127.

Hill M, Zalos G, Halcox JP, Schenke WH, Waclawiw MA, Quyyumi
AA, Finkel T. Circulating endothelial progenitor cells, vascular function,
and cardiovascular risk. N Engl J Med. 2003;348:593-600.

Reed MIJ, Edelberg JM. Impaired angiogenesis in the aged. Sci Aging
Knowledge Environ. 2004;2004:pe7.

Choi JH, Kim KL, Huh W, Kim B, Byun J, Suh W, Sung J, Jeon ES, Oh
HY, Kim DK. Decreased number and impaired angiogenic function of
endothelial progenitor cells in patients with chronic renal failure. Arte-
rioscler Thromb Vasc Biol. 2004;24:1246-1252.

Downloaded from circinterventions.ahajournals.org at Takeda Pharmaceutical Company Ltd on May 17, 2010

41



254 Circ Cardiovasc Intervent June 2009

29. de Groot K, Bahlmann FH, Sowa J, Koenig I, Menne J, Haller H, Fliser larization and plaque growth in apolipoprotein E-deficient mice.
D. Uremia causes endothelial progenitor cell deficiency. Kidney Int. Circulation. 1999;99:1726-1732.
2004;66:641-646. 31. Celletti FL, Waugh JM, Amabile PG, Brendolan A, Hilfiker PR, Dake
30. Moulton KS, Heller E, Konerding MA, Flynn E, Palinski W, Folkman J. MD. Vascular endothelial growth factor enhances atherosclerotic plaque
Angiogenesis inhibitors endostatin or TNP-470 reduce intimal neovascu- progression. Nat Med. 2001;7:425-429.
CLINICAL PERSPECTIVE

Injection of bone marrow mononuclear cells has been reported to promote neovascularization of ischemic tissues
effectively. We found that peripheral blood mononuclear cells were as efficient as bone marrow mononuclear cells for the
treatment of limb ischemia in animals, and we showed that this treatment was feasible in no-option patients with limb
ischemia. However, the long-term outcome of such therapy has not been investigated. In this study, we assessed the
long-term outcome of patients receiving this treatment. Improvement of ischemic symptoms was observed in 60% to 70%
of the patients. The annual rate of major amputation was decreased markedly by treatment. Improvement of ischemic
symptoms was less marked in arteriosclerosis obliterans (ASO) patients on dialysis compared with nonhemodialysis ASO
or thromboangiitis obliterans patients. Indeed, the survival rate of these patients was lower than that of nonhemodialysis
ASO or thromboangiitis obliterans patients. Major adverse events such as death, major amputation, and cardiovascular
events occurred mostly in ASO patients, and most of them were on dialysis. Thus, we need to be more cautious when we
consider this treatment for ASO patients on dialysis. Although it has been suggested that neovascularization might induce
the development of atherosclerotic plaque, there was no significant increase of cardiovascular events in responders
compared with nonresponders in our study, suggesting that therapeutic neovascularization with peripheral blood
mononuclear cells did not promote atherogenesis. Collectively, injection of peripheral blood mononuclear cells seems safe
and potentially effective for the treatment of limb ischemia, but the results of a double-blind placebo-controlled study are
needed to confirm our findings.
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Protective Role of SIRT1 in Diabetic Vascular Dysfunction

Masayuki Orimo, Tohru Minamino, Hideyuki Miyauchi, Kaoru Tateno, Sho Okada,
Junji Moriya, Issei Komuro

Objective—Calorie restriction (CR) prolongs the lifespan of various species, ranging from yeasts to mice. In yeast, CR
extends the lifespan by increasing the activity of silencing information regulator 2 (Sir2), an NAD"-dependent
deacetylase. SIRT1, a mammalian homolog of Sir2, has been reported to downregulate p53 activity and thereby prolong
the lifespan of cells. Although recent evidence suggests a link between SIRT1 activity and metabolic homeostasis during
CR, its pathological role in human disease is not yet fully understood.

Methods and Results—Treatment of human endothelial cells with high glucose decreases SIRT1 expression and thus
activates p53 by increasing its acetylation. This in turn accelerates endothelial senescence and induces functional
abnormalities. Introduction of SIRT1 or disruption of p53 inhibits high glucose~induced endothelial senescence and
dysfunction. Likewise, activation of Sirtl prevents the hyperglycemia-induced vascular cell senescence and thereby

protects against vascular dysfunction in mice with diabetes.

Conclusions—These findings represent a novel mechanism of vascular cell senescence induced by hyperglycemia and
suggest a protective role of SIRT1 in the pathogenesis of diabetic vasculopathy. (Arterioscler Thromb Vasc Biol. 2009;

29:889-894.)

Key Words: cellular senescence m p53 m diabetes

he NAD"-dependent histone deacetylase Sir2 induces
longevity in yeast in response to calorie restriction
signals.! SIRT1, a mammalian homologue of Sir2 and a
member of the Sir2 family called sirtuins, has been shown to
target p53,2-4 Ku70,° and the forkhead transcription fac-
torss-8 for deacetylation, thereby regulating stress responses,
apoptosis, and cellular senescence. Acetylation of p53 is
known to be crucial for its stabilization and transcriptional
activation.® Accumulating evidence suggests that SIRT1 also
modulates the metabolism of glucose and fat by interacting
with peroxisome proliferator-activated receptor (PPAR) vy
through nuclear receptor corepressor to repress adipogene-
sis,10 modifying PPAR vy coactivator-1a to regulate hepatic
glucose homeostasis!!12 and regulating insulin secretion lev-
els as well as insulin sensitivity.}3-15 Treatment with the
sirtuin activator resveratrol has been shown to improve
diet-induced obesity and insulin resistance!6'? and delay
age-related deterioration including increased arterial stiff-
ness.!8 Moreover, Sirtl has been reported to control endothe-
lial angiogenic functions during postnatal vascular growth.!®
However, it remains unclear whether SIRT1 is involved in the
pathogenesis of diabetes and its complications including
diabetic vasculopathy.
Vascular cells have a finite lifespan when cultured and
eventually undergo senescence. Many of the changes seen in
senescent vascular cells are consistent with those that occur in

age-related vascular diseases.20:2! Moreover, senescent vas-
cular cells have been detected in human atherosclerotic
tissues and exhibit various functional abnormalities,?? sug-
gesting that senescence of vascular cells contributes to the
pathophysiology of age-related vascular diseases. There is
also in vivo evidence for the occurrence of vascular cell
senescence in diabetic vasculopathy.??* Given that CR aug-
ments SIRT1 activity, hyperglycemia might induce vascular
cell senescence by reducing SIRT1 activity and thereby
contribute to the development of diabetic vasculopathy. In the
present study we show a novel mechanism of vascular cell
senescence induced by hyperglycemia. Hyperglycemia de-
creases SIRT1 expression and thus activates p53 by increas-
ing its acetylation. Activation of SIRT1 prevents the
hyperglycemia-induced vascular cell senescence and thereby
protects against vascular dysfunction in mice with diabetes.
These results suggest a protective role of SIRT1 in the
pathogenesis of diabetic vasculopathy.

Materials and Methods
Cell Culture

Human umbilical vein endothelial cells were purchased from Bio
Whittaker (Walkersville, Md) and cultured according to the manu-
facturer’s instructions. We defined senescent cells as the cultures that
do not increase for 2 weeks at subcofluent and confirmed with
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senescence-associated [-galactosidase activity assay. Senescence-
associated B-galactosidase staining was performed as described.22

Retroviral Infection

pBabe (a gift from Dr C.W. Lowe, Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY) was used for generating retroviruses.
pBabe SIRT1 was a kind gift from Dr T. Kouzarides, Wellcome
Institute, Cambridge, UK. We constructed the pBabe-based vector
expressing E6 (pBabe E6). Details of the construct are available on
request. Retroviral stocks were generated by transient transfection of
packaging cell line and stored at —80°C until use. Human endothe-
lial cells (passage 4 to 6) were plated at 5X10° cells per 100-mm-
diameter dish 24 hours before infections. For infections, the culture
medium was replaced by retroviral stocks supplemented with 8
pg/mL polybrene (Sigma). Forty-eight hours after infections, the
infected cell populations were selected by culture in 0.8 pg/mL
puromycin for 4 days (pBabe-based vectors). After selection, 1 to
3X10° cells were seeded onto 100-mm-diameter dish.

Western Blot Analysis and Antibodies

‘Whole-cell lysates (30 wg) were resolved by SDS polyacrylamide
gel electrophoresis (PAGE). Proteins were transferred onto a poly-
vinylidene difluoride membrane (Millipore) and incubated with the
first antibody followed by an anti-rabbit immunoglobulin
G-horseradish peroxidase antibody or anti-mouse immunoglobulin
G-horseradish peroxidase antibody (Jackson). Specific proteins were
detected using enhanced chemiluminescence (Amersham). The first
antibodies used for Western blotting are as follows: antibodies to
p53, ICAM-1, actin, and tubulin (Santa Cruz); antip2] antibody
(Oncogene); antiacetylated p53 antibody (Cell Signaling); anti-
SIRT1 antibody (Upstate Biotechnology).

Northern Blot Analysis

Total RNA (30 pg) was extracted using RNA zol B (Tel Test)
according to the manufacturer’s instructions, separated on a formal-
dehyde denaturing gel and transferred to a nylon membrane (Amer-
sham). The blot was then hybridized with radiolabeled cDNA probes
for p21 using the Quickhyb hybridization solution (Stratagene)
according to the manufacturer’s instructions.

Luciferase Assay

The reporter gene plasmid (1 ug) was transfected into endothelial
cells in medium containing various glucose concentrations. In some
experiments, cells were infected with retroviral vectors 24 hours
before luciferase assay. The control vector encoding Renilla lucif-
erase (0.1 ng) was cotransfected for an internal control. Luciferase
assay was carried out using dual-luciferase reporter assay system
(Promega) according to the manufacturer’s instructions. The plasmid
pPG13-Luc containing the p53-binding sequence was a gift from Dr
B. Vogelstein (Johns Hopkins University, Baltimore, Md).

Histology

For immunohistochemistry, the frozen sections (6 pm) were treated
with 0.3% hydrogen peroxide in methanol for 20 minutes, preincu-
bated with 5% goat serum and then treated with anti-Sirt antibody
(Upstate Biotechnology), anti-p53 antibody, or anti-ICAM-1 anti-
body (Santa Cruz) overnight at 4°C. Next, the sections were
incubated with a biotinylated goat secondary antibody, treated with
the avidin-biotin complex (Elite ABC kit, Vector) and stained with
diaminobenzidine tetrahydrochloride and hydrogen peroxide.
Senescence-associated 3 galactosidase activity assay was performed
as described previously.22

Statistical Analysis

Data were shown as mean+SEM. Multiple group comparison was
performed by 1-way ANOVA followed by the Bonferroni procedure
for comparison of means. Comparisons between 2 groups were
analyzed by 2-way ANOVA. Values of P<0.05 were considered
statistically significant.
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Figure 1. High glucose-induced endothelial cell senescence. A,
Human endothelial cells were passaged in medium containing
various concentrations of glucose, and cell lifespan was deter-
mined. *P<0.05 vs 100 mg/dL glucose; #P<0.05 vs 150 mg/dL
glucose. n=3. B, Human endothelial cells were cultured in
medium containing various concentrations of glucose for 24
hours and harvested to examine SIRT1, acetylated p53 (Ac-
p53), p53, p21, and ICAM-1 levels by Western blot analysis. C,
Transcriptional activity of p53 was examined by luciferase assay
in endothelial cells exposed to glucose at the indicated concen-
tration. *P<0.05, *P<0.01 vs 0 mg/dL glucose; #P<0.05 vs 100
mg/dL glucose. Error bars indicate SEM; n=4.

Relative luciferase activity

Results

Treatment With High Glucose Accelerates
Endothelial Cell Senescence

To examine the effects of high glucose on the lifespan of
vascular cells, human vascular endothelial cells were pas-
saged in medium containing various concentrations of glu-
cose (100, 150, and 400 mg/dL) until senescence occurred.
The osmotic pressure of each medium was adjusted to that of
the high-glucose (400 mg/dL) medium by the addition of
mannitol. Exposure to a very high concentration of glucose
(400 mg/dL) decreased the lifespan of human endothelial
cells, and the effects of glucose were dose-dependent (Figure
1A). SIRT1 expression was decreased and acetylated p53 was
increased in human endothelial cells by culture in high-
glucose medium (Figure 1B and supplemental Figure I,
available online at http://atvb.ahajournals.org). Consistent
with these results, culture in high-glucose medium increased
transcriptional activity of p53 (Figure 1C) and thereby up-
regulated expression of the cyclin-dependent kinase inhibitor
p21WaflCiel (Rioyre 1B and supplemental Figure I). Culture
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Figure 2. Critical roles of SIRT1 and p53 activity in high
glucose-induced senescence. A, Endothelial cells were infected
with pBabe (Mock) or pBabe SIRT1 (SIRT1) and exposed to
medium containing various concentrations of glucose, after
which transcriptional activity of p53 was examined by luciferase
assay. *P<0.05, **P<0.01 vs 0 mg/dL glucose; #P<0.05 vs 100
mg/dL glucose. n=3. B, Human endothelial cells were infected
with pBabe, pBabe SIRT1, or pBabe E6 (the oncoprotein of
HPV16 that ablates p53), and cell lifespan was determined.
*P<0.05 vs 100 mg/dL glucose; #P<0.05 vs 150 mg/dL glu-
cose. n=3. C, Western blot analysis for the expression of p21
and ICAM-1 in endothelial cells prepared in B.

in high-glucose medium also upregulated the expression of
intracellular adhesion molecule-1 (ICAM-1), a crucial recep-
tor that mediates cell-cell interactions and plays a critical role
in the development of atherosclerosis (Figure 1B and supple-
mental Figure I).

SIRT1 Inhibits High Glucose-Induced Endothelial
Cell Senescence

To investigate whether SIRT1 was involved in high glucose—
induced senescence, we examined the effect of increased
SIRT1 expression on activation of p53 by high glucose.
Exposure to high-glucose medium increased p53 activity in
mock-infected cells (Figure 2A), although this increase was
significantly inhibited by introduction of SIRT1, suggesting
that induction of p53 by high glucose was related to a
decrease of SIRT1 expression (Figure 2A). We next exam-
ined the relationship between SIRT1 and the reduction of
cellular lifespan by high-glucose conditions. We infected
human endothelial cells with a retroviral vector encoding
SIRT1 or an empty vector (mock), and then cultured the cells
with various concentrations of glucose until senescence
occurred. We also examined the effect of ablation of p53.
Exposure to high glucose medium shortened the lifespan of
mock-infected cells, whereas this effect of glucose was
prevented by constitutive expression of SIRT1 (Figure 2B).
In addition, the ablation of p53 activity prevented the accel-
eration of cellular aging by culture under high-glucose
conditions (Figure 2B). Consistent with the previous report,?*
treatment with sirtinol, a specific inhibitor for sirtuins, pro-
moted cellular senescence under normal-glucose conditions
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Figure 3. Hyperglycemia induces endothelial senescence in
vivo. A, Mice were given vehicle (—) or streptozotocin (STZ; +).
The aortas were harvested 4 weeks after administration and
examined for Sirt1, acetylated p53 (Ac-p53), p53, and ICAM-1
levels by Western blot analysis. B, The aortas prepared in A
were examined for p27 expression by Northern blot analysis. C,
The aortas prepared in A were subjected to senescence-
associated B galactosidase activity assay. Arrow indicates posi-
tive (senescent) endothelial cells. Scale bar=5 um.

(data not shown). These results indicated that downregulation
of SIRT! expression was responsible for high glucose—
induced senescence. Moreover, the induction of ICAM-1 and
p21 expression by exposure to high-glucose medium was
inhibited by either introduction of SIRT1 or ablation of p53
activity (Figure 2C), suggesting a potential role of the
SIRT1/p53 axis in diabetic vasculopathy.

Decreased Expression of Sirtl Is Associated With
Vascular Senescence in Diabetic Mice

To further investigate whether Sirtl is involved in the
pathogenesis of diabetic vasculopathy, we produced a mouse
model of diabetes by treatment with streptozotocin and
harvested the aorta after 4 weeks. Western blot analysis
revealed that expression level of Sirtlwas significantly lower
in the aortas of diabetic mice than in those of nondiabetic
mice (Figure 3A and supplemental Figure IIA). Consistent
with this finding, levels of acetylated p53 and p21 expression
were significantly higher in the aortas of diabetic mice
compared with those of control mice (Figure 3A and 3B and
supplemental Figure ITA). Histological analyses revealed that
an increase of senescence-associated B galactosidase activity
(a biomarker for cellular senescence) was predominantly
observed in aortic endothelial cells of diabetic mice and that
this increase was associated with downregulation of Sirtl
expression and upregulation of p53 expression in aortic
endothelial cells (Figure 3C and supplemental Figure IIB).
These results suggest that hyperglycemia induced p53-
dependent endothelial cell senescence. Furthermore, the ex-
pression of ICAM-1 was significantly increased in aortic
endothelial cells of diabetic mice (Figure 3A and supplemen-
tal Figure ITA and IIB). We thus speculated that activation of
Sirt] might improve vascular dysfunction in diabetic mice.

Resveratrol Improves Vascular Dysfunction in
Diabetic Mice

To test our hypothesis, we treated diabetic mice with resvera-
trol, a sirtuin activator.?52¢ Injection of streptozotocin mark-
edly decreased the plasma insulin below detectable levels and
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the plasma glucose level gradually increased (supplemental
Figure HITA). Resveratrol did not affect the increase of plasma
glucose after streptozotocin treatment (supplemental Figure
IIA). Indeed, there were no differences of plasma insulin,
cholesterol, or triglyceride levels between vehicle-treated and
reveratrol-treated diabetic mice (supplemental Figure IIIA
and data not shown). Thus, resveratrol did not seem to
improve the diabetic state in this experimental setting. How-
ever, resveratrol reduced the acetylated p53 level and sup-
pressed induction of p21 expression in the aortas of diabetic
mice (Figure 4A and 4B and supplemental Figure IB and
HIC), suggesting that activation of sirtuins prevented vascular
cell senescence accelerated by hyperglycemia. An increase of
leukocyte rolling and adhesion is known to be an initial step
in the development of atherosclerosis, and ICAM-1 is thought
to be a key endothelial receptor involved in these events.
Therefore, we examined the effects of resveratrol on ICAM-1
expression in the aortas of diabetic mice. We found that the
expression of ICAM-1 was significantly lower in resveratrol-
treated diabetic mice compared with vehicle-treated mice
(Figure 4A and supplemental Figure IIIB). Next, we investi-
gated whether resveratrol reduced leukocyte rolling and
adhesion in diabetic mice. Using an intravital microscopy, we
observed that hyperglycemia significantly promoted leuko-
cyte rolling and adhesion in the femoral artery, whereas these
changes were markedly inhibited by treatment with resvera-
trol as well as by administration of anti-ICAM-1 neutralizing
antibody (Figure 4C and supplemental movies), indicating
that resveratrol treatment downregulates ICAM-1 expression,
thereby inhibiting leukocyte rolling and adhesion. In contrast,
resveratrol had little influence on aortic ICAM-1 expression
or leukocyte rolling in p53-deficient mice (data not shown),
suggesting that resveratrol inhibited p53-dependent vascular
cell senescence induced by hyperglycemia and thereby pro-
tected diabetic mice against vascular dysfunction. Protective
roles of Sirtl in diabetic vasculopathy were further supported
by the observations that resveratrol treatment significantly in-
creased neovascularization in ischemic limbs and nitric oxide
synthase activity in diabetic mice (Figure 4D and 4E). Thus,

activation of Sirt]l may be a novel strategy for the treatment
of diabetic vascular complications.

The Akt/FOXO Pathway Plays a Crucial Role in
the Downregulation of SIRT1 Expression by
High-Glucose Conditions

The forkhead box O transcription factor (FOXO) has been
shown to positively regulate SIRT1 expression.?” Because
hyperglycemia has been reported to increase Akt activity,28:29
we investigated whether these signaling molecules were
involved in the regulation of SIRT1 expression under high-
glucose conditions. Exposure of human endothelial cells to a
high concentration of glucose led to an increase of phospho-
Akt (supplemental Figure IVA). When this pathway was
disrupted by introducing a dominant-negative form of Akt,
exposure of cells to high glucose failed to affect the levels of
SIRT1 and acetylated pS3 (supplemental Figure IVB), suggest-
ing a critical role of the Akt signaling pathway in the downregu-
lation of SIRT1 expression by high-glucose conditions.

Discussion
In the present study, we demonstrated a novel mechanism of
diabetic vasculopathy. Hyperglycemia reduces Sirtl expres-
sion, leading to p53-dependent vascular cell senescence and
thus to vascular dysfunction. It remains unclear how hyper-
glycemia downregulates Sirtl expression. FOXO has been
shown to positively regulate SIRT1 expression.2’” Akt phos-
phorylates FOXO and thus blocks its transcriptional activity
by promoting cytoplasmic retention and degradation, and it
has been reported that hyperglycemia upregulates Akt activ-
ity.?82° The AMP-activated protein kinase (AMPK) plays a
critical role in the cellular responses to low energy levels, and
phosphorylation by AMPK leads to the activation of FOXO
transcriptional activity without affecting FOXO subcellular
localization.* Because phospho-Akt levels were increased and
phospho-AMPK levels were reduced in the aortas of diabetic
mice compared with those of nondiabetic mice (M. Orimo,
T. Minamino, unpublished data, 2008), hyperglycemia may
downregulate expression of Sirtl by decreasing FOXO
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activity. Consistent with this idea, our in vitro experiments
showed that treatment of human endothelial cells with high
glucose led to activation of Akt and a decrease of SIRT1
expression, This decrease was significantly inhibited by
introduction of a dominant-negative form of Akt, suggest-
ing that the downregulation of SIRT1 expression by
high-glucose conditions is at least partially mediated by
the Akt/FOXO signaling pathway.

SIRT1-mediated deacetylation of p53 prevents p53-
dependent transactivation of various target genes such as p21
and Bax. These direct effects of SIRT1 on p53 transactivation
are important for the function of p53 as a transcription factor
because the acetylation status has been shown to be indis-
pensable for its ability to repress cell growth and induce
apoptosis.3! It has been reported that the inhibition of cellular
deacetylases leads to a longer half-life for endogenous p53,
indicating that acetylation of p53 also contributes to p53
stabilization.32 Thus, SIRT1 may negatively regulate the
ability of p53 to promote endothelial senescence by inhibiting
its transcriptional activity as well as by inducing its degrada-
tion. In addition to being a direct effector of SIRT1 deacet-
ylation, pS3 can repress SIRTI transcription by binding to 2
response elements within the SIRTI promoter,?” which sug-
gests that SIRT1 and p53 exist in a negative-regulatory
feedback loop: hyperglycemia-induced downregulation of
SIRT1 may further decrease its expression via p53 activation.

We have previously reported that activation of the insulin/
Akt pathway enhances the aging of cultured human endothe-
lial cells via the p53/p21-dependent pathway.3* This effect is
partly mediated by a decrease of FOXO activity, which leads
to downregulation of antioxidant genes and an increase of the
intracellular level of reactive oxygen species (ROS).>3 There-
fore, both hyperinsulinemia and hyperglycemia may induce
vascular cell senescence through mechanisms involving
SIRT1-dependent and -independent pathways, thereby pro-
moting vascular complications in patients with type 2 diabe-
tes. An increase of oxidative stress is associated with most of
the pathways that have been implicated in diabetic vasculopa-
thy including the polyol pathway and the protein kinase C
pathway.3* Thus, these pathways may also promote p33-
dependent vascular cell senescence by increasing ROS levels.

In addition to p21 expression, ICAM-1 was induced by
hyperglycemia, and its induction was disrupted by ablation of
p53. This finding was in accordance with a previous report
that p53 directly activates ICAM-1 expression in an NF-«B—
independent manner.3s Senescent cells also exhibit various
features of endothelial dysfunction such as decreased produc-
tion of nitric oxide and increased expression of cytokines and
coagulators.2® Thus, inhibition of vascular cell senescence by
activation of SIRT1 may be a potential therapeutic strategy
for human vascular diseases.
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Cardiac 12/15 lipoxygenase—induced
inflammation is involved in heart failure
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To identify a novel target for the treatment of heart failure, we examined gene expression
in the failing heart. Among the genes analyzed, Alox15 encoding the protein 12/15 lipoxy-
genase (LOX) was markedly up-regulated in heart failure. To determine whether increased
expression of 12/15-LOX causes heart failure, we established transgenic mice that overex-
pressed 12/15-LOX in cardiomyocytes. Echocardiography showed that Alox15 transgenic
mice developed systolic dysfunction. Cardiac fibrosis increased in Alox15 transgenic mice
with advancing age and was associated with the infiltration of macrophages. Consistent
with these observations, cardiac expression of monocyte chemoattractant protein 1 (MCP-1)
was up-regulated in Alox15 transgenic mice compared with wild-type mice. Treatment with
12-hydroxy-eicosatetraenoic acid, a major metabolite of 12/15-LOX, increased MCP-1
expression in cardiac fibroblasts and endothelial cells but not in cardiomyocytes. Inhibi-
tion of MCP-1 reduced the infiltration of macrophages into the myocardium and prevented
both systolic dysfunction and cardiac fibrosis in Alox15 transgenic mice. Likewise, disrup-
tion of 12/15-LOX significantly reduced cardiac MCP-1 expression and macrophage infil-
tration, thereby improving systolic dysfunction induced by chronic pressure overload. Our
results suggest that cardiac 12/15-10X is involved in the development of heart failure and
that inhibition of 12/15-LOX could be a novel treatment for this condition.

CORRESPONDENCE Heart failure is a clinical syndrome that is as~  heart failure is still one of the leading causes of
Issei Komuro: sociated with various cardiovascular diseases  death worldwide (Libby and Braunwald, 2008),
komuro-tky@umin.acjp such as hypertension and myocardial infarction  so it is important to investigate the underlying
Abbreviations used: cDNA, (Libby and Braunwald, 2008). Comprehensive  mechanisms of this condition and develop more
complementary DNA; FS, frac- management using current therapeutic options  effective treatments.

tional shortening; HETE, can markedly reduce the morbidity and mor- Arachidonic acid is a free fatty acid that, when
hydroxy-eicosatetraenoic acids; Ak h fil L le clinical trial lib df 1l b b b
LOX, lipoxygenase; LVDG, left tality of heart failure. Large-scale clinical trials  liberated from cell membranes, can be metabo-
ventricular diastolic dimension; of drugs targeting neurohormonal mechanisms,  lized by cyclooxygenase, cytochrome p450, and
MCP-1, monocyte chemoat- such as angiotensin-converting enzyme inhibi- lipoxygenase (LOX) to form biologically active
tractant protein 1; mRNA, tors and P blockers, have shown that such  products such as prostaglandins, leukotrienes,
messenger RNA; TAC, trans- X R R o . A A
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Kudo and Murakami, 2002). LOXs are a family of lipid-
peroxidizing enzymes that oxidize free and esterified poly-
enolic fatty acids to form the corresponding hydroperoxy
derivates (Kuhn and O’Donnell, 2006). The LOX enzymes
are named according to the specific carbon atoms of arachi-
donic acid that are oxidized. Thus, 12/15-LOX is a member
of the LOX family that catalyzes the step from arachidonic
acid to 12(S)-HETE and 15(S)-HETE (Chen et al., 1994).
12/15-LOX was originally isolated from porcine leukocytes
(Yokoyama et al., 1986), but its tissue distribution is now
known to be relatively wide, including blood vessels, the
brain, and the kidneys (Kuhn and O’Donnell, 2006). Several
lines of evidence have suggested that 12/15-LOX may play an
important role in the development of atherosclerosis, diabetes,
and neurodegenerative disease (Natarajan and Nadler, 2004;
Kuhn and O’Donnell, 2006). For example, disruption of the
gene for 12/15-LOX in mice significantly reduces the onset
of atherosclerosis (Cyrus et al., 1999, 2001; George et al.,
2001), whereas an increase of 12/15-LOX expression in
mice promotes monocyte—endothelial cell interactions that
lead to atherogenesis (Hatley et al., 2003; Reilly et al., 2004;
Bolick et al., 2005). Several studies have shown that mono-
cyte 12/15-LOX mediates the oxidative modification of low-
density lipoprotein (McNally et al.,, 1990; Sakashita et al.,
1999; Zhu et al., 2003b). An increase of 12/15-LOX activity
in vessel walls also contributes to atherogenesis by impairing
the macrophage cholesterol efflux pathway (Nagelin et al.,
2008). Interestingly, mice with deficiency of 12/15-LOX are
resistant to the development of streptozotocin-induced diabe-
tes (Bleich et al., 1999) and autoimmune diabetes (McDuffie
et al., 2008). However, there is currently little evidence that
12/15-LOX has a role in heart failure.

In the present study, we showed that cardiac 12/15-LOX
induces inflammation that is involved in heart failure. We
found that 12/15-LOX expression was markedly increased in
the failing heart. Increased expression of this enzyme up-
regulates monocyte chemoattractant protein 1 (MCP-1) and
promotes the infiltration of macrophages into the heart, thereby
causing cardiac fibrosis and systolic dysfunction. Conversely,
disruption of Alox15 reduces cardiac MCP-1 expression and
macrophage infiltration, thereby improving systolic dysfunc-
tion induced by chronic pressure overload. These findings
suggest that inhibition of 12/15-LOX could be a novel treat-
ment for heart failure.

RESULTS

Increased expression of 12/15-LOX causes heart failure

To clarify the molecular mechanisms of heart failure, we
performed microarray analysis using cardiac tissue samples
obtained from a hypertensive heart failure model (Dahl salt-
sensitive rats). Approximately 300 genes showed significant
changes of expression in failing hearts compared with control
hearts. For example, fetal genes, such as the natriuretic pep-
tide genes and the B-type myosin heavy chain gene, were
up-regulated, whereas cardioprotective genes, such as heat
shock proteins, were down-regulated (Table S1). Among the

1566

50

genes analyzed, Alox15 encoding the protein 12/15-LOX was
most markedly up-regulated in failing hearts compared with
control hearts (Fig. 1 A). Northemn blot analysis confirmed
that the messenger RNA (mRNA) for this gene was strik-
ingly elevated in heart failure (Fig. 1 B). Immunohistochem-
istry showed that expression of 12/15-LOX was specifically
up-regulated in cardiomyocytes of failing hearts (Fig. 1 C).

To determine whether increased expression of 12/15-
LOX could cause heart failure, we established Alox15 trans-
genic mice in which expression of the murine Alox15 gene
was under the control of the a-cardiac myosin heavy chain
promoter. We obtained two lines of transgenic mice, both
of which showed an ~10-fold increase in the myocardial
expression of 12/15-LOX compared with their WT litter-
mates (Fig. 2 A; and Fig. S1, A and B). Histological exam-
ination also indicated that the transgenic mice showed
increased myocardial expression of 12/15-LOX (Fig. 2 B
and Fig. S1 C). Consequently, production of 12(S)-HETE
and 15(S)-HETE was significantly increased in the hearts of
Alox15 transgenic mice (Fig. 2 C). The left ventricular dia-
stolic dimension (LVDd) was increased and left ventricular
fractional shortening (FS) was decreased in Alox15 trans-
genic mice from 26 wk of age compared with their WT lit-
termates (Fig. 2 D). These changes observed in the transgenic
animals showed further progression with aging (Fig. 2 D).
Histological examination revealed that cardiac fibrosis was
increased in Alox15 transgenic mice and that this fibrosis also
progressed with advancing age and was associated with
infiltration of macrophages (Fig. 2, E and F). There was no
difference in blood pressure between Alox15 transgenic mice
and their WT littermates at 16 or 48 wk of age (Fig. S1 D).
The cardiac changes were similar in two independent lines
of Alox15 transgenic mice, suggesting that increased expres-
sion of 12/15-LOX might cause heart failure by inducing
myocardial inflammation.

12/15-LOX induces cardiac inflammation

To investigate the mechanism by which cardiac infiltration of
macrophages was increased in Alox15 transgenic mice, we
examined the expression of various proinflammatory cyto-
kines that are thought to be macrophage chemoattractants by
the ribonuclease protection assay. We found that cardiac ex-
pression of Cd2 (MCP-1) was significantly increased in
Alox15 transgenic mice compared with WT mice (Fig. 3 A).
In vitro experiments demonstrated that treatment with 12(S)-
HETE increased Cel2 expression by cardiac fibroblasts and
endothelial cells (Fig. 3, B and C), whereas there was no ef-
fect when cardiomyocytes were treated with 12(S)-HETE
(Fig. 3 D). Moreover, incubation of COS7 cells with 12(S)-
HETE significantly increased the activity of nuclear factor
kB, a transcription factor that regulates the induction of pro-
inflammatory cytokines including MCP-1 (Fig. 3 E). In con-
trast, 12(S)-HETE did not affect the activity of this factor
when cells were transfected with a reporter plasmid contain-
ing mutant kB binding sites (Fig. 3 E). These results suggest
that increased production of 12(S)-HETE by cardiomyocytes
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causes up-regulation of MCP-1 in other cells of the heart, was a significant increase in the blood level of 7ND and ele-
thereby leading to accumulation of macrophages. vation of plasma human MCP-1 (Fig. 4 A and Fig. S2). This

To investigate the relationship between up-regulation of ~ mutant MCP-1 binds to the MCP-1 receptor (chemokine
MCP-1 and heart failure, we examined the effect of MCP-1 receptor 2) and inhibits downstream signaling (Egashira, 2003).
inhibition on cardiac dysfunction in Alox15 transgenic mice. Consequently, injection of the 7ND plasmid has been re-
We injected an expression vector encoding mutant human  ported to suppress MCP-1 activity in vivo and inhibit the
MCP-1 with deletion of N-terminal amino acids (7ND plasmid; development of atherosclerosis (Ni et al., 2001), as well as
Egashira, 2003) or the empty vector (mock) into the thigh inhibiting cardiac remodelling after myocardial infarction
muscles of mice every 2 wk until 48 wk of age. The result (Hayashidani et al., 2003). In agreement with these results,
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Figure 1. Expression of 12/15-LOX is up-regulated in the failing heart. (A) Dah! sait-sensitive rats were fed a low-sodium diet untii the age of
6 wk and then a high-sodium diet (8% NaCl) throughout the experimental period. In this model, prominent cardiac hypertrophy developed and left ven-
tricular systolic function was impaired by 17 wk of age. Rats fed a low-salt diet (0.3% NaCl} served as the control. The animals were sacrificed for gene
chip analysis at 17 wk of age. Expression of Alox15 was markedly up-regulated in failing hearts {HF) compared with control hearts (Cont). (B) Northern
blot analysis confirmed that the expression of mRNA for Alox15 was strikingly elevated in failing hearts. (C) immunohistochemistry for 12/15-LOX in the
heart at 17 wk of age. Expression of 12/15-LOX (red) was specifically up-regulated in cardiomyocytes {green) of failing hearts. Nuclei were stained with
DAP! {blue). Bars, 20 pm. Normal rabbit serum was used as a negative control of polyclonal antibody against 12/15-LOX. Results in A are obtained from
one experiment. Results in B and C are representative of three independent experiments.
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Figure 2. Increased expression of 12/15-LOX causes heart failure. (A) Western blot analysis of 12/15-LOX expression in the hearts of WT and
Alox15 transgenic (Tg) mice using anti-12/15-LOX antibody (12/15-LOX) or anti-HA antibody (HA). (B) Immunohistochemistry for 12/15-LOX (red) in the
hearts of WT and Alox 15 transgenic mice. Nuclei were stained with DAPI (blue). Bars, 40 um. Results in A and B are representative of three independent
experiments. (C} 12/15(S)-HETE levels in the hearts of WT and Alox 15 transgenic mice. (D) Echocardiographic findings in WT and transgenic mice. The
LVDd was increased and left ventricular FS was decreased in Alox15 transgenic mice compared with their WT littermates. These changes observed in the
transgenic animals showed progression with aging. * P < 0.05; **, P < 0.01 versus WT. Results in C and D represent the mean + SEM of three independent
experiments. C, n = 6; D, n = 14. (E) Masson trichrome staining (top) and immunohistochemistry for Mac3 (bottom) in the hearts of WT and transgenic
mice at the ages of 16 wk (16w) and 48 wk (48w). Cardiac fibrosis was increased in Alox15 transgenic mice, and this fibrosis progressed with advancing
age and was associated with infiltration of macrophages. Bars, 100 um. Results are representative of three independent experiments. {F) The number of
Mac3-positive cells in the hearts of WT and transgenic mice at the ages of 16 wk (16w) and 48 wk (48w).*, P < 0.01 versus WT (16w); #, P < 0.01 versus
WT (48w); 1, P < 0.01 versus transgenic (16w). Results represent the mean + SEM of three independent experiments; n = 7.
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Figure 3. 12/15-LOX up-regulates MCP-1 expression. (A} Expres-

sion of Cc/2 (MCP-1) was examined in the hearts of WT and 712/715-L0X
transgenic (Tg) mice by the ribonuclease protection assay. The graph indi-
cates relative expression of Cc/2. Cardiac expression of Cc/2 was signifi-
cantly greater in Alox15 transgenic mice than in WT mice. *, P < 0.05
versus WT. Results represent the mean + SEM of three independent
experiments; n = 6. (B-D) Cardiac fibroblasts (B}, endothelial cells (C],
and cardiomyocytes (D) were treated with 5 x 1077 M 12{S)-HETE for the
indicated times (0-24 h), and expression of Cc/2 was examined by the
ribonuclease protection assay. Graphs display relative expression of Ce/2.
Incubation with 12(S)-HETE increased Ccl/2 expression by cardiac fibro-
blasts and endothelial cells. *, P < 0.01 versus time 0. Results represent
mean + SEM of four independent experiments; n=4forBand C;n=7
for D. (F) The luciferase reporter gene plasmid containing the «B binding
site was transfected into COS7 cells, which were cultured in the absence
or presence of 5 x 1077 M 12(S)-HETE. The luciferase assay was per-
formed 12 h later. A reporter plasmid containing the mutant «B binding
site was used as the negative control. Incubation of cells with 12(S}-HETE
significantly increased the activity of nuclear factor xB. *, P < 0.01 versus
12(S)-HETE {—)/kB. Results represent the mean + SEM of five indepen-
dent experiments; n = 6.
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histological examination and echocardiography demonstrated
that injection of this plasmid reduced the myocardial infiltra-
tion of macrophages in Alox15 transgenic mice, as well as
preventing systolic dysfunction and left ventricular dilatation
(Fig. 4, B and C). These results suggested that 12/15-LOX
induces cardiac dysfunction by up-regulation of MCP-1 ex-
pression in the heart.

Cardiac expression of 12/15-LOX is up-regulated during
pressure overload

To further investigate the role of 12/15-LOX in heart fail-
ure, we examined its cardiac expression in WT mice with
severe transverse aortic constriction (TAC). In this model,
cardiac hypertrophy gradually progresses to reach a peak on
day 7 after TAC and then decreases afterward (not depicted).
FS was preserved until day 7 but was significantly decreased
on day 14 along with left ventricular dilatation (Fig. 5 A).
Cardiac expression of Alox15 was significantly up-regulated
after TAC (Fig. 5 B), and the production of both 12(5)-
HETE and 15(S)-HETE was increased in the heart (Fig. 5 C).
Histological examination demonstrated an increase in the ex-
pression of 12/15-LOX by cardiomyocytes after TAC (Fig. 6 A
and Fig. S3).

We next created Alox15-deficient mice with TAC and
compared them to WT TAC mice. The increase of 12(S)-
HETE and 15(S)-HETE production after TAC was markedly
attenuated by disruption of Alox 15 (Fig. 6). Disruption of Alox15
also significantly improved systolic dysfunction and prevented
left ventricular dilatation in the presence of chronic pressure
overload without any change of blood pressure (Fig. 5 A and
Fig. S4), indicating that 12/15-LOX has an important role
in the induction of cardiac dysfunction by pressure overload.
To examine whether Alox15 deficiency could inhibit cardiac
inflammation, we assessed the expression of Cc2 and a mac-
rophage marker (Cd68) in the heart after TAC. Expression of
both genes was increased by about threefold at 14 d after
TAC. The increase of Cd2 and Cd68 expression was signifi-
cantly inhibited by disruption of Alox15 (Fig. 6 C), suggesting
that this gene has a crucial role in the development of heart
failure by promoting cardiac inflammation.

DISCUSSION

We demonstrated a crucial role of 12/15-LOX~induced in-
flammation in the development of heart failure. Activation of
this enzyme has been shown to promote neuronal death,
whereas inhibition of 12/15-LOX protects against brain dam-
age caused by oxidative stress or ischemia by inhibiting neu-
ronal death (Lebeau et al., 2004; Jin et al., 2008; Seiler et al,,
2008). In contrast, treatment with 12(S)-HETE does not in-
duce the apoptosis of cultured cardiomyocytes (unpublished
data). Indeed, few apoptotic cardiomyocytes were detected
in the hearts of Alox15 transgenic mice even after the onset
of systolic dysfunction (unpublished data). Instead, these mice
showed an increase of macrophages infiltrating into the myo-
cardium, which was associated with cardiac fibrosis and sys-
tolic dysfunction. Our findings suggested that MCP-1 may
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Figure 4. Inhibition of MCP-1 prevents cardiac dysfunction in Alox15 transgenic animals. (A} The plasma levels of 7ND (human MCP-1) and
murine MCP-1 were determined by ELISA at the indicated times after introduction of the 7ND expression vector. The plasma level of human MCP-1 was
significantly increased after injection of the 7ND plasmid. *, P < 0.01 versus day 0; #, P < 0.01 versus day 3. Results represent the mean + SEM of three
independent experiments; n = 5. (B) Number of Mac3-positive cells in the hearts of WT mice, transgenic {Tg) mice, and transgenic mice treated with 7ND
{Tg + 7ND). Injection of the 7ND plasmid reduced the myocardial infiltration of macrophages in Alox15 transgenic mice. (C) Echocardiographic findings in
WT mice, transgenic mice, and transgenic mice treated with 7ND (Tg + 7ND). Injection of the 7ND plasmid prevented systolic dysfunction and ieft ven-
tricular dilatation in Alox15 transgenic mice. *, P < 0.05; ** P < 0.01 versus WT; #, P < 0.05; ##, P < 0.01 versus transgenic. Results represent mean + SEM
of three independent experiments. B, n = 7; C, n = 10-14.

have a major role in promoting cardiac inflammation in  induces up-regulation of MCP-1 expression in the setting of
Alox15 transgenic mice because its inhibition almost com-  pressure overload, thereby increasing cardiac inflammation
pletely abolished the accumulation of macrophages and pre- and leading to systolic dysfunction. Consistent with our find-
vented systolic dysfunction. We also showed that 12/15-LOX  ings, inhibition of MCP-1 has been reported to attenuate
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Figure 5. Cardiac expression of 12/15-LOX is up-regulated during pressure overload. (A) Echocardiographic findings in WT and Alox15-deficient
(KO) mice on day 7 (D7) and day 14 (D14) after TAC surgery. FS was preserved until day 7 but was significantly decreased on day 14 along with left ven-
tricular dilatation in WT mice. Disruption of Alax15 (KO) significantly improved systolic dysfunction and prevented left ventricular dilatation caused by
chronic pressure overload. LVDs, left ventricular systolic dimension; sham, sham operation. *, P < 0.01 versus sham: #, P < 0.05; ##, P < 0.01 versus WT.
Results represent the mean + SEM of three independent experiments; n = 10. (B and C) Alox75 expression (B) and the 12/15(S)-HETE level (C) were exam-
ined in the hearts of WT mice on day 7 (D7) and day 14 {D14) after TAC surgery by real-time PCR and ELISA, respectively. Cardiac expression of 12/15-LOX
was significantly up-regulated after TAC, and production of both 12(S)-HETE and 15(S)-HETE was increased in the heart. *, P < 0.01 versus sham; #, P < 0.01
versus D7. Results represent the mean + SEM of three independent experiments; n = 6.
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myocardial inflammation, fibrosis, and cardiac dysfunction dysfunction (Kolattukudy et al., 1998). In agreement with our
induced by chronic pressure overload (Kuwahara et al., 2004). in vitro data, it has been reported that MCP-1 expression is
It has also been reported that transgenic animals with cardiac ~ up-regulated in vascular endothelial cells and fibroblasts by
expression of MCP-1 develop myocardial fibrosis and systolic ~ pressure overload (Kuwahara et al., 2004). Collectively, these
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Figure 6. Disruption of Alox15 attenuates cardiac inflammation during pressure overload. (A) Double immunostaining for 12/15-LOX (red) and
actinin {green) in the hearts of sham-operated WT mice (WT sham), WT mice with TAC (WT TAC), and Alox15-deficient mice with TAC (KO TAC). Increased
expression of 12/15-LOX was observed in cardiomyocytes after TAC in WT mice but not KO mice. Nuclei were stained with DAPI {blue). Bars, 20 ym. Re-
sults are representative of four independent experiments. (B} 12/15(S)-HETE levels were examined in the hearts of WT and Alox15-deficient {KO) mice
after sham surgery or TAC. The increase of 12{S)-HETE and 15(S)-HETE production after TAC was markedly attenuated in Alox15-deficient mice (KO).
* P < 0.01 versus WT sham; #, P < 0.01 versus WT TAC. Results represent the mean + SEM of three independent experiments; n = 6-8. (C) Expression of
Cci2 {(MCP-1) and Cd68 was examined in the hearts of WT and Alox15-deficient (KO) mice after sham surgery or TAC. Expression of both genes was in-
creased by about threefold at 14 d after TAC. This increase of expression was significantly inhibited by disruption of Alox15. * P < 0.01 versus WT sham;
#, P < 0,01 versus WT TAC. Results represent the mean + SEM of three independent experiments; n = 6-8.
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results indicate that chronic pressure overload increases the
expression of 12/15-LOX, which then causes heart failure by
promoting cardiac inflammation and fibrosis.

Target gene disruption or overexpression of 12/15-LOX
in mice with a genetic background of apolipoprotein E or
low-density lipoprotein receptor deficiency has shown that
this enzyme may have a role in atherogenesis. The data indi-
rectly support a role for 12/15-LOX in the oxidative modifi-
cation of low-density lipoprotein. Consistent with our results,
recent evidence suggests that 12/15-LOX plays a crucial role
in the regulation of proinflammatory molecules and that this
regulatory activity of 12/15-LOX may be important for link-
ing 12/15-LOX activation to atherogenesis. For example,
12(S)-HETE increases the expression of MCP-1, interleukin
6, tumor necrosis factor o, and adhesion molecules by mac-
rophages and vascular cells (Bolick et al., 2005, 2006; Wen etal.,
2007, 2008; Dwarakanath et al., 2008), and these changes are
partly mediated by activation of nuclear factor kB (Bolick
et al., 2005, 2006; Dwarakanath et al., 2008). Disruption of
12/15-LOX has also been shown to attenuate airway allergic
inflammation by modulating the expression of proinflamma-
tory cytokines (Andersson et al., 2008).

The mechanism of 12/15-LOX activation in the failing
heart is unclear. We previously demonstrated that mismatch
between the number of capillaries and the size of cardiomyo-
cytes occurs during the development of cardiac hypertrophy,
leading to myocardial hypoxia and systolic dysfunction (Sano
et al., 2007). Because exposure of cultured cardiomyocytes to
hypoxia up-regulates 12/15-LOX expression (unpublished
data), a hypoxic state might be one reason for the induction of
12/15-LOX in the failing heart. This concept is supported by
previous results that hypoxia up-regulates 12/15-LOX expres-
sion in the lungs and the brain (Bernaudin et al., 2002; Zhu
et al., 2003a). Moreover, we have found that 12/15-LOX ex-
pression is significantly up-regulated in the heart after myocar-
dial infarction (unpublished data). There are putative binding
elements for CCAAT/enhancer binding proteins and nuclear
factor kB within the promoter region of the Alox15 gene (un-~
published data), and both of these molecules are known to be
activated by hypoxia (Cummins and Taylor, 2005).

Inflammation has an important role in the pathogenesis
and progression of many forms of heart failure, and bio-
markers of inflammation have become the subject of intense
investigation. In the Framingham Heart Study, an increase of
C-reactive protein (as well as inflammatory cytokines such as
interleukin 6 and tumor necrosis factor o) was found to iden-
tify asymptomatic older persons in the community with a
high risk of developing heart failure in the future (Braunwald,
2008). Multivariate analysis has shown that an increase of
C-reactive protein is an independent predictor of adverse
outcomes in patients with acute or chronic heart failure
(Anand et al., 2005), suggesting that heart failure is closely as-
sociated with systemic inflammation. Because metabolites of
12/15-LOX may have a role in vascular inflammation, insu-
lin resistance, and renal dysfunction (Natarajan and Nadler,
2004; Kuhn and O’Donnell, 2006), activation of 12/15-LOX
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in the failing heart could induce systemic inflammation and
have a detrimental effect on other inflammatory diseases such
as atherosclerosis, metabolic syndrome, and nephropathy.
Conversely, inhibition of 12/15-LOX could be an attractive
new strategy for the treatment of heart failure, as well as vari-
ous other inflammatory conditions.

MATERIALS AND METHODS

Animal models. All of the experimental protocols were approved by
Chiba University review board. Male Dahl salt-sensitive (DS) rats were
purchased from SLC. The rats were fed a low-sodium diet until the age of
6 wk and then a high-sodium diet (8% NaCl) throughout the experimental
period. In this model, marked cardiac hypertrophy developed and left ven-
tricular systolic function was impaired at 17 wk of age. Accordingly, DS rats
were sacrificed for gene chip analysis at 17 wk. All of the DS rats given a
high-sodium diet showed signs of heart failure such as rapid and labored
respiration and diffuse left ventricular hypokinesis on echocardiography at
the time of sacrifice. Other DS rats were fed a low-salt diet (0.3% NaCl) as
a control group.

We generated transgenic mice on a C57BL/6 background that expressed
12/15-LOX in cardiomyocytes under the control of the a—cardiac myosin
heavy chain (@-MHC) promoter. A mouse Alox15 complementary DNA
(cDNA) fragment (gift from C.D. Funk, University of Pennsylvania,
Philadelphia, PA) fused with the HA tag was subcloned into the a~-MHC pro-
moter vector. The transgene was identified by genomic PCR with transgene-
specific oligonucleotide primers (5'-CCACACCAGAAATGACAGAC-3'
and 5'-GCGGGCAGGGAGACAAGTAG-3') and by Southern blot analysis.
Two independent lines of Alox15 transgenic mice (lines 711 and 716)
were obtained. The cardiac phenotype was similar in both lines of transgenic
animals. WT littermates were used as the control for all experiments.

Alox15-deficient mice on a C57BL/6 background were purchased from
The Jackson Laboratory. WT littermates served as a control for all experi-
ments. TAC was performed as described previously (Sano et al., 2007) on
10-11-wk-old male mice. Sham-operated mice underwent the same proce-
dure without aorta constriction.

An expression vector encoding mutant human MCP-1 with deletion of
N-terminal amino acids (7ND plasmid) was prepared as described elsewhere
(Hayashidani et al., 2003). Under anesthesia, mice received an injection of
100 pg of either the empty vector or the 7ND plasmid in PBS into the bilat-
eral tibial muscles using a 27-gauge needle fitted with a plastic collar that
limited muscle penetration to ~5 mm. Injection was performed every 2 wk
from 10 wk until 48 wk of age. To increase the efficiency of gene transfec-
tion, 100 pl of the myotoxic agent bupivacaine (0.25% wt/vol) was injected
into the muscles 3 d before transfection. Transfection of 7ND leads to an in-
crease of mutant MCP-1 in the blood, as indicated by elevation of its plasma
concentration after 14 d. The circulating mutant MCP-1 binds to the recep-
tor for MCP-1 (chemokine receptor 2) on target cells and effectively blocks
MCP-1 signaling (Ni et al., 2001; Hayashidani et al., 2003).

Physiological and histological analysis. Echocardiography was per-
formed with a Vevo 770 High Resolution Imaging System (Visual Sonics
Inc.). To minimize variation of the data, the heart rate was ~500-600 beats
per minute when cardiac function was assessed. The peak systolic blood
pressure was recorded by a photoelectric pulse devise (Blood Pressure Meter
BP-98A; Softron Co. Ltd.) placed on the tails of unanesthetized mice. Un-
der anesthesia, a micropressure transducer with an outer diameter of 0.42
mm (Samba 201 control unit and Samba Preclin 420 transducer; Samba Sen-
sors AB) was introduced into the right carotid artery. Pressure signals were
recorded with a MacLab 3.6/s data acquisition system (AD Instruments) at a
sampling rate of 2,000 Hz. 4-um frozen cross sections of the heart were fixed
in 4% paraformaldehyde and subjected to Masson trichrome staining or im-
munohistochemistry for Mac3 (BD). Digital photographs were taken at
400X magnification of 25 random fields from each heart, and the number of
Mac3-positive cells was counted in each field. The frozen cardiac cross sections
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were also stained with antibodies for 12/15-LOX (Cayman Chemical) and
actinin (Sigma-Aldrich).

DNA chip analysis. 10 pg of total RINA was extracted from the left ven-
tricles of rats by the Li-Urea method and was used to synthesize biotin-
labeled cRNA, which was then hybridized to a high-density oligonucleotide
array (Gene Chip U34A array; Affymetrix) according to the previously pub-
lished protocol (Ishii et al., 2000). The array contains probe sets for ~8,800
genes and ESTs, which were selected from Build 34 of the UniGene Data-
base (created from GenBank 107/dbEST 11/18/98). GeneChip 3.3 software
(Affymetrix) was used to calculate the mean difference for each probe on the
array, which showed the intensity of gene expression defined by Affymetrix
using their algorithm. The mean difference has been shown to quantitatively
reflect the abundance of a particular mRINA in a population. The data were
deposited in GEO (GSM406556, GSM406557, and GSE16199).

RNA analysis. Total RNA was isolated from the hearts of mice with
RNAZol-B (Molecular Research Center, Cincinnati, OH) and the ribonu-
clease protection assay (RiboQuant; BD) was performed according to the
manufacturer’s instructions. For Northern blot analysis, 30 pg of total RNA
was separated on formaldehyde denaturing gel and transferred to a nylon
membrane (GE Healthcare). Then the blot was hybridized with radiolabeled
Alox15 cDNA probe using Quickhyb hybridization solution (Agilent Tech-
nologies) according to the manufacturer’s instructions. Rat Alox15 cDNA
fragment was a gift from T. Yoshimoto (Kanazawa University Graduate
School of Medical Science, Kanazawa, Japan). Mouse Alox12 cDNA frag-
ment was a gift from C.D. Funk. Real-time PCR was performed using a
LightCycler (Roche) with the Tagman Universal Probe Library and the
Light Cycler Master (Roche) according to the manufacturer’s instructions.

Western blot analysis. Whole cell lysates were prepared in lysis buffer (10
mM Tris-HCl, pH 8, 140 mM NaCl, 5 mM EDTA, 0.025% NaN,, 1%
Triton X-100, 1% deoxycholate, 0.1% SDS, 1 mM PMSF, 5 ug/ml leu-
peptin, 2 pg/ml aprotinin, 50 mM NaF, and 1 mM Na2VO;). 40-50 pg of
the lysates were resolved by SDS-PAGE (PAGE). Then proteins were trans-
ferred to a nitrocellulose membrane (GE Healthcare), which was incubated
with the primary antibody, followed by anti-rabbit or anti-mouse immuno-
globulin G conjugated with horseradish peroxidase (Jackson Immuno-
Research Laboratories). Specific proteins were detected by using enhanced
chemiluminescence (GE Healthcare). The primary antibodies used for
Western blotting were as follows: anti-HA antibody (Santa Cruz Biotech-
nology, Inc.}, anti-12/15-LOX antibody (Cayman Chemical), and anti-
actin antibody (Sigma-Aldrich). ELISA was performed according to the
manufacturer’s instructions to examine the levels of 12(S)-HETE, 15(S)-
HETE (Assay Designs), human MCP-1, and mouse MCP-1 (Invitrogen).

Cell culture. Neonatal Wistar rats were purchased from Takasugi Experi-
mental Animal Supply. Cardiomyocytes and cardiac fibroblasts were pre-
pared from these neonatal rats and cultured as described previously (Sano etal.,
2007). Human umbilical vein endothelial cells (BioWhittaker; Lonza) were
cultured according to the manufacturer’s instructions.

Luciferase assay. 1 pg of the reporter gene plasmid was transfected into
COS7 cells at 24 h before the luciferase assay. 0.1 pg of the control vector en-
coding Renilla luciferase was cotransfected as an internal control. The assay was
performed using a dual luciferase reporter assay system (Promega) according to
the manufacturer’s instructions. p55-A2-Luc (the luciferase reporter gene con-
taining the kB binding site) was a gift from T. Fujita (The Tokyo Metropolitan
Institute of Medical Science, Tokyo, Japan; Fujita et al., 1993).

Statistical analysis. Data are shown as the mean = SEM. Multiple group
comparison was performed by one-way ANOVA, followed by Bonferroni’s
test for comparison of means. Comparisons between two groups were done
with the two-tailed unpaired Student’s ¢ test or two-way ANOVA. In all
analyses, P < 0.05 was considered statistically significant.
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Online supplemental material. Fig. S1 depicts Alox15 transgenic animal
data. Fig. S2 shows MCP-1 levels after treatment with 7ND. Fig. 83 shows
a negative control of immunohistochemistry for 12/15-LOX. Fig. S4 shows
blood pressure of Alox15-deficient mice. Table S1 summarizes the microar-
ray data. Online supplemental material is available at http://www.jem.org/
cgi/content/full/jem.20082596/DC1.
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