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defect of ABCA1 and LCAT, there were a few interesting findings
among them. The mRNA of SR-B1 increased in all the abcai{ —/ —)icat
(+/+), abcal({+/+)lcat{ —/—), and abcal(—/—)icat{—/—) geno-
types, while mRNAs of apoA-I and apoE increased only in the abcal
(—/—=)lcat(—/—) and that of ABCG1 increased in the genotypes
including abcal( —/ —). The apoE gene could be up-regulated through
LXR activation [28] by the increase in hepatic cellular cholesterol. The
SR-B1 gene expression could also be increased by LXRs [29].
Regulation of the apoA-l gene is more complicated, and various
factors seem involved in its positive and negative regulation [30]. Bile
acid-induced negative regulation may be decreased as cholesterol
inflow from HDL is decreased in abcal/icat-deficient conditions as a
cause of increase in apoA-I mRNA [31]. The expression of ABCG1
seems specific to the ABCA1 deficiency but not responsive to the LCAT
deficiency. Although an exact mechanism is unknown, abcg! may be
up-regulated in compensation to the abcal defect rather than
regulation by cellular cholesterol through LXRs. On the other hand,
expressions of the genes of HMG-CoA reductase and SREBP2 were
down-regulated in all the genotypes perhaps by the increase in
hepatic cholesterol. In contrast, the expression of the ABCA1 gene was
not changed even when hepatic cholesterol increased in abcal( +/ +)
Icat( —/—). This may indicate the presence of a dual regulation of
ABCAL1 in hepatocytes by LXRs and SERBPs [27]. It is of interest that
apoA-V mRNA was markedly decreased in either abcat( —/ —) or lcat
(—/—) condition. The apoA-V gene is known to be highly expressed
in the liver and up-regulated by PPARa, RORc, LXR, and SREBPIc,
suggesting that cellular lipid accumulation up-regulates this gene
[24-26]. The results here are therefore apparently contradictory to
these previous findings and quite unique, as increase in hepatic
cholesterol is associated with a decrease in apoA-V mRNA. Regulation
of the apoA-V gene expression should be further investigated.

Hepatic production of lipoproteins was estimated by measuring
lipoprotein production by the hepatocytes in primary culture. HDL
production was extremely low in the genotypes of abcal(+/ +)lcat
(—/—). abcal(—/—)lcat( +/+), abcal(+/+)cat(—/—), or abcal
(—/ —)icat( —/ —). 1t is interesting that not only ebcal( —/ —) but also
Icat( —/ —) causes a decrease in hepatic HDL production despite that
the expression of ABCA1 is not affected and that of apoA-I is even
increased. Adding LCAT to the medium of the LCAT-deficient
hepatocytes does not recover production of HDL and down-
regulation of the LCAT gene by a specific siRNA does not induce
reduction of HDL production in HepG2 cells (preliminary unpublished
data). Therefore, this may not be caused directly by the decrease in
LCAT production.

Vascular lipid deposition was not significantly induced in any of
the genotypes even after cholesterol feeding for 2 weeks, in
agreement with no cholesterol deposition in the peripheral tissues
by deficiencies of ABCA1, LCAT, or both. These resuits are perhaps
partially due to lack of HDL since it functions for both delivery and
recovery of cholestero! to and from the extrahepatic tissues in mice.
Cholesterol demand in the peripheral cells should be fulfilled by the
local biosynthesis, and its removal must be mediated by various
alternative pathways to HDL, such as plasma albumin, globulin, and
others [6]. Erythrocytes can also be a substantial pool of cholesterol in
blood and act as its transporter [3). Even LDL acts as a secondary
cholestero} transporter in its recovery pathway to the liver especially
in the presence of CETP [32,33], but may play a more direct role in the
case of HDL-deficient mouse that lacks CETP activity.

The overall results indicated that removal of cholesterol from the
peripheral or extrahepatic tissues and its transport to the liver are
carried out even without HDL in vivo. Cholesterol homeostasis is
managed to maintain in mouse perhaps by various compensatory
pathways [16]. This conclusion is consistent with the recent reports
that body cholesterol homeostasis may largely be maintained even
without ABCA1 [34] or LCAT [35]. The main production site of HDL is
the liver in mouse, as the deficiency of the two major pathways of cell

cholesterol release to HDL causes a significant increase in hepatic
cholesterol, being consistent with our previous finding {16].

Acknowledgments

This study was supported by grants-in-aid from The Ministries of
Education, Science, Technology, Culture and Sports, and of Health,
Welfare and Labour of Japan, and by the Program for Promotion of
Fundamental Studies in Health Sciences of National Institute of
Biomedical Innovation.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbalip.2009.08.009.

References

[1] M. Tsujita, CA. Wu, S. Abe-Dohmae, S. Usui, M. Okazaki, S. Yokoyama, On the
hepatic mechanism of HDL assembly by the ABCA1/apoA-1 pathway, J. Lipid Res.
46 (2005) 154-162.

[2] K. Okuhira, M. Tsujita, Y. Yamauchi, S. Abe-Dohmae, K. Kato, T. Handa, S.
Yokoyama, Potential involvement of dissociated apoA-l in the ABCA1-dependent
cellular lipid release by HDL, J. Lipid Res. 45 (2004) 645-652.

{3] H. Czarnecka, S. Yokoyama, Regulation of cellular cholesterol efflux by lecithin:
cholesterol acyltransferase reaction through nonspecific lipid exchange, J. Biol.
Chem. 271 (1996) 2023-2028.

[4] A Baldan, P. Tarr, R. Lee, P.A. Edwards, ATP-binding cassette transporter G1 and
lipid homeostasis, Curr. Opin. Lipidol. 26 (2006) 2731-2737.

[5] DJ. Gordon, BM. Rifkind, High density lipoprotein - the clinical implications of
recent studies, New Engl. J. Med. 321 (1989) 1311-1316.

[6] Y.X. Ho, MS. Brown, }J.L. Goldstein, Hydrolysis and excretion of cytoplasmic
cholesterol esters by macrophages: stimulation by high density lipoprotein and
other agents, J. Lipid Res. 21 (1980) 391-398.

[7] S. Yokoyama, Assembly of high-density lipoprotein, Arterioscler. Thromb, Vasc.
Biol. 26 (2008) 20-27.

[8] H. Hara, S. Yokoyama, Interaction of free apolipoproteins with macrophages:
formation of high density lipoprotein-like lipoproteins and reduction of cellular
cholesterol, J. Biol. Chem. 266 (1991) 3080-3086.

[9] M. Bodzioch, E. Orso, ). Klucken, T. Langmann, A. Bottcher, W. Diederich, W.
Drobnik, S. Barlage, C. Buchler, M. Porsch-Oz2curumez, W.E. Kaminski, HW.
Hahmann, K. Oette, G. Rothe, C. Aslanidis, K]. Lackner, G. Schmitz, The gene
encoding ATP-binding cassette transporter 1 is mutated in Tangier disease, Nat.

. Genet. 22 (1999) 347-351.

[10] A Brooks-Wilson, M. Mardil, S.M. Clee, L-H. Zhang, K. Roomp, M. van Dam, L. Yu,C.
Brewer, JA. Collins, H.O.F. Molhuizen, O. Loubser, B.FF. Quelette, K. Fichter, K.J.D.
Ashbourne-Excoffon, CW. Sensen, 5. Scherer, 5. Mott, M. Denis, D. Martindale, ).
Frohlich, K. Morgan, B. Koap, S. Pimstone, ].J.P. Kastelein, J. Genest Jr., M.R. Hayden,
Mutations in ABC1 in Tangier disease and familial high-density lipoprotein
deficiency, Nat. Genet. 22 (1999) 336-345.

{11] S. Rust, M. Rosier, H. Funke, J. Real, Z. Amoura, ].-C. Piette, |.-F. Deleuze, HB,
Brewer, N. Duverger, P, Denefle, G. Assmann, Tangier disease is caused by
mutations in the gene encoding ATP binding-cassette transporter 1, Nat. Genet, 22
(1999) 352-355.

[12) Y. Yamauchi, S. Abe-Dohmae, S. Yokoyama, Differential regulation of apolipopro-
tein A-)/ ATP binding cassette transporter Al-mediated cholesterol and phospho-
lipid release, Biochim. Biophys. Acta 1585 (2002) 1-10,

[13] M. Tsujita, S. Yokoyama, Selective inhibition of free apolipoprotein-mediated
cellular lipid efflux by probucol, Biochemistry 35 (1996) 13011-13020.

[14] CA Wu, M. Tsujita, M. Hayashi, S. Yokoyama, Probucol inactivates ABCA1 in the
plasma membrane with respect to its mediation of apolipoprotein binding and
high density lipoprotein assembly and to its proteolytic degradation, J. Biol. Chem.
279 (2004) 30168-30174.

[15} M. Tsujita, S. Tomimoto, K. Okurnura-Noji, M. Okazaki, S. Yokoyama, Apolipepro-
tein-mediated cellular cholestercl/phespholipid efflux and plasma high density
lipoprotein level in mice, Biochim. Biophys. Acta 1485 (2000) 199-213.

{16] S. Tomimoto, M. Tsujita, M. Okazaki, S. Usui, T. Tada, T. Fukutomi, S. Ito, M. itoh, S.
Yokoyama, Effect of probucol in lecithin—cholesterol acyltransferase-deficient
mice: inhibition of 2 independent cellular cholesterol-releasing pathways in vivo,
Arterioscler, Thromb, Vasc. Biol. 21 (2001) 394-400.

[17] A. Yamamoto, Y. Matsuzawa, S. Yokoyama, T. Funahashi, T. Yamamura, B. Kishino,
Effects of probucol on xanthomata regression in familial hypercholesterolemia,
Am. ], Cardiol. 57 (1986) 29H-35H.

[18] T.Kita, Y. Nagano, M. Yokode, K. Ishii, N. Kume, A. Ooshima, H. Yoshida, C. Kawai,
Probucol prevents the progression of atherosclerosis in Watanabe heritable
hypetlipidemic rabbit, an animal model for familial hypercholesterolemia, Proc.
Natl, Acad. Sci. U. 5. A, B4 (1987) 5928-5931,

[19) DS. Ng, OL. Francone, T.M. Forte, ). Zhang, M. Haghpassand, EM. Rubin,
Disruption of the murine lecithin: cholesterol acyltransferase gene causes
impairment of adrenal lipid delivery and up-regulation of scavenger receptor
class B type 1, ). Biol. Chem. 272 (1997) 15777-15781.

— 239 —



M.A. Hossain et al / Biochimica et Biophysica Acta 1791 (2009) 1197-1205 1205

[20] M.A. Hossain, M. Tsujita, F. Gonzalez, S. Yokoyama, Effects of fibrate drugs on
expression of ABCA1 and HDL biogenesis in hepatocytes, ). Cardiovasc. Pharmacol.
51 (2008) 258-266.

[21] S.Usui, Y. Hara, S. Hosaki, M. Okazaki, A new on-line dual enzymatic method for
simultaneous quantification of cholestero! and triglycerides in lipoproteins by
HPLC, ]. Lipid Res. 43 (2002) 805-814.

[22] AJ. Mendez, Monensin and brefeldin A inhibit high density lipoprotein-mediated
cholesterol efflux from cholesterol-enriched cells. Implications for intracellular
cholesterol transport. J. Biol. Chem. 270 (1995) 5891-5900,

[23] M. Manabe, T. Abe, M. Nozawa, A. Maki, M. Hirata, H. Itakura, New substrate
for determination of serum lecithin:cholesterol acyitransferase, J. Lipid Res. 28
(1987) 1206-1215.

[24] N. Vu-Dac, P. Gervois, H. Jakel, M. Nowak, E. Bauge, H. Dehondt, B. Staels, LA.
Pennacchio, EM. Rubin, ). Fruchart-Najib, J.C. Fruchart, Apolipoprotein A5, a
crucial determinant of plasma triglyceride levels, is highly responsive to
peroxisome proliferator-activated receptor alpha activators, J. Biol. Chem. 278
(2003) 17982-17985.

[25] X.Prieur, H Coste, ].C. Rodriguez, The human apolipoprotein AV gene is regulated by
peroxisome proliferator-activated receptor-alpha and contains a novel farnesoid X-
activated receptor response element, J. Biol. Chem. 278 (2003) 25468-25480.

[26] H. Jakel, M. Nowak, A. Helleboid-Chapman, ]. Fruchart-Najib, J.C. Fruchart, Is
apolipoprotein A5 a novel regulator of triglyceride-rich lipoproteins? Ann. Med.
38 (2006) 2-10.

[27] N. Tamehiro, Y. Shigemoto-Mogami, T. Kakeya, K. Okuhira, K. Suzuki, R. Sato, T.
Nagao, T. Nishimaki-Mogarni, Sterol regulatory element-binding protein-2- and
liver X receptor-driven dual promoter regulation of hepatic ABC transporter Al
gene expression: mechanism underlying the unique response to cellular
cholesterol status, J. Biol. Chem. 282 (2007) 21090-21099,

[28] BA. Laffitte, JJ. Repa, S.B. Joseph, D.C. Wilpitz, HR. Kast, D.. Mangeisdorf, P.
Tontonoz, LXRs control lipid-inducible expression of the apolipoprotein E gene in
macrophages and adipocytes, Proc. Natl. Acad. Sci. U. S, A. 98 (2001) 507-512,

[29] G.D.Norata, M. Ongari, P. Uboldi, F. Pellegatta, AL Catapano, Liver X receptor and
retinoic X receptor agonists modulate the expression of genes involved in lipid
metabolism in human endothelial cells, Int. ]. Mol. Med. 16 (2005) 717-722.

[30] V. Zannis, H.Y. Kan, A. Kritis, E.E. Zanni, D. Kardassis, Transcriptional regulatory
mechanisms of the human apolipoprotein genes in vitro and in vivo, Curr. Opin.
Lipidol. 12 (2001) 181-207.

[31] T. Claudel, E. Sturm, H. Duez, LP. Torra, A. Sirvent, V. Kosykh, J.C. Fruchart, ).
Dallongeville, DW. Hum, F. Kuipers, B. Staels, Bile acid-activated nudear receptor
FXR suppresses apolipoprotein A-l transcription via a negative FXR response
element, J. Qin, Invest. 109 (2002) 961-971.

{32] F. Rinninger, R.C. Pittman, Mechanism of the cholesteryl ester transfer protein-
mediated uptake of high density lipoprotein cholestery] esters by Hep G2 cells,
. Biol. Chem. 264 (1989) 6111-6118.

{33] GA. Francis, KW. Ko, H. Hara, S. Yokoyama, Regulation of the uptake of high-
density lipoprotein-originated cholesteryl ester by HepG2 cells: role of low-
density lipoprotein and plasma lipid transfer protein, Biochim. Biophys. Acta 1084
(1991) 159-166.

|34] C.Xie, S.D. Turley, | M. Dietschy, ABCA1 plays no role in the centripetal movement
of cholesterol from peripheral tissues to the liver and intestine in the mouse,
J. Lipid Res. (2009; Mar 12) . [electronic publication ahead of print].

[35] L. Calabresi, D. Baldassarre, 5, Castelnuovo, P. Conca, L. Bocchi, C. Candini, B.
Frigerio, M. Amato, C.R. Sirtori, P. Alessandrini, M. Arca, G. Boscutti, L. Cattin, L.
Gesualdo, T. Sampietro, G, Vauda, F. Veglia, S. Calandra, G. Franceschini, Functional
lecithin: cholesterol acyltransferase is not required for efficient atheroprotection
in humans, Circulation 120 {2009).628-635.

— 240 —



Genetics

Separating the Mechanism-Based and Off-Target Actions of
Cholesteryl Ester Transfer Protein Inhibitors With CETP
Gene Polymorphisms

Reecha Sofat, MRCP*; Aroon D. Hingorani, PhD, FRCP*; Liam Smeeth, MRCGP, PhD;

Steve E. Humphries, PhD, MRCP, FRCPath; Philippa J. Talmud, PhD; Jackie Cooper, MSc;
Tina Shah, PhD; Manjinder S. Sandhu, PhD; Sally L. Ricketts, PhD; S. Matthijs Boekholdt, MD, PhD;
Nicholas Wareham, MBBS, FRCP; Kay Tee Khaw, MBBCh, FRCP; Meena Kumari, PhD;
Mika Kivimaki, PhD; Michael Marmot, PhD, FRCP; Folkert W. Asselbergs, MD, PhD;

Pim van der Harst, MD, PhD; Robin P.F. Dullaart, MD, PhD; Gerjan Navis, MD, PhD;

Dirk J. van Veldhuisen, MD, PhD; Wiek H. Van Gilst, PhD; John F. Thompson, PhD;
Pamela McCaskie, PhD; Lyle J. Palmer, PhD; Marcello Arca, MD; Fabiana Quagliarini, MSc;
Carlo Gaudio, MD; Frangois Cambien, MD; Viviane Nicaud, MA; Odette Poirer, PhD;
Vilmundur Gudnason, MD, PhD; Aaron Isaacs, PhD; Jacqueline C.M. Witteman, PhD;
Comelia M. van Duijn, PhD; Michael Pencina, PhD; Ramachandran S. Vasan, MD;

Ralph B. D’ Agostino, Sr, PhD; Jose Ordovas, PhD; Tricia Y. Li, MSc; Sakari Kakko, MD, PhD;,
Heikki Kauma, MD, PhD; Markku J. Savolainen, MD, PhD; Y. Antero Keséiniemi, MD, PhD;
Anton Sandhofer, MD; Bernhard Paulweber, MD; Jose V. Sorli, MD, PhD; Akimoto Goto, MD, PhD;
Shinji Yokoyama, MD, PhD, FRCPC; Kenji Okumura, MD, PhD; Benjamin D. Horne, MPH, PhD;
Chris Packard, DSc; Dilys Freeman, BSc, PhD; lan Ford, PhD; Naveed Sattar, PhD, FRCPath;
Valerie McCormack, PhD; Debbie A. Lawlor, PhD; Shah Ebrahim, DM, MSc, FFPHM;
George Davey Smith, MD, DSc, FFPHM; John J.P. Kastelein, MD, PhD;

John Deanfield, BA, BCh, MB, FRCP; Juan P. Casas, MD, PhD

Background—Cholesteryl ester transfer protein (CETP) inhibitors raise high-density lipoprotein (HDL) cholesterol, but
torcetrapib, the first-in-class inhibitor tested in a large outcome trial, caused an unexpected blood pressure elevation and

Received March 17, 2009; accepted October 20, 2009.

From the Centre for Clinical Pharmacology, Department of Medicine (R.S., A.D.H,, T.S.), Department of Epidemiology and Public Health (A.D.H., M.
Kumari, M. Kivimaki, M.M., J.P.C.), and Centre for Cardiovascular Genetics (S.E.H., PJ.T., J.C.), University College London, London, United Kingdom;
Department of Epidemiology and Population Health (L.S., V.M., S.E., J.P.C.), London School of Hygiene and Tropical Medicine, London, United Kingdom;
Department of Public Health and Primary Care (M.8.5., S.L.R., SM.B.), Strangeways Research Laboratory, University of Cambridge, Cambridge, United
Kingdom; MRC Epidemiology Unit (N.W.), Institute of Metabolic Science, Addenbrooke’s Hospital, Cambridge, United Kingdom; Department of Clinical
Gerontology (K.T.K.), University of Cambridge, Addenbrooke’s Hospital, Cambridge, United Kingdom; Departments of Cardiology, Endocrinology, and
Nephrology (F.W.A,, PvdH.,, RPED., GN, DJv.V, WHV.G), University Medical Center Groningen, University of Groningen, Groningen, the
Netherlands; Helicos BioSciences (I.F.T.), Cambridge, Mass; Centre for Genetic Epidemiology and Biostatistics (P.M., L.J.P.), University of Western Australia,
Perth, Australia; Dipartimento di Clinica e Terapia Medica (M.A., F.Q.) and Dipartimento Cuore ¢ Grossi Vasi Attilio Reale (C.G.), La Sapienza Universita di
Roma, Rome, Italy; INSERM UMRS 937, Université Pierre et Marie Curie-Paris 6 (F.C., V.N.), Paris, France; INSERM UMRS 956, Université Pierre et Marie
Curie—Paris 6 (O.P.), Paris, France; University of Iceland (V.G.), Reykjavik, Iceland; Department of Epidemiology and Biostatistics (AL, JCM.W.,, CM.v.D.),
Erasmus MC, Rotterdam, the Netherlands; Boston University (FW.A., M.P., R.S.V.,R.B.D,, ].0.), Department of Mathematics and School of Medicine, Boston,
Mass; Department of Nutrition (T.Y.L.), Harvard School of Public Health, Boston, Mass; Institute of Clinical Medicine (S.K., HK., M.J.S., Y.A K.), Department
of Internal Medicine, Clinical Research Center and Biocenter Oulu, University of Oulv and Oulu University Hospital, Oulu, Finland; Department of Internal
Medicine I (A.S.), Medical University Innsbruck, Innsbruck, Austria; Department of Internal Medicine (B.P.), Clinical Division of General Intenal Medicine,
University of Innsbruck Austria/Department of Internal Medicine, Paracelsus Medical University, Salzburg, Austria; Preventive Medicine Department (J.V.S.),
University of Valencia, Spain and CIBER Fisiopatologia de la Obesidad y Nutricion (ISCIHI); Cardiovascular Division (A.G.), JA Aichi Bisai Hospital,
Sobuecho, Inazawa, Japan; Biochemistry (5.Y.), Nagoya City University Graduate School of Medical Sciences, Nagoya, Japan; Cardiovascular Research
Medicine (K.O.), Nagoya University School of Medicine, Nagoya, Japan; Cardiovascular Department (B.D.H.), Intermountain Medical Centre/Department of
Biomedical Informatics, University of Utah, Murray, Utah; Glasgow Royal Infirmary (C.P., D.F.), Glasgow, United Kingdom; Robertson Centre for Biostatistics
(LF.) and Faculty of Medicine (N.S.), BHF Glasgow Cardiovascular Research Centre, University of Glasgow, Glasgow, United Kingdom; Lifestyle and Cancer
Group (V.M.), Intenational Agency for Research on Cancer, Lyon, France; MRC Centre of Causal Analyses in Translational Epidemiology (D.A.L., G.D.S.),
Department of Social Medicine, University of Bristol, United Kingdom; Department of Vascular Medicine (J.J.P.K., $.M.B.), Academic Medical Centre,
Meibergdreef, Amsterdam, the Netherlands; and Vascular Physiology Unit (J.D.), UCL Institute of Child Health, London, United Kingdom.

*Drs Sofat and Hingorani contributed equally to this article.

Guest Editor for this article was Mary Cushman, MD, MSc.

The online-only Data Supplement is available with this article at http://circ.ahajournals.org/cgi/content/ful/CIRCULATIONAHA.109.865444/DC1.

Correspondence to Professor Aroon Hingorani, Department of Epidemiology and Public Health, University College London, 1-19 Torrington Place,
London WCIE 6BT, United Kingdom (e-mail a.hingorani@ucl.ac.uk), or to Dr Juan P Casas, Department of Epidemiology and Population Health,
London School of Hygiene and Tropical Medicine, London WCIE 7HT, United Kingdom (e-mail Juan.Pablo-Casas@Ishtm.ac.uk).

© 2009 American Heart Association, Inc.

Circulation is available at http://circahajournals.org DOI: 10.1161/CIRCULATIONAHA.109.865444

Downloaded from circ.ahajournals.org at Bliversity of Tsukuba on February 10, 2010

— 241 —



Sofat et al Mendelian Randomization for Drug-Target Validation 53

increased cardiovascular events. Whether the hypertensive effect resulted from CETP inhibition or an off-target action of
torcetrapib has been debated. We hypothesized that common single-nucleotide polymorphisms in the CETP gene could help
distinguish mechanism-based from off-target actions of CETP inhibitors to inform on the validity of CETP as a therapeutic
target.

Methods and Results—We compared the effect of CETP single-nucleotide polymorphisms and torcetrapib treatment on lipid
fractions, blood pressure, and electrolytes in up to 67 687 individuals from genetic studies and 17 911 from randomized trials.
CETP single-nucleotide polymorphisms and torcetrapib treatment reduced CETP activity and had a directionally concordant
effect on 8 lipid and lipoprotein traits (total, low-density lipoprotein, and HDL cholesterol; HDL2; HDL3; apolipoproteins A-I
and B; and triglycerides), with the genetic effect on HDL cholesterol (0.13 mmol/L, 95% confidence interval [CI] 0.11 to
0.14 mmoV/L) being consistent with that expecied of a 10-mg dose of torcetrapib (0.13 mmol/L, 95% CI 0.10 to 0.15). In trials,
60 mg of torcetrapib elevated systolic and diastolic blood pressure by 4.47 mm Hg (95% CI 4.10 to 4.84 mm Hg) and
2.08 mm Hg (95% CI 1.84 to 2.31 mm Hg), respectively. However, the effect of CETP single-nucleotide polymorphisms on
systolic blood pressure (0.16 mm Hg, 95% CI —0.28 to 0.60 mm Hg) and diastolic blood pressure (—0.04 mm Hg, 95% CI
—0.36 to 0.28 mm Hg) was null and significantly different from that expected of 10 mg of torcetrapib.
Conclusions—Discordance in the effects of CETP single-nucleotide polymorphisms and torcetrapib treatment on blood pressure
despite the concordant effects on lipids indicates the hypertensive action of torcetrapib is unlikely to be due to CETP inhibition
or shared by chemically dissimilar CETP inhibitors. Genetic studies could find a place in drug-development programs as a
new source of randomized evidence for drug-target validation in humans. (Circulation. 2010;121:52-62.)

Key Words: genetics m pharmacology m epidemiology m high-density lipoproteins

Higher concentrations of high-density lipoprotein (HDL)
cholesterol are associated with a lower risk of coronary
heart disease (CHD) independent of low-density lipoprotein
(LDL) cholesterol.! HDL particles have antiatherogenic ac-
tions in vitro, and experimental elevation of HDL cholesterol
concentration in some animal models attenuates atheroma
formation.2* Inhibitors of cholesteryl ester transfer protein
(CETP), which mediates exchange of lipids between HDL
particles and other lipoproteins, are a new class of drugs
developed for their ability to raise HDL cholesterol. How-
ever, when the combination of a CETP inhibitor (torcetrapib)
and a statin (atorvastatin) was compared with atorvastatin alone
in the Investigation of Lipid Level Management to Understand
Its Impact in Atherosclerotic Events ILLUMINATE) trial,* the
Data Safety Monitoring Board terminated the trial prema-
turely because of an unexpectedly higher rate of both cardio-
vascular and noncardiovascular events in the torcetrapib-
treated patients.

Clinical Perspective on p 62

Whether the higher rate of cardiovascular events from
torcetrapib treatment was a mechanism-based effect of CETP
inhibition, which would be shared by other members of the
same drug class, or an idiosyncratic (or off-target) action of
the torcetrapib molecule is uncertain. It is important to
distinguish between the two, because at least 2 other CETP
inhibitors, anacetrapib and dalcetrapib, are in advanced stages
of drug development.>7 Torcetrapib treatment has been
associated with consistent and substantial elevations in blood
pressure,*3-10 perhaps secondary to a mineralocorticoid-like
effect, which could have contributed to the increased risk of
cardiovascular events.!! Although it has been proposed that
the other CETP inhibitors do not share this blood pressure—
elevating effect,5!2 this is based on evidence from nonran-
domized animal experiments and short-term dose-ranging
studies in humans, both of which have limitations. Large,

randomized outcome trials of anacetrapib or dalcetrapib
would provide a definitive answer but could expose the trial
participants to a potential hazard should the hypertensive
effect be mechanism based rather than off target. On the other
hand, the failure to further evaluate other members of this
class in randomized trials could lead to the abandonment of a
potentially valuable preventive therapy.

An alternative way of obtaining randomized evidence on
the efficacy and safety of CETP inhibition in humans without
the recruitment of new trial participants, prospective follow-
up, or exposure to a drug is to study the effect of carriage of
common alleles of the human CETP gene associated with
reduced CETP levels and activity.’? Genetic association
studies are a type of natural randomized trial, because
maternal and paternal alleles assort at random at concep-
tion.'*'5 In effect, a study of alleles of the CETP gene that
reduce CETP activity is akin to a very long-term randomized
intervention trial of a “clean” CETP inhibitor, free from the
off-target effects of individual drug molecules. We therefore
compared the effect of torcetrapib and carriage of common
CETP alleles on lipids and lipoproteins, blood pressure, and
other markers of cardiovascular risk in a large-scale, interna-

" tional, collaborative analysis to ascertain whether the increase

in blood pressure seen in the clinical trials of torcetrapib was
mechanism based or off target.

Methods
Search Strategy and Selection Criteria

Randomized Controlled Trials

Randomized controlled trials evaluating the effect of torcetrapib on
markers of cardiovascular risk or clinical outcomes were identified
from PubMed and EMBASE up to the end of November 2007 with
the use of the US National Library of Medicine’s Medical Subject
Headings and the free-text terms “torcetrapib” or “CETP inhibitor”
in combination with “randomized controlled trial.” For inclusion in
the main analyses, studies had to be randomized, parallel-design
studies in adults that examined the effect of treatment with torce-
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trapib (alone or in combination) with a suitable comparator. Studies
were included if they had been published as full-length articles or
letters in peer-reviewed journals in any language. Randomized
studies were further subdivided into shorter dose-finding studies of
<1 year’s duration and longer clinical trials of >1 year’s duration
and analyzed separately.

Genetic Studies :

PubMed and EMBASE were searched up to November 2007 for
studies in humans evaluating any polymorphism in the CETP gene.
The search included the Medical Subject Headings and free-text
terms “cholesteryl ester transfer protein” or “CETP” in combination
with “polymorphism*,” “mutation*,” “allele*,” “gene*,” “TaqlB,”
“—629C>A,” or “l405V,” with no limits or restrictions. We supple-
mented information from published studies with unpublished genetic
data obtained through a large collaborative network of investigators
that allowed access to information on a wider range of traits of
interest, enabled more precise estimation of genetic effect sizes, and
minimized the scope for reporting and publication bias. (For further
details, see the online-only Data Supplement.)

Generation of Tabular Data

Two of the authors (A.D.H. and R.S.) extracted data, and disagree-
ments were resolved by discussion with a third author (J.P.C.). For
randomized controlled trials, information was extracted on treatment
regimen and comparator, as well as pretreatment and posttreatment
measures of a wide range of cardiovascular risk markers (see the
online-only Data Supplement for further details). The relationship
between torcetrapib dose and effect on these variables, if available,
was also recorded from dose-ranging studies. For genetic studies,
study-level information was either extracted from published studies
by 2 authors or requested from principal investigators (see the
online-only Data Supplement).

Statistical Analysis

Randomized Clinical Trials of Torcetrapib

The effect of torcetrapib on different lipid fractions, blood pressure,
and other cardiovascular traits was assessed by calculation of the
difference in the change in mean values between active and control
arms. Study-specific estimates were weighted by the inverse of the
variance and pooled by random-effects meta-analysis to generate
summary estimates.

Genetic Studies

Primary analyses were based on the CETP gene variants commonly
referred to as Taql B (1s708272) and ~629C> A (rs1800775), which
were the most widely typed variants. The 2 are in linkage disequi-
librium (#* measure of association (.73 in individuals of European
descent!®; online-only Data Supplement Figure I), which allows
information on the 2 variants to be treated jointly in a pooled
analysis. Additional analyses involved the [405V variant (rs5882).
For continuous outcomes, the mean difference and 95% confidence
interval (CI) by genotype category were obtained from each study
and then pooled with a random-effects model to obtain a summary
mean difference and 95% CI. Individuals homozygous for the
common TaqIB (or —629C) allele served as the reference group
throughout, and this group was designated B1B1, with heterozygous
individuals and individuals homozygous for either rare allele desig-
nated BIB2 and B2B2, respectively, to preserve the convention
introduced in prior studies. For binary outcomes, results were
expressed as an odds ratio and 95% CI. To assess the robustness of
the findings, stratified analyses were conducted according to study-
level characteristics. In a subset of studies, predefined stratified
analysis of individual-level data was performed to investigate the
effect of CETP genotype on HDL cholesterol by quartiles of systolic,
diastolic, and pulse pressure and by LDL cholesterol quartile to gain
insight into the potential for effect modification by blood pressure—
lowering or cholesterol-lowering medications. Deviation from
Hardy-Weinberg equilibrium was assessed in each study. Heteroge-
neity was assessed with a )? test. The 2 measure'” and 95% CI were

used to describe the extent of variability across studies. Additional
information on the statistical analysis is provided in the online-only
Data Supplement. All analyses were conducted with Stata 9.0
(StataCorp LP, College Station, Tex).

Consistency Between CETP Gene Effects and

Equivalent Torcetrapib Dose

To determine the consistency of the observed effect of CETP
genotype on cardiovascular traits with the expected effects for a
comparable dose of torcetrapib, the shape of the dose-effect rela-
tionship for torcetrapib was evaluated from dose-ranging trials by
use of the reported continuous outcomes HDL, HDL2, and HDL3, as
well as apolipoprotein A-I (apoA-I) and apolipoprotcin B (apoB).
Despite careful searching, no quantitative information on the rela-
tionship between torcetrapib dose and blood pressure from these
trials was available in a form that could be used in the analysis.
Having confirmed a linear dose—response relationship for the avail-
able variables (Figures 1A through 1C), we used the summary effect
of a 60-mg dose of torcetrapib on HDL cholesterol (the measure with
the most data) from the meta-analysis of randomized trials and the
summary effect of CETP genotype on HDL cholesterol from the
meta-analysis of genetic studies (1) to express the effect of carriage
of the B2 variant as a torcetrapib dose equivalent and (2) to estimate
the effect of this dose of torcetrapib on blood pressure and other
traits. A simulation model that incorporated the variance in the effect
estimates of the genotype and drug effects was used to obtain the CIs
(see online-only Data Supplement for details). The observed gene
effect was compared with the effect of a comparable dose of
torcetrapib by means of a z test.!®* More details are provided in the
online-only Data Supplement.

Results
Randomized Controlled Trials of Torcetrapib

Dose-Response Relationship of Torcetrapib on HDL
Three studies (median size 40 participants, range 19 to 162
participants) with a mean study duration of 5.3 (standard
deviation 3.1) weeks enabled the exploration of the effect of
different doses of torcetrapib on HDL cholesterol and its
subfractions (HDL2 and HDL3).19-2! Over the dose range
studied (10 to 240 mg daily), torcetrapib produced a linear,
dose-dependent increase in HDL cholesterol (P<<0.001 from
meta-regression), HDL2 (P=0.03), and HDL3 (P=0.003), with
no evidence of a threshold effect (Figures 1A through 1C).

Effect of Torcetrapib on Lipid Profile, Blood Pressure,
and Biomarkers
Four randomized trials (range 752 to 15067 participants)

with a mean duration of 21 (standard deviation 6) months that
involved 17 911 participants in aggregate with a mean age of
55.4 (standard deviation 6.9) years evaluated the effect of
torcetrapib 60 mg daily (in combination with atorvastatin)
versus atorvastatin alone and were included in the main
analysis.+#-1¢ Torcetrapib 60 mg daily increased HDL cho-
lesterol by 0.78 mmol/L (95% CI 0.68 to 0.87 mmol/L),
apoA-I by 0.30 g/L (95% CI 0.30 to 0.31 g/L), and total
cholesterol by 0.18 mmol/L (95% CI 0.10 to 0.25 mmol/L).
The same dose reduced LDL cholesterol by 0.54 mmol/L
(95% CI -0.64 to —0.43 mmol/L), triglycerides by
0.12 mmol/L (95% CI —0.18 to —0.07 mmol/L), and apoB
by 0.11 g/L (95% CI —0.11 to —0.10 g/L; Table I; Figure Ila
in the online-only Data Supplement). A pooled analysis of all
17 911 participants from the 4 trials indicated that torcetrapib
60 mg daily led to a mean increase in systolic blood pressure
of 4.47 mm Hg (95% CI 4.10 to 4.84 mm Hg) and an increase
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Figure 1. A through C, Relationship between torcetrapib dose
and HDL cholesterol and HDL2 and HDL3 subfractions. P val-
ues refer to the results of a meta-regression, and N refers to the
total number of individuals in the 3 dose-ranging studies that
contributed to this analysis.

in diastolic blood pressure of 2.08 mm Hg (95% CI 1.84 to
2.31 mm Hg). In the ILLUMINATE trial, the elevation in
blood pressure was accompanied by a decrease in plasma
potassium, an increase in sodium, and an increase in aldoste-
rone concentration* (Table 2). In 3 trials*®'0 that included
17 159 participants, there was no effect of torcetrapib on
C-reactive protein concentration (online-only Data Supple-
ment Table I).

Genetic Studies

Study Details and CETP Polymorphisms Evaluated

A total of 31 studies (online-only Data Supplement references
S1 to S39) and 67 687 individuals a mean of 55.8 (standard
deviation 9.6) years old contributed information on at least 1

Mendelian Randomization for Drug-Target Validation 55

continuous outcome. Twenty-three studies with 60 316 indi-
viduals provided previously unpublished data. Of the unpub-
lished studies, 21 studies (50 908 individuals) provided data
on the rs708272 (Taq1B) polymorphism, and 2 studies (8535
participants) provided data only on the rs1800775
(—629C>>A) polymorphism. Where studies provided data on
both —629C>A and TaqlB, the latter was used for the
primary analysis. Seven studies (21 353 individuals) also
provided data on the rs5882 (I405V) polymorphism (online-
only Data Supplement references S8, $10, §15, S16, S18-
$20, S22, S25, $32, and S33), and these results are provided
in the online-only Data Supplement. Study details are pro-
vided in online-only Data Supplement Tables II and III,
respectively.

Effect of CETP Genotypes on CETP Concentration,
CETP Activity, and Lipids

Six studies in individuals of European ancestry (5340 partic-
ipants) provided information on the effect of CETP genotype
on CETP concentration (online-only Data Supplement refer-
ences S7, S8, S15, §28, S30, and S31), and 2 studies (858
participants; online-only Data Supplement references S135
and S$18-S20) provided information on the effect on CETP
activity. A further 5 studies (1867 participants) contributed
data from individuals of Japanese origin (online-only Data
Supplement Figure III and references S34 through $39). A
graded effect of genotype on CETP concentration and activity
was evident in both populations. People of European ancestry
who were homozygous for the B2 allele had lower CETP
concentrations  (—0.47 ug/mL, 95% Cl —0.67 to —0.26
pg/mL) and lower CETP activity (—17.00 nmol - mL™" - h™",
95% CI —18.52 to —15.49 nmol - mL™' - h™") than people
homozygous for the B1 allele (online-only Data Supplement
Figures Illa and IIb). In 31 studies with 67 687 participants,
B2-homozygous individuals had higher concentrations of
HDL cholesterol (0.13 mmol/L, 95% CI 0.11 to 0.14 mmol/L;
Figure 2). The link between genotype and HDL cholesterol
was consistent in analyses stratified by study size, sex,
presence of CHD, and ancestry and across quartiles of LDL
cholesterol, systolic and diastolic blood pressure, and pulse
pressure (online-only Data Supplement Figures ITlc and IV).
In addition, B2-homozygous individuals exhibited higher
concentrations of total cholesterol (0.05 mmoVL, 95% CI
0.03 to 0.07 mmol/L) and apoA-I (0.06 g/L, 95% CI 0.05 to
0.08 g/L) and lower concentrations of LDL cholesterol
(—0.03 mmol/L, 95% CI —0.05 to —0.01 mmol/L), triglyc-
erides (—0.06 mmol/L, 95% CI —0.10 to —0.02 mmol/L),
and apoB (0.02 g/L, 95% CI —0.03 to —0.01 g/L). In 2
studies, individuals homozygous for the B2 allele had higher
circulating concentrations of both the larger HDL?2 particles
(0.03 mmoV/L, 95% CI 0.01 to 0.04 mmol/L) and smaller
HDL3 particles (0.06 mmoV/L, 95% CI 0.02 to 0.11 mmol/L;
Table 1). Heterozygous subjects exhibited lipid and lipopro-
tein concentrations approximately intermediate between
those found in homozygous subjects, consistent with an
additive effect of each copy of the variant allele (Table 1;
per-allele data available on request). The effect of variant
CETP alleles on lipid and lipoprotein profile thus reproduced
the direction of effect of treatment with torcetrapib in clinical
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Table 1. Effect of Torcetrapib (60 mg) and CETP Genotype on Lipids and Lipoproteins

Randomized Controlled Trials, Genetic Studies, B182 Genetic Studies, 8282
Comparison: Lipids Torcetrapib 60 mg Summary Mean vs B1B1 No. of Summary Mean vs B1B1 No. of Summary Mean
and Lipoproteins No. of Studies (individuals) Difference (35% Ci P Studies (individuals) Oitference {95% CI) P Studies (Individuals) Difference (95% C) P
HOL cholestsrol, 4(17911) 0.78(0.68-0.87) <0.001 30 (54 971) 0.06 {0.05-0.07) <0.001 30(34432 013(0.11-0.14) <0.001
mmoliL
ApoAl* g/l 1(15067) 0.30(0.30-0.31) <0.001 11 (22 909) 0.03{0.02~0.04) <0.001 11(14739) 0.06 (0.05-0.08) <0.001
Total cholesterol, 4(17911) 0.18 (0.10-0.25) <0.001 28 (54 135) 0.01 (—0.01-0.02} 048 29(33970) 0.05 (0.03-0.07) <0.001
mmolL
LDL cholesterol, 4(17911) —0.54 (—0.64——0.43) <0.001 27 (51 860) -~0.01(-0.03-0.00) 0.07 27 (32 424) ~-0.03(-0.05-001) <001
mmolL
Triglycerides, mmolL 4(17911) -0.12(-0.18--0.07) <0.001 28 (52 084) —0.04 (—0.06-—002) <0.001 28 (32 589) —0.06 (—0.10-—~0.02) <0.01
Mﬁh,‘ L 1(15067) =0.11{-0.11--0.10) <0.001 11 (22 909) —0.01 (—0.02-0.00) 0.05 11 (14 739) —0.02 (—0.03-0.01) <0.01
HDL2, mmold NA NA NA 2{3086) 0.02 (0.01-0.02) 0.001 2(1856) 0.03 (0.01-0.04) 0.01
HDL3, mmolL NA NA NA 2(3086) 0.04 (0.02-0.05) <0.001 2(1856) 0.06 (0.02-0.11) 0.01
Apo-All, mgA NA NA NA 3(8661) 0.28 (0.26-0.31) <0.00t 3{5632) 0.29(0.26-0.32) <0.001

NA indicates not applicable.

Differences between continuous traits are for values reported at the end of the randomized trials unless otherwise indicated.

*Data obtained after 3 months.

trials for 8 separate lipid and lipoprotein traits (Table 1;
Figure 3A; online-only Data Supplement Figures 2a and 2b).
Using a simulation model and assuming a linear dose-
response relationship (Figure 1), we estimated that the effect
on HDL in B2-homozygous individuals corresponded to a
dose of torcetrapib of 9.7 mg (95% CI 8.18 to 11.41 mg), and
for heterozygous individuals, it corresponded to a dose of 4.5
mg (95% CI 3.71 to 5.38 mg), ie, to a torcetrapib dose of
approximately 10 and 5 mg, respectively (Figure 3B).

Effect of CETP Genotypes on Blood Pressure

and Electrolytes

Twenty-two studies (58 948 individuals) provided informa-
tion on CETP genotypes and systolic and diastolic blood
pressure, including previously unpublished information from

20 studies (54 936 individuals). CETP genotype had no effect
on systolic and diastolic blood pressure; the mean differences
in comparisons between homozygous subjects were
0.16 mmHg (95% ClI —0.28 to 0.60 mm Hg) and
—0.04 mm Hg (95% CI —0.36 to 0.28 mm Hg) for systolic
and diastolic blood pressure, respectively. Mean differences
in systolic and diastolic blood pressure between heterozygous
individuals (B1B2) and those homozygous for the B1 allele
were —0.27 mm Hg (95% CI —0.64 to 0.10 mm Hg) and
—0.23 mm Hg (95% CI —0.43 to —0.04 mm Hg), respec-
tively (Figure 4A). The null findings were again consistent in
analyses stratified by study size, sex, presence of preexisting
CHD, ancestral origin, and allele types (Figures 4A and 4B;
online-only Data Supplement Figures Va and Vb). The
expected effect on blood pressure of a 10-mg daily dose of

Table 2. Effect of Torcetrapib (60 mg) and CETP Genotype on Blood Pressure and Circulating and Urinal;y Electrolyles and Creatinine

Randomized Controiled Triais, Genetic Studies, B1B2 Summary Mean Genetic Studies, B2B2
Torcetrapib 60 mg Summary Mean vs B1B1 No. of Difference/Odds Ratio vs B1B1 No. of Summary Mean

Comparison No. of Studies (Individuals) Difference {35% CI) P Studies (individuals) (35% Cf P Studies (individuals)  Difference (85% C) P
Blood pressure, mm Hg

Systolic 417911} 447 (4.10-4.84) <0.001 22 (47 841) ~0.27 (—0.64-0.10) 0.15 22(30047) 0.16(—028-0.60) 0.48

Diastolic 4(17911) 208 (1.84-2.31) <0.001 22 (A7 841) -0.23(—0.43--004) 0.02 22(30047) —~0.04(—0.36-0.28) 0.80

Pulse pressure NA NA NA 7(29411) 0.03 (—0.29-0.35) 0.88 7(18574) —013(—1.16-091) 081
Electrolytes and creatining

Plasma potassium, 1(15 067) -0.14(-0.15~-0.13) <0.001 6(13 760} 0.00(-0.01-0.01) 088 6(8678) ~0.01(-0.03-001) 039

mmollLt

Pasma sodium, mmolLt 1(15067) 061{0.51-0.71) <0.001 6(13583) —0.06 (—0.19-0.07} 0.35 6(8554) 003(-0.18-0.18) 098

Plasma creatinine, 1015067 =1.15(-1.15~-0.75) <0.001 4(12 756) —0.39 (—1.42-0.64) 0.45 4 (7956) 031(-0.72-1.35 055

gmollLt

Piasma bicarbonate, 1(15067) 0.35 (0.24-0.46) <0.001 NA NA NA NA NA NA

mmoliLt

Pasma chioride, mmol/Lt 1(15067) 0.07 (-0.02-0.16) 0.14 NA NA NA NA NA NA

Urinary potassium, NA NA HA 1(1589) —1.84 (—5.15-1.47) 0.27 1(1092) —~0.90 (—4.68-2.88) 0564

mmol/L

Urinary sodium, mmolL NA NA NA 1 (1599) 2.29 (—2.46~7.04) 0.34 1(1092) 360(-1.99-919) 0.2

Urinary creatinine, mg/L NA NA NA 1{1599) —0.26 (—0.91-0.39) 043 1(1082) —0.02(-0.77-0.73) 096

NA indicates not applicable.

“Data obtained after 3 months.

tData from ILLUMINATE only.

Differences between continuous traits are at end of the randomized trials unless otherwise indicated.
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HDL-Cholesterol p value for
Individuals Mean Difference x2 test of
Group Compatisons {No of studies) . (95% CI) heterogeneity
B1B2 v B1BY 54,971 (30) . 0.08 (0.05, 0.07) 0.003
8282 v 8181 34,432 (30) = 0.13(0.11,0.14) <0.001
T T

0 0.08 0.13
mmolL

Figure 2. Effect of CETP genotype on HDL cholesterol in individuals of European ancestry. The B1B1 genotype is used as the refer-
ence group. The numbers refer to the total number of individuals that contribute to the comparisons shown.

torcetrapib was estimated to be 0.72 mm Hg (95% CI 0.60 to served genetic effect on blood pressure (Figures 5A and 5B).
0.87 mm Hg) and 0.33 mm Hg (95% CI 0.27 to 0.41 mm Hg) Unlike torcetrapib treatment, CETP genotype was not asso-

for systolic and diastolic blood pressure, respectively, assum- ciated with serum sodium, potassium, or creatinine concen-
ing a linear relationship between torcetrapib dose and blood tration or with urinary sodium or potassium concentration
pressure, and this was significantly different from the ob- (Table 2; Figures 5C and 5D). Individuals with variant CETP
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A ncividuag | SYStolic Blood Pressure Mean Dif P value 3,
Group Comparisons {No of studies) (95% Cl) 1? teat iy
8182 v B1B1 46,412 (21) - -0.27 (-0.64, 0.10) 0.15
8282 v 8181 29,050 (21) - 0.16 (-0.28, 0.60) 0.46
T T 1 T
4 2 0 2 4
mmHg
B
ndivi Diastolic Blood Pressure Dift plm: :r
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B1B2v 8181 48,412 (21) - -0.23 (-0.43, -0.04) 0.55
B282 v B1B1 29,050 (21) -0.04 (-0.35, 0.28) 0.10
| I | i T
4 2 0 2 4
mmHg

Figure 4. Effect of CETP genotype on systolic (A) and diastolic (B) blood pressure in populations of European descent. Weighted mean
difference is given, with the B1B1 genotype used as the reference genotype. The numbers refer to the total number of individuals that

contribute to the comparisons shown.

alleles were also no more likely to receive antihypertensive
medications (odds ratio 0.98, 95% CI 0.80 to 1.21; online-
only Data Supplement Table I).

Effect of CETP Genotypes on Variables Unrelated
to CETP Inhibition

There was no link between CETP genotypes and variables
unrelated to CETP function, including age, body mass index,
or smoking habit (online-only Data Supplement Table I).
There was also no consistent association with blood glucose
or with C-reactive protein concentration, consistent with data
from clinical trials of torcetrapib (online-only Data Supple-
ment Table I).

Discussion

Main Findings and Interpretation

We found concordance in the effect of common variants in
the CETP gene and pharmacological inhibition of CETP by
torcetrapib on 8 continuous lipid and lipoprotein markers
evaluated in both randomized trials and genetic studies
(HDL cholesterol, HDL2, HDL3, LDL cholesterol, triglyc-
erides, total cholesterol, apoA-I, and apoB). The only
continuous traits for which the effect of genotype and drug
were consistently discordant were systolic and diastolic
blood pressure and the electrolytes sodium and potassium.
This large-scale randomized evidence in humans supports
the interpretation that the blood pressure—elevating effect
of torcetrapib (and the connected effect on electrolytes) is
mechanistically unrelated to CETP inhibition. The findings
have important implications, specifically for the develop-
ment of other CETP inhibitors and more generally for the

potential use of genetic variants to inform drug
development.

Other Sources of Evidence on the Same Question
Our interpretation that the hypertensive effect of torcetrapib
is off target receives additional support from other lines of
evidence. First, treatment with the CETP inhibitors anac-
etrapib and dalcetrapib has not been associated with blood
pressure elevation, although the studies thus far have been
relatively small in size and of short duration.>” Second,
torcetrapib (but not anacetrapib) has been reported to cause a
blood pressure increase in several animal models, 2 including
species that do not express CETP. Third, a recent study??
indicated that torcetrapib treatment elevates aldosterone con-
centration, with corresponding effects on sodium and potas-
sium concentration, and these electrolyte changes were not
observed in a short-term dose-ranging study of anacetrapib.”
These findings, from the separate lines of investigation, each
with differing limitations and sources of error, provide
reassurance that the hypertensive effect of torcetrapib is off
target and therefore unlikely to be shared by other CETP
inhibitors.

CETP Inhibition and Prevention of CHD

The higher blood pressure among individuals in the torce-
trapib arm of the ILLUMINATE trial might explain the
higher rate of cardiovascular events, but there may also be
other explanations. CETP inhibition might interfere with
reverse cholesterol transport and generate an HDL particle of
abnormal size and function,?? a mechanism-based adverse
effect. Prior small mechanistic studies have suggested torce-
trapib treatment increased the concentration of both large
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8 Observed (Gene) ®Expected (Orug)

Figure 5. A through D, Observed effect of the CETP gene and expected effects of a 5- and 10-mg dose of torcetrapib on systolic (A)
and diastolic (B) blood pressure, serum potassium (C), and sodium levels (D). '

HDL2 and small HDL3 particles but that the effect on HDL2
was proportionately greater. However, this differential effect
was only seen at a dose of torcetrapib 4 times as large as the
dose used in the large-scale clinical trials.!® Genetic data on
the effect of CETP genotype on HDL subtype were limited,
but in the present analysis, there was no clear evidence of a
differential effect of CETP genotype on HDL subclasses.
Although we have focused here on the effect of CETP
genotypes on lipids, lipoproteins, and blood pressure to
make direct comparison of the effect of pharmacological
CETP inhibition and carriage of CETP alleles, a recent
meta-analysis of studies that included 27 196 coronary
cases and 55 338 controls and a genome-wide analysis
from the Women’s Genome Health Study both provided
support for the CETP variants studied here being protective
against CHD events.2+2 Although this protective effect has
not-been consistent across all studies,?6 there has been no
consistent signal for an increase in CHD risk from carriage of
these alleles.

Potential Limitations
Although the findings are robust, our interpretation requires
consideration in light of certain theoretical and practical

limitations of the genetic approach we have used. CETP
alleles are of much smaller effect than the most widely
studied dose of torcetrapib, so it might be argued that the
failure to detect an association between genotype and a
continuous marker such as blood pressure could have arisen
because of inadequate power, or perhaps the effect on blood
pressure requires a suprathreshold degree of CETP inhibition.
We attempted to maximize power and minimize the potential
for a type 11 error by establishing a large genetic collaboration
that included a substantial amount of previously unpublished
information. Blood pressure was an outcome that had been
widely recorded in the studies included in the present analysis
(22 studies and 59 948 individuals) but was not widely
reported, and so the findings should not be prone to bias.
Although the investigation of the effect of CETP poly-
morphism on blood pressure was not the primary aim of any
of the studies included here, blood pressure measurement was
performed with validated devices and widely accepted meth-
ods. The study was also sufficiently powered to detect a blood
pressure signal of the size expected of a 5- to 10-mg dose of
torcetrapib (see the online-only Data Supplement). Indeed, 3
of these studies (14 109 individuals) contributed to the recent
whole-genome analysis of blood pressure loci that identified
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single-nucleotide polymorphisms (SNPs) that altered blood
pressure by =~1 mm Hg/0.5 mm Hg, close to the effect size
being sought in the present analysis.2’28 With the available
sample size, we also detected an effect of CETP genotype on
triglycerides that was similar in size to that which would have
been expected for blood pressure were this effect mechanism
based (online-only Data Supplement Figure Ila). We also
triangulated the findings from randomized controlled trials
with the genetic data (ie, we compared the expected effect of
a 5- and 10-mg dose of torcetrapib with the observed genetic
effect) rather than focusing solely on statistical tests in the
genetic associations. Taken together, these analyses suggest
that the null findings in relation to blood pressure are neither
biased nor explained by inadequate sample size. Although we
were unable to exclude a hypothetical nonlinear (threshold)
relationship between CETP inhibition by torcetrapib and
blood pressure because none of the dose-ranging studies of
torcetrapib reported quantitative data on the dose-response
effect in a form that could be extracted for analysis, the effect
of torcetrapib on all lipid and lipoprotein traits evaluated was
linear over the dose range studied. We therefore made the
assumption that this was also true for blood pressure.

The randomized allocation of alleles in genetic studies
differs from the randomized drug intervention in a clinical
trial in that assignment of genotype occurs at conception and
produces an effect across a lifetime, rather than in mid to late
adulthood, when most randomized controlled trials are con-
ducted. It is conceivable, therefore, that an adverse effect of
a common genetic variant on blood pressure from early life
may have led to developmental compensation by other
systems.!s If this were the case, a null association of CETP
genotype with blood pressure seen in genetic studies might
lead to unreliable inference on the likely effect of modifica-
tion of CETP activity by a drug. However, there was no
evidence that such developmental compensation was operat-
ing in the case of any of the 8 lipid traits we studied, for
which both the lifelong effect of the genetic exposure and the
shorter-term effect of the drug were consistent.

Although the precise functional alleles at the CETP locus
have yet to be identified with certainty, the —629C>A
(rs1800775) and 1405V (rs5885) alleles are either likely to be
functional themselves or to be in sufficiently strong linkage
disequilibrium with functional variant(s) so as to be valid
tools for this type of analysis. The —629C>>A variant has
been shown to alter binding of Sp transcription factors.2® The
TaqlB allele (rs708272) is intronic and less likely to be
functional itself, but it is in strong linkage disequilibrium with
several promoter polymorphisms (including the —629C>A
variant), and as the present analyses show, it exhibits very
strong association with multiple lipid traits. It is important to
be clear, however, that for the analyses we have conducted, it
is not necessary for functional alleles to have been delineated
precisely provided that an effect of the alleles studied on the
traits of interest can be demonstrated robustly.3® Although
there are likely to be other variants in and around the CETP
gene that are also associated with CETP activity and lipids,
some because they are causal and some because they are
simply associated with causal SNPs by linkage disequilib-
rium, the use of a single SNP in this region does not

compromise the analysis, provided it can be demonstrated
that it provides a reliable index of CETP activity and
differences in the lipid traits of interest (which we have
demonstrated), and on the assumption that the SNP is in
linkage disequilibrium with a causal SNP rather than causal
itself, that the main analyses are grouped according to
subjects of similar ancestry to ensure that the linkage disequi-
librium relationships are consistent across studies. Moreover,
SNPs at the CETP locus, including rs1800775 (—629C>A)
and rs708272 (TaqlB) studied here, have emerged as among
the strongest associated signals with HDL cholesterol in
recent genome-wide association studies?5-3!-33 (online-only
Data Supplement Figure I).

Wider Implications of This Work

We used the principle that allelic variants in a gene encoding
a specific drug target can be used to model the mechanism-
based effect of modifying the same target pharmacologically.
In the present analysis, this was applied to help distinguish
the mechanism-based from off-target actions of a drug
molecule in advanced development. However, further re-
search should now address whether this principle could be
exploited at earlier phases in the drug-development pathway
to help, for example, with the validation of a promising new
target or to assemble a panel of biomarkers of efficacy to test
in clinical trials. The directional concordance of the effect of
HMGCR SNPs in genetic studies and 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (statin) treatment on
LDL cholesterol and CHD risk in clinical trials lends addi-
tional support to the potential utility of this approach. There
is likely to be wide availability of genetic tools for this
purpose, because the majority of drug targets are proteins,
and regulatory genetic variants acting in cis, located within
100 kb of genes, appear to be a common feature of the human
genome.34

Conclusions

In summary, a novel large-scale genetic approach has pro-
vided evidence that the hypertensive effect of torcetrapib is
likely an off-target action. This provides reassurance that this
particular adverse effect of torcetrapib is unlikely to be shared
by other chemically dissimilar CETP inhibitors, but further
drug development will be required to assess whether these
other agents and the CETP inhibitor class of drugs in general
are likely to be efficacious in the prevention of CHD events
with an acceptable risk-benefit profile. Further research
should investigate whether genetic studies could find use in
drug-development programs as a new source of randomized
evidence for drug-target validation in humans.
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CLINICAL PERSPECTIVE

The inverse relationship between high-density lipoprotein cholesterol and risk of coronary heart disease suggests that
therapeutic elevation of high-density lipoprotein cholesterol may provide an effective means of prevention of coronary
heart disease. Pharmacological inhibition of cholestery! ester transfer protein (CETP) leads to elevation in high-density
lipoprotein cholesterol, but torcetrapib (the first-in-class CETP inhibitor) increased the risk of cardiovascular events in the
ILLUMINATE trial (Investigation of Lipid Level Management to Understand Its Impact in Atherosclerotic Events), which
may have resulted from an unexpected blood pressure-elevating effect of this agent. We used common genetic
polymorphisms in the CETP gene to distinguish whether the hypertensive action of torcetrapib was mechanism based or
off target, because a genetic study of these variants can be considered to be a type of natural randomized trial of a “clean”
low-dose CETP inhibitor with no off-target actions. Common CETP gene polymorphisms and torcetrapib treatment had
concordant effects on 8 lipid and lipoprotein markers, including high-density lipoprotein cholesterol, but CETP gene
variants had no effect on blood pressure. The blood pressure-elevating effect of torcetrapib appears to be an off-target
action that is unlikely to be shared by chemically dissimilar CETP inhibitors. Genetic studies could be used in
drug-development programs as a new source of randomized evidence for drug-target validation in humans.
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ABSTRACT: Adiponectin consists of three subspecies (high-, middle-
and low-molecular weight adiponectin). Among these, high-molecular
weight adiponectin (H-adn) is suggested to be an active form of this
protein. To assess the relationship between H-adn and postnatal growth
in preterm infants (PIs), serum H-adn and total adiponectin (T-adn) were
measured in 46 Pls at birth and at corrected term, and 26 term infants
(T at birth. T-adn and H-adn concentrations, and the ratio of H-adn to
T-adn (H/T-adn) were significantly greater in TI and PI at corrected term
than in PI at birth (p < 0.001). T-adn and H-adn concentrations in PI at
corrected term were similar to those in TI, but H/T-adn in PI at corrected
term was less than that in TI (p < 0.02). Stepwise multiple regression
analysis revealed that the factors contributing to H/T-adn and serum con-
centrations of T- and H-adn in PI at corrected term were different from those
in TL These data suggest that quality of early postnatal growth in PIs is
different from that in normally developed TI. Postnatal growth accompany-
ing adipose tissue similar to TI may be important for PI to prevent future
development of cardiovascular discase. (Pediatr Res 65: 580-583, 2009)

pidemiologic studies have demonstrated that low birth
weight is associated with an increased risk for atheroscle-
rotic cardiovascular disease (CVD) later in life (1-3); however,
the mechanisms behind this relationship have yet to be fully
elucidated. Adiponectin is one of several adipocytokines secreted
by the adipocytes (4) and has numerous physiologic functions.
Serum levels of adiponectin are inversely associated with insulin
resistance, inflammatory markers, and CVD risk factors (5-7).
Taken together, these data suggest that adiponectin has antidia-
betic, antiinflammatory, and antiatherogenic functions. Adi-
ponectin consists of three multimer species (high-, middle-, and
low-molecular weight adiponectins: H-adn, M-adn, and L-adn)
(8-11). Among these, H-adn is suggested to be an active form of
this protein, having a higher bound affinity to surface of the cell
membrane and remarkably high adenosine monophosphate ki-
nase activation compared with M-adn and L-adn (10,11). Fur-
thermore, the ratio of H-adn and total adiponectin (T-adn) (H/T-
adn) are more significantly associated with insulin resistance than
T-adn, thereby suggesting the usefulness of the H/T-adn in
diagnosing insulin resistance (12).
Serum levels of adiponectin are inversely associated with
body weight and body mass index (BMI) in adults and school-
children (4,13). In contrast, serum levels of adiponectin in
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neonates were positively associated with fetal birth weight
(14), with their levels being much higher than those in adults
and schoolchildren (2,4,7,13,14). The physiologic significance
of these findings remains to be clarified, and no information
exists regarding serum multimeric adiponectin concentrations
in the fetal and neonatal period. Thus, in the present study, as
a first step in clarifying the relationship between low birth
weight and future CVD risk, we investigated the serum con-
centrations of multimeric adiponectin in neonates and the
difference between premature and mature infants.

SUBJECTS AND METHODS

The subjects consisted of 72 newborn infants (46 preterm born between weeks
24 and 35 of gestation and 26 term and near-tenn infants bom after week 36 of
gestation from an uncomplicated pregnancy) who had been admitted to the
Ryukyu University hospital, Japan. All term and near-term infants were appro-
priate for gestational age (AGA). In preterm infants (Pls), 37 infants were AGA
and nine infants were small for gestational age (SGA). Preterm deliveries were
induced because of threatened premature delivery (21 infants), nonreassuring
fetal status (four infants), viral infection of mother (one infant), premature nupture
of membrane (13 infants), placenta previa (four infants), hypestension of mother (two
infants), and cervical cancer of mother (one infant). Among 46 mothers, two mothers
had pregnancy-induced hypertension. All PIs were fed breast milk and infant formula.
Serum sample collection and anthropometric measurements were performed at birth
and at the comected term of Pls. Written informed consent was obtained from the
parents. The Ethics Cornmittee of the Ryukyu University approved the study protocol.

Anthropometric measurements of subjects. Gestational age was con-
firmed by ultrasound before week 20 of gestation. The umbilical cord was cut,
and the placental weight was measured with a calibrated scale and recorded.
The infants were weighed immediately after birth, and birth length was
measured using a measuring board. Heart rate (HR) and blood pressure in the
lower limb were measured with an automated oscillometric device (MP-60,
Phillips Medical Systems, Eindhoven, The Netherlands). Neonatal BMI and
Ponderal index were calculated as weight (kg)/body length’ (m?) and weight
(kg)/body length® (m®), respectively.

Laboratory measurements. Umbilical vein samples were drawn and samples
were stored at —40°C until assay. Serum adiponectin concentrations were mea-
sured by sandwich ELISA kits (Daiichi Pure Chemicals Co. Ltd., Tokyo, Japan)
with a dynamic range of 0.075-4.8 ng/mL. Intraassay variations (CV) were 5.3%
(T-Adn), 4.1% (M-adn + H-adn), and 3.3% (H-adn), as described previously (15).

Statistical evaluation. The differences between series of data were deter-
mined by Wilcoxon’s rank sum test. Levels of T-adn, H-adn, and H/T-adn
were markedly skewed. Thus, these parameters were normalized by log
transformation. Pearson’s correlation coefficient test was performed to assess
the associations between data. To examine the relationship between adiponec-
tin multimeric complexes and clinical data, a forward stepwise multiple
regression analysis was performed. Values are reported as the mean * SD.
Significance was set at p < 0.05. All analyses were performed with JMP 5.1
(SAS Institute Inc., Cary, NC).

Abbreviations: adn, adiponectin, CVD, cardiovascular discase, DBP, diastolic
blood pressure, H-adn, high-molecular weight adiponectin, H/T-adn, the ratio of
high-molecular weight adiponectin to total adiponectin, HR, heart rate, PL, pre-
term infant, SBP, systolic blood pressure, T-adn, total adiponectin, TL, term infants
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Table 1. Clinical and chemical data on preterm and term infants

581

Preterm infants

At birth p At corrected term p Term infants
Number of subjects (M/F) 46 (19/28) 26 (11/15)
Postmenstrual age (wk) 31.7x29 <0.001 371 £ 1.t ns 37712
Placental weight (g) 3N x102 535 * 138*
Body weight (g) 1609 * 492 <0.001 2229 + 374 <0.001 2908 * 574*
Body length (cm) 409 4.2 <0.001 438 £ 27 <0.001 473+ 2.1*
BMI (kg/m?) 9315 <0.001 116+ 1.5 <0.001 129 x 1.7*
Ponderal index (kg/m®) 227 +0.29 <0.001 2.69 + 042 ns 2.74 £ 0.34%
SBP (mm Hg) 61 8 <0.001 699 <0.001 62*5
DBP (mm Hg) 35+7 ns 36+7 ns 367
Heart rate 134 = 12 <0.01 144 + 12 <0.001 123 + 171
T-adn (ug/mL) 62 +33 <0.001 19.9 + 135 ns 17.0 £ 10.1*
H-adn (ug/mL) 26x20 <0.001 96 +57 ns 9.9 + 6.0%
M-adn (ug/mL) 1510 <0.001 53+52 ns 3.8 * 3.5¢
L-adn (pug/mL) 21%12 <0.01 50=x67 ns 3321
H/T-adn 037 £ 0.16 <0.001 050 012 <0.02 0.58 = 0.11*

* p < 0.001, significantly different from preterm infants at birth.
1 p < 0.05, significantly different from preterm infants at birth.
M, male; F, female; ns, not significant.

RESULTS

All data presented were not changed even after removing
data of SGA infants. Therefore, we did not separate the data
for SGA and AGA in analysis.

Characteristics of the subjects. As shown in Table 1,
postmenstrual age of PI was significantly younger than that of
term infant (TI). Postmenstrual age at corrected term of PI was
similar to that of TI. Placental weight was significantly lighter
in PI than that in TI. Body sizes (weight and length) were
much smaller in PI at birth than those in TI. Body sizes were
significantly larger in PI at corrected term than those at birth
but still significantly smaller than those in TL. Systolic blood
pressure (SBP) of PI at birth was similar to that of TI. SBP of
PI at corrected term was significantly higher than those of PI
at birth and TI. No differences in diastolic blood pressure
(DBP) were found among the three groups. HR was signifi-
cantly greater in PI at corrected term than in PI at birth and in
TI. HR of TI was significantly less than that of PI at birth.

Serum multimeric adiponectin levels. Concentrations of
adiponectin in cord serum were similar to those in serum of
neonates at birth; therefore, we compared adiponectin levels
of cord serum and serum levels of PI at corrected term (14).
As shown in Table 1, serum concentrations of T-adn, H-adn,
M-adn, and L-adn in PI at birth were significantly less than
those in TI. Those of PI at corrected term were similar to those
of TL. In PI at cormrected term, all of these parameters were
significantly higher than those of PI at birth. The ratio of
H-adn to T-adn (H/T-adn) of Pi at birth was significantly less
than those of PI at corrected term and TI. H/T-adn of PI at
corrected term was significantly less than that of TL

Tables 2—4 show the univariate correlations between T-adn,
H-adn, H/T-adn, and other parameters in PI at birth and at
corrected term (n = 46) and those in TI. In PI at birth (Table
2), serum concentrations of T-adn and H-adn were positively
correlated with postmenstrual age, placental weight, body
weight, body length, BMI, and Ponderal index (r = 0.31-
0.79, p = 0.036-0.000). H/T-adn was positively correlated

Table 2. Univariate correlations between T-adn, H-adn, H/T-adn,
and clinical variables of preterm infants at birth (n = 46)

T-adn H-adn H/T-adn

Independent variables r 14 r 14 r P

Postmenstrual age (wk) 0.75 0.000 075 0.000 0.48 0.001
Placental weight (g) 059 0000 052 0001 029 0080
Body weight (g) 0.79 0.000 0.73 0.000 044 0.003
Body length (cm) 075 0.000 0.66 0.000 039 0009
BMI (kg/m?) 077 0000 077 0000 048 0.001
Ponderal index (kg/m®)  0.31 0036 047 0001 036 0018
SBP (mm Hg) 021 0196 023 0175 0.13 0444
DBP (mm Hg) —-0.01 0.953 0.04 0814 -0.02 0.886
Heart rate -0.02 0898 -0.09 059 -0.02 0.889

Bold type indicates significant correlations.

Table 3. Univariate correlations between T-adn, H-adn, H/T-adn,
and clinical variables of preterm infants at corrected term

(n = 46)
T-adn H-adn H/T-adn
Independent variables r P r P r P
Postmenstrual age (wk) 0.14 0371 030 0,047 038 0.010
Placental weight (g) 029 0069 038 0017 024 0.138
Body weight (g) 034 0021 041 0005 0.19 0.209
Body length (cm) 026 0085 0.36 0014 026 0.086
BMI (kg/m?) 0.14 0340 009 0570 -0.12 0416
Ponderal index (kg/m®) 0.08 0.609 004 0782 -008 0619
SBP (mm Hg) 032 0030 018 0241 =030 0040
DBP {mm Hg) 0.13 0379 0.06 0.684 -—0.15 0311
Heart rate 029 0051 0.06 0685 —0.50 0.000

Bold type indicates significant correlations.

with postmenstrual age, body weight, body length, BMI, and
Ponderal index (r = 0.36-0.48, p = 0.018-0.001). No
significant correlation was found among T-adn, H-adn, H/T-
adn, and other parameters. In PI at corrected term (Table 3),
serum concentrations of T-adn were positively correlated with
body weight and SBP (r = 0.32-0.34, p = 0.03-0.021).
Serum concentration of H-adn was positively correlated with
postmenstrual age, placental weight, body weight, and body
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Table 4. Univariate correlations between T-adn, H-adn, H/T-adn,
and clinical variables of term infants (n = 26)

T-adn H-adn H/T-adn
Independent variables r p r p r p
Postmenstrual age (wk) 0.26 0.195 0.37 0.060 0.39 0.047
Placental weight (g) 0.12 0567 004 0863 -023 0273
Body weight (g) 039 0049 040 0045 0.10 0625
Body length (cm) 0.18 0383 017 0409 001 0962
BMI (kg/m?) 043 0.027 046 0017 018 0369
Ponderal index (kg/m®) 031 0119 036 0069 021 0.29
SBP (mm Hg) 0.3% 0.047 044 0023 024 0236
DBP (mm Hg) 045 0.022 052 0.007 0.31 0.125
Heart rate 009 0674 007 0736 -—003 0871

Bold type indicates significant correlations.

Table §. Stepwise multiple regression models for predicting T-adn,
H-adn, and H/T-adn

Selected independent

parameters 7 p

Preterm infants at birth (n = 46) :

T-adn Body weight 0.62 0.000

H-adn BMI 059 0.000

H/T-adn Postmenstrual age 023 0.001
Preterm infants at corrected term (n = 46)

T-adn SBP, placental weight 022 0011

H-adn Body weight 0.17 0.005

H/T-adn HR, body weight 0.34 0.000
Term infants at birth (n = 26)

T-adn DBP 0.20 0.022

H-adn DBP 027 0.007

H/T-adn Postmenstrual age, 0.33 0.011

placental weight

length (r = 0.30-0.41, p = 0.047-0.005). H/T-adn was
positively correlated with postmenstrual age (r = 0.38, p =
0.010). SBP and HR showed significant negative correlations
with H/T-adn (r = —0.30 to —0.50, p = 0.04-0.000). No
significant correlation was found among T-adn, H-adn, H/T-
adn, and other parameters. In TI (Table 4), serum concentra-
tion of T-adn was positively correlated with body weight,
BMI, SBP, and DBP (r = 0.39-045, p = 0.049-0.022), as
well as H-adn was positively correlated with body weight,
BMI, SBP, and DBP (r = 0.40-0.52, p = 0.045-0.007).
H/T-adn was positively correlated with postmenstrual age
(r = 0.39, p = 0.047). No significant correlation was found
among T-adn, H-adn, H/T-adn, and other parameters,
Because each of the above parameters can potentially con-
tribute directly to the regulation of serum multimeric adi-
ponectin levels, we performed stepwise multiple regression
analysis with T-adn, H-adn, and H/T-adn as the dependent
variables and postmenstrual age, placental weight, body
weight, body length, BMI, SBP, DBP, and HR as the inde-
pendent variables (Table 5). In PI at birth, the predictors of
T-adn, H-adn, and H/T-adn were body weight, BMI, and
postmenstrual age, respectively. In PI at corrected term, the
major predictors of T-adn were SBP and placental weight. The
predictor of H-adn was body weight. HR and body weight
were selected as the predictors of H/T-adn. In TI at birth, the
predictor of T- and H-adn was DBP. Postmenstrual age and
placental weight were selected as the predictors of H/T-adn.

DISCUSSION

In the present study, we showed that i) the serum concen-
trations of T-adn and H-adn in PI at corrected term were three
times higher than those in PI at birth, whereas serum concen-
trations of T-adn and H-adn of PI at corrected term were
similar to those of TI; ii) the H/T-adn of TI and PI at corrected
term were significantly greater than that of PI at birth, but that
of PI at corrected term was still significantly less than that of
TI; and iii) the factors contributing to serum concentrations of
T- and H-adn differed among the three groups.

A recent study reported that concentrations of adiponectin in
fetal circulation shows a 20-fold increase between week 24 of
gestation and term, and serum concentrations of adiponectin were
positively associated with body weight in Pls (16). In addition,
Kotani et al. (14) reported that the cord serum adiponectin
concentrations in full-term neonates are higher than serum adi-
ponectin concentrations in adults (22.4 pg/mL versus 8.2 ug/
mL) and are correlated positively with fat mass-related parame-
ters (birth weight, BMI, and leptin concentration). In the present
study, serum concentrations of T- and H-adn increased by 2.5-
3-fold between 32 and 38 wk of gestation, and their levels were
also higher than those reported in schoolchildren (2,7,17). These
data suggest that fetal development during late pregnancy con-
tributes to serum concentrations of T- and H-adn, and that the
relationship between adiposity and adiponectin levels in neonates
may differ from that in adults and children. Interestingly, Inami et
al. (18) recently reported a positive association between serum
concentrations of adiponectin and body weight in TIs at birth, but
no association was found at 1 mo of age. To date, some roles of
adipocytokines such as IL-6 and TNF-« have been highlighted in
the inverse correlation between adiponectin and body weight in
adults (19). It has been shown that IL-6 and TNF-« reduce the
secretion of adiponectin from adipocytes (20). Some types of
inflammation in adipose tissue might contribute to the inverse
correlation between adiponectin and adiposity. The rapid in-
crease in fetal body weight during late pregnancy and the peri-
natal period is a physiologic development; thus, it is reasonable to
consider that an increase in adipose tissue at this stage may not be
accompanied by hypertrophy of adipocytes and the inflammation
in adipose tissue. This may also cause the higher levels of
adiponectin and positive correlations between adiponectin and
body weight observed during the perinatal period. With respect to
the higher concentrations of adiponectin in PI at corrected term
and TI, Kim et al. (21) reported that serum levels of adiponectin
are a starvation signal released by adipocytes, and that normal-
sized adipocytes do not induce insulin resistance, even in obese
status. It is well known that development of adipose tissue is
greatest in perinatal period (22). A recent report of Pinar et al.
(23) showed that the high concentrations of H-adn found in the
fetus were associated with higher insulin sensitivity. Thus, high
levels of adiponectin in the perinatal period may reflect rapid
growth during this period.

As shown in Table 2, T-adn, H-adn, and H/T-adn were sig-
nificantly associated with adiposity-related parameters (body
weight, BMI, and Ponderal index) in P1 at birth. However, these
associations were weakened in PI at corrected term and TI
(Tables 3 and 4). Different from PI at birth, hemodynamic
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parameters (blood pressure and/ or HR) were significantly asso-
ciated with T-adn and H/T-adn in PI at corrected term, and with
T-adn and H-adn in TI (Tables 3-5). It is of interest that expres-
sion of adiponectin in fetus was pronounced in vascular endo-
thelium, thereby suggesting that in addition to adipose tissues,
vascular endothelial cells may contribute to fetal adiponectin
levels (23). It is plausible that hemodynamic parameters affect the
status of vascular endothelium and lead to significant correlation
of these to adiponectin in PI at corrected term and TI. Taken
together, our data suggest that vascular endothelium might con-
tribute to serum concentrations of T-adn and H-adn during late
pregnancy. However, in PI at corrected term, hemodynamic
parameters were not associated with H-adn. SBP and HR were
inversely associated with H/T-adn. These results indicate that in
PI at corrected term, ex-utero factors may influence adipose
tissue development and contribution of vascular endothelium to
adiponectin status. Placental weight was significantly correlated
with T-adn and H-adn in PI at birth (Table 2). Serum concentra-
tions of H-adn in PI at corrected term were still positively
associated with placental weight (Table 3). A recent report
showed that the adiponectin concentration in umbilical cord
serum is positively associated with the weight ratio of fetus to
placenta (24). In contrast, Pinar et al. proved the absence of
endogenous placental adiponectin and showed its exclusive pro-
duction by fetal tissues. All of these findings indicate that effect
of placental weight on adiponectin status may be indirect effects;
however, further studies are needed to clarify this.

Wang et al. (25) showed that ectopic fat accumulation oc-
curred even in nonobese mice, which showed hyperinsulinemia,
insulin resistance, and hypertrophy of adipocytes because of
subnormal adipocyte storage capacity, whereas Ruderman et al.
(26) reported metabolically obese, normal-weight patients, These
previous studies, combined with the report by Kim et al. (21)
strongly suggest that in neonates, normal development of adipose
tissue is important to prevent future development of cardiometa-
bolic diseases such as diabetes, hypertension, and dyslipidemia.
Subnormal development of adipose tissue in neonates may re-
duce the number of adipocytes. If our notion is valid, the limited
number of adipocytes in subjects with low birth weight may
induce hypertrophy of adipocytes more readily than in subjects
with normal birth weight. As a result, these subjects may be at
high risk for cardiometabolic diseases in the future, even if
normal weight is maintained. Ibanez et al. (27) recently reported
that children born small for gestational age tend to be viscerally
adipose with hypoadiponectinemia, even if they are not over-
weight. This may support our hypothesis.

In conclusion, our present data suggest that postnatal
growth accompanying adiposity similar to TI may be impor-
tant for premature and/or low birth weight infant to prevent
future development of cardiometabolic diseases. Monitoring
of T- and H-adn could be useful to evaluate the maturation of
adipose tissue in PIs.
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Case Report

An 11-Year-Old Boy with Familial Hypercholesterolemia Showing
Multiple Xanthomas and Advanced Atherosclerosis, Who Responded
to Lipid-Lowering Therapy Using Statin

Tadashi Ohshiro, Tadao Shimabukuro, Makoto Sunagawa, and Takao Ohta

Deparmment of Pediatrics, Faculty of Medicine, University of the Ryukyus, Okinawa, Japan

Familial hypercholesterolemia (FH) is characterized by a high level of LDL-cholesterol (LDL-C) and
a high prevalence of atherosclerotic coronary heart disease; however, hypercholesterolemia is usually
the only clinical finding in children with heterozygous FH in their first decade of life. We report a
case of FH in an 11-year-old boy who presented with multipte xanthomas at both elbows, thickened
Achilles tendons, and hyperplasia of the intima-media complex of the carotid artery. Echocardiogram
revealed partial cakcification of the aortic and mitral valves, but no stenosis of the coronary arteries
was detected on 3D-computed tomography. The activity of LDL receptors was reduced to 32% by
lymphocyte assay. The family history showed vertical transmission of hypercholesterolemia from
father to son, thereby suggesting dominant inheritance. After 12 months of treatment with statin
and resin, his LDL-C decreased from 446 to 220 mg/dL, thickening of the Achilles tendons decreased
from 16-18 mm to 13 mm, and hyperplasia of the intima-media complex decreased from 1.3 mm
to 0.7 mm. These findings suggest that our patient had heterozygous FH. However, based on his
advanced atherosclerosis, we cannot exclude the possibility that our patient may be accompanying

dystipidemia due to causes in addition to heterozygous FH.

J Atheroscler Thromb, 2009; 16:698-701.
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introduction
Familial hypercholesterolemia (FH) is one of the

most common Inherited mectabolism errors, and s
inherited as an autosomal dominant trait”. Homozy-

ote and heterozygote frequencies are estimated to be
1 in 1 million and 1 in 500 in the gencral population,
rcspcctivclyz’. The clinical diagnosis of homozygous
FH (homo FH) is not difficult for a pediatrician
because affected children have cutancous xanthomas
and juvenile atherosclerosis in addition to hypercholes-
terolemia. In contrast, hypercholesterolemia is usually
the only clinical finding in children with heterozygous
FH (hetero FH) in their first decade of life®. Patholog-
ically, atherosclerotic changes in the coronary arteries
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originate during childhood, and the extent of athero-
sclerotic lesions correlates positively with plasma LDL-
cholesterol (LDL-C) levels and negatively with plasma
HDL-cholesterel (HDL-C) levels, even in children and
young adults?. These data suggest that the develop-
ment of atherosclerosis might be accelerated in chil-
dren with hetero FH, even if clinical symptoms are not
observed. Here, we report a possible case of hetero FH
in an 11-year-old boy with advanced atherosclerosis.

Case Prosentation

An 11-year-old boy was referred to our hospital
from a regional hospital and presented with thickened
Achilles tendons, multiple xanthomas on both elbows,
and high levels of toral cholesterol (530 mg/dL). He
had attended a regional hospital for removal of multi-
ple xanthomas on both clbows. The father, who is het-
ero FH, recognized the xanthomas and thickening of
Achilles tendons apparent in his son at the age of 8
years as being similar to his own casc. The patient did
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Fig.2. Radiograph of the Achilles tendons (A) and carotid echogram images of arterial intima-media thickness before statin treat-
ment (B).

Table 2. Results of laboratory tests on admission

Total Cholesterol 524 mg/dL (<220 mg/dL)
LDL-Cholesterol 446 mg/dL (<140 mg/dL)
Triglyceride 273 mg/dL (<140 mg/dL)
HDL-Cholesterol 23 mg/dL (>40 mg/dL)
ApoA-1 59 mg/dL (112-162 mg/dL)
ApoB 249 mg/dL (59-99 mg/dL)
ApoE 11.0 mg/dL (3.0-5.5 mg/dL)
Lp (a) 27 mg/dL (<40 mg/dL)
AST 20 u/dL (14-33 IU/L)

ALT 8 u/dL (4-24 IU/L)

Glucose 75 mg/dL (68-105 mg/dL )
Insulin ' 9.4 pu/mL (2.6-30.7 pu/mL)
Cholestanol 3.4 pg/mL (1-7.9 pg/mL)
Sitosterol 5.1 pg/mL (5.1-9.9 pg/mL)
ApoE Phenortype E3/E3

LDL-receptor activity 32% (101 £10.8%, mean*SD)

Rerefence intervals are shown in parenthesis.

mibe, the LDL-C level was relatively unchanged (220
-240 mg/dL); we are currently adjusting the dosage of
rosuvastatin by measuring the IMT and the thickness
of the Achilles tendons.

Discussion

In children, xanthomas with hypercholesterolemia
are usually found in patients with homo FH or sitos-
terolemia or cerebrotendinous xanthomatosis (CTX)7#.
Similar to sitosterolemia, serum concentrations of cho-
lestanol increase in patients with CTX®. Thus, after
determining serum concentrations of cholestanol and
sitosterol (Table 2, all within normal ranges), sitos-
terolemia and CTX were excluded from the differen-
tial diagnosis in our patient. The leading cause of
homo FH is a loss of function of the LDL receptor

that is inherited in an autosomal-dominant manner.

In addition, homo FH is recessively inherited when
mutations disrupt the function of an adaptor protein
for endocyrosis of the LDL receptor, known as autoso-
mal recessive hypercholesterolemia (ARH)?. The ped-
igree of our patient shows vertical transmission of
hypercholesterolemia from father to son, thereby sug-
gesting an autosomal-dominant manner. In addition,
a low level of LDL-receptor actlvlty and good response
to lipid-lowering therapy using statin suggested that
our patient was very likely to hve hetero FH.
Pathologically, atherosclerotic changes in the cor-
onary arteries originate during childhood, with the
extent of atherosclerotic lesions correlating positively
with plasma LDL-C levels and negatively with plasma
HDL-C levels, even in children and young adults?. In
our preliminary studies (unpublished data), serum
levels of LDL-C, Triglyceride (TG) and HDL-C in
schoolboys with untreated FH were 220%42 mg/dL,
86 % 56 mg/dL and 62 £ 12 mg/dL, respectively (n=24,
meanx SD). Serum levels of LDL-C, TG and HDL-C
in our patient were more than twice (LDL-C and TG)
and less than half (HDL-C) when compared with
average levels, rcspcctlvcly The phenotype of dyslipid-
emia in our patient and his father was type IIb.
reported previously, children with IIb usually showed
lower HDL-C levels than those with normolipidemia
and Ia'®'V. In Japanese adults patients with hetero
FH, 1Ib showcd increased coronary artery disease com-
ared to cases of Ila'?. Furthermore, cases of low
HDL-C had increased coronary artery disease in herero
FH'. Thus, in our patient, carly development of xan-
thomas and advanced atherosclerosis (increased carotid
IMT and thickened Achilles tendons) may have been
caused by the interactions of high LDL-C, high TG
and low HDL-C levels. In this patient, however, coro-
nary artery disease was common in his maternal family,
although their detailed medical histories are not avail-
able at present. Because his mothers serum levels of

LDL-C and HDL-C were within normal ranges, fac-
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