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ABSTRACT

Statins are now one of the most prescribed drugs in the world and have made a major impact to
the prevention and treatment of cardiovascular disease, thereby extending the lives of millions of
people across the world. The scientist responsible for the discovery of the first statin, Professor
Akira Endo, was recently honoured for his ‘exceptional contribution to cardiovascular medicine’
by award of the European Society of Cardiology Gold Medal in 2021. Inspired by the work of Sir
Alexander Fleming as a young scientist, Professor Endo pursued a long research career focusing
on fungal enzymes and their potential use in medicine; a journey that eventually led him to the
discovery of statins.
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THE DISCOVERY OF STATINS

Frequently dubbed as the most important drug discovery since penicillin, statins
revolutionized the prevention and management of atherosclerotic cardiovascular disease
and saved millions of lives since their introduction to clinical use in the late 1980s. The
class continues to be the amongst the highest selling pharmaceutical agents in history;
in fact Lipitor (atorvastatin) remains the best-selling drug of all time with lifetime sales
exceeding 150 billion US dollars. This year we celebrate the 5oth anniversary of Professor
Akira Endo’s pioneering work that eventually led to the discovery of the first statin.
Professor Endo was recently honoured for his ‘exceptional contribution to cardiovascular
medicine’ by award of the European Society of Cardiology 2021 Gold Medal’.

From a young age, inspired by his grandfather’s interest science and medicine,

Endo became fascinated by mushrooms and mould, and from the age of 10 dreamt of
becoming a scientist. While studying at the Faculty of Agriculture at Tokohu University,
Endo read Alexander Fleming’s biography and how penicillin was discovered from the
mould Penicillium rubens (Figure 1). This helped him realise the potential of moulds as a
source of pharmacological agents.

After completing a degree, Endo took up a position at the Japanese pharmaceutical
company Sankyo in 1957. Initially, worked on the grape-parasitic fungus, Coniothyrium
diplodiella, isolating a pectinase enzyme that hydrolyzed viscid pectin, which was
subsequently commercialised and used in the fermentation process of wines and ciders.

During the 1960’s Endo went to America to study at Albert Einstein College of Medicine
in New York City. While living in the Bronx he was struck by two things. Firstly, the number
of overweight people and secondly by the number of ambulances he saw attending
elderly people who were having heart attacks?.

During this period Konrad Bloch and Feodor Lynen were awarded the Nobel Prize for
their work on devising the pathway for the synthesis of cholesterol and the
epidemiological link was made between cholesterol and coronary artery disease by Ancel
Keys from the University of Minnesota3™>. In the Seven Countries Study, which followed
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Figure 1. Professor Akira Endo & Sir Alexander Fleming. Akira Endo courtesy of WikiMedia and
reproduced under CC BY 4.0 license. Alexander Fleming courtesy of Imperial War Museum and
reproduced under their IWM Non Commercial Licence.
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15,000 middle-aged men for 10 years, Keys and co-workers were able that show that
there was a linear relationship between blood cholesterol levels and the incidence of
heart attacks®*2. Likewise, the Framingham showed that baseline cholesterol levels were
a predictor of subsequent myocardial infarction years later'.

Prior to the discovery of statin, there was a limited choice of agents with which to try
and lower cholesterol. These ranged from nicotinic acid, which lowered cholesterol and
triglycerides, to clofibrate and its derivatives, the fibrates'#'>. However, these agents
produced only a mild-to-moderate reduction in the circulating levels of cholesterol.

A more effect strategy was the use of the ion-exchange resin, cholestyramine, which
reduced reabsorption of cholesterol from the gut and promoted faecal excretion'®. While
this was highly effective in patient with high levels of cholesterol, it was poorly tolerated
in many".

PATIENCE PAYS OFF

In 1968, Endo resumed his position at Sankyo in Japan and choose to look amongst
moulds and mushrooms for a source of an enzyme that would inhibit 8-hydroxy
B-methylglutaryl-CoA (HMG-CoA) reductase, the enzyme responsible for the rate limiting
step in the synthesis of cholesterol (REF).

At that time the method of measuring HMG-CoA reductase activity (incorporation of
[*4C]JHMG-CoA into mevalonate) was prohibitively expensive'®. As an alternative Endo
searched for broths of moulds that could convert [*4C]-acetate into non-saponifiable
lipids. Broths that showed activity were then tested for their ability to inhibit lipid
synthesis from [2H]-mevalonate. Broths that showed activity in the first assay, but not
the second were assumed to contain compound(s) with the potential to slow cholesterol
synthesis somewhere in the pathway between acetate and mevalonate.

It took a year and the screening of 3,800 fungi before he found a broth with potential
activity against inhibition of cholesterol synthesis. The active constituent was found to be
a substance called citrinin®. Citrinin was subsequently found to be a potent inhibitor of
HMG-CoA reductase activity and capable of lowering cholesterol in rats. However, citrinin
also show high levels of renal toxicity?.

Another year of work passed before a second broth of a blue—green mold, Penicillium
citrinum was found that showed activity for the inhibition of cholesterol synthesis
(Figure 2). The mould in question had been taken from some rice obtained from a local
shop in Kyoto, that was similar to the mould commonly found on fruits like oranges. Due

Figure 2. Penicillium citrinum, Aspergillus terreus and Monascus ruber. (Reproduced with
permission by Yuri from Fun With Microbiology (What's Buggin’ You?) http:/fthunderhouse-
yuri.blogspot.com/2015/08 fpenicillium-citrinum.html).



Page 4 of 6
Chester & El Guindy. GCSP 2021:32

to the low productivity of the broth, it took a further year before the active constituents
could be isolated. Three compounds were eventually shown to have activity, the most
active of these was initially termed ML-236B and later called compactin@°.

Compactin shared structural similarities with HMG-CoA and proved to be a potent
competitive inhibitor of HMG-CoA reductase®°. Subsequent in vitro characterisation
of the effect of compactin on culture cells meant it wasn’t until 1976 that Endo was
able to publish his findings on the discovery and characterisation of compactin as the
first statin®*. The development of compactin as a drug received a set-back when the
compound was tested in rats, where it failed to show any significant effect. It was found
that when it was first given there was an initial lowering of serum cholesterol within 8 h,
but this effect was lost after repeated dosing??. It took a further 2 years to work out that
there was a compensatory increase in HMG-CoA reductase expression in the liver of the
rats that masked the effect of the drug in the serum. A second set-back was the detection
of micro crystals in the livers of rat fed very high doses of compactin, however, these
were eventually found to be microcrystalline structures of non-toxic cholesterol®.

Towards the end of the 19705 Sankyo started Phase | and Il clinical trials with
compactin. In the Phase Il trial, all participating hospitals reported positive effects
of compactin in patients with severe hypercholesterolemia, with an excellent safety
profile. However, after the trial was completed, Sankyo halted work on the drug based
on the observation that high doses of compactin were associated with development of
lymphomas in dogs, even though these very high doses were unlikely ever to be used
clinically?.

Inspired by Endo’s work at Sankyo, several other pharmaceutical companies started to
search for compounds with cholesterol lowering properties. Meanwhile Endo relocated
to the Tokyo University of Agriculture and Technology where he continued his own work.
Independently, researchers from Merck and Endo isolated a compound with HMG-CoA
reductase inhibitory activity form Aspergillus terreus and Monascus ruber
respectively®*23. While, these compounds were initially given different names, further
work showed them to have the same chemical structure, which was then named
lovastatin.

Progress with lovastatin was initially stalled due to the news of the development
of cancer in dogs with compactin due to the similarities in chemical structure with
lovastatin. However, observations that showed lovastatin induced an up regulation of
LDL receptors and a large fall in plasma LDL, an effect that was also shown to be shared
with compactin?4. These reports rekindled interest in lovastatin and in 1982 researchers
from the University of Texas started studies in humans with hypercholesteremia, which
showed dramatic activity in lowering LDL cholesterol?5. Soon after Merck started large
scale clinical trials with lovastatin which confirmed the effects on reducing cholesterol
levels and showed the drug to be well tolerated with no evidence of tumors®®. In
September 1987 lovastatin was approved by the FDA and became the first statin available
for clinical use.

Since the approval for the use of lovastatin, several naturally occurring and some
synthetic statins have been developed and are in clinical use®” (Figure 3). The vision
and determination shown by Professor Endo to develop this class of drug serves as an
excellent example of the commitment and perseverance required for the discovery of new
drugs. His work laid the foundations for drugs that have made a significant impact in our
ability to prolong the lives of patients with cardiovascular disease.
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Figure 3. Chemical structure of natural, semi-synthetic, and synthetic statins. Reproduced under
CC BY licence from /. Fungi 2016, 2(2), 13; https://doi.org/10.3390/j0f2020013.

REFERENCES

1] Nicholls M. ESC 2021 gold medal recipients. European Heart journal. 2021;42:4415—4417 doi:
10.1093/eurheartj/ehab662.

[2] Endo A. A historical perspective on the discovery of statins. Proc Jon Acad Ser B Phys Biol Sci.
2010;86:484-493 doi: 10.2183/pjab.86.484.

[3] Kennedy EP, Westheimer FH. Nobel Laureates: Bloch and Lynen Win Prize in medicine and physiology.
Science. 1964;146:504—506 doi: 10.1126/science.146.3643.504.

[4] Keys A, Anderson JT, Fidanza F, Keys MH, Swahn B. Effects of diet on blood lipids in man, particularly
cholesterol and lipoproteins. Clinical Chemistry. 1955;1:34—52.

[5] Keys A, et al. Epidemiological studies related to coronary heart disease: characteristics of men aged
40-59 in seven countries. Acta Med Scand Suppl. 1966;460:1-392.

[6] Taylor HL, et al. Coronary heart disease in seven countries. IV. Five-year follow-up of employees of
selected U.S. railroad companies. Circulation. 1970;41:120—139 doi: 10.1161/01.Cir.41.451.i-20.

[71 Aravanis C, Corcondilas A, Dontas AS, Lekos D, Keys A. Coronary heart disease in seven countries. IX.
The Greek islands of Crete and Corfu. Circulation. 1970;41:188—100 doi: 10.1161/01.Cir.41.451.i-88.

[8] BuzinaR, et al. Coronary heart disease in seven countries. V. Five-year follow-up in Dalmatia and
Slavonia. Circulation. 1970;41:140-151 doi: 10.1161/01.Cir.41.451.i-40.

[o] FidanzaF, PudduV, Imbimbo AB, Menotti A, Keys A. Coronary heart disease in seven countries. VII. Five-
year experience in rural Italy. Circulation. 1970;41:163—I75 doi: 10.1161/01.Cir.41.451.i-63.

[10] Kimura N, Keys A. Coronary heart disease in seven countries. X. Rural southern Japan. Circulation.
1970;41:1101-1112.

[11] Taylor HL, Menotti A, Puddu V, Monti M, Keys A. Coronary heart disease in seven countries. XI. Five years
of follow-up of railroad men in Italy. Circulation. 1970;41:1113—1122 doi: 10.1161/01.Cir.41.451.i-113.

[12] Blackburn H, Taylor HL, Keys A. Coronary heart disease in seven countries. XVI. The electrocardiogram
in prediction of five-year coronary heart disease incidence among men aged forty through fifty-nine.
Circulation. 1970;41:1154—1161 doi: 10.1161/01.Cir.41.451.i-154.

[13] Kannel WB, Dawber TR, Kagan A, Revotskie N, Stokes 3rd J. Factors of risk in the development of
coronary heart disease—six year follow-up experience. The framingham study. Annals of Internal
Medicine. 1961;55:33—-50 doi: 10.7326/0003-4819-55-1-33.

[14] Altschul R, Hoffer A, Stephen JD. Influence of nicotinic acid on serum cholesterol in man. Archives of
Biochemistry and Biophysics. 1955;54:558—-559 doi: 10.1016/0003-9861(55)90070-9.

[15] Thorp JM, Waring WS. Modification of metabolism and distribution of lipids by ethyl
chlorophenoxyisobutyrate. Nature. 1962;194:948-949 doi: 10.1038/194948a0.

[16] Tennent DM, et al. Plasma cholesterol lowering action of bile acid binding polymers in experimental
animals. Journal of Lipid Research. 1960;1:469—473.

[17] Thompson WG. Cholestyramine. Canadian Medical Association Journal. 1971;104:305-309.

[18] Goldfarb S, Pitot HC. Improved assay of 3-hydroxy-3-methylglutaryl coenzyme A reductase. Journal of
Lipid Research. 1971;12:512—515.

[19] Endo A, Kuroda M, Citrinin. an inhibitor of cholesterol synthesis. J Antibiot (Tokyo). 1976;29:841—843 doi:
10.7164/antibiotics.29.841.

[20] Endo A, Tsujita Y, Kuroda M, Tanzawa K. Inhibition of cholesterol synthesis in vitro and in vivo by
ML-236A and ML-236B, competitive inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A reductase.
European Journal of Biochemistry / FEBS. 1977;77:31—36 doi: 10.1111/].1432-1033.1977.tb11637.x.

[21] Endo A, Kuroda M, Tanzawa K. Competitive inhibition of 3-hydroxy-3-methylglutaryl coenzyme A

reductase by ML-236A and ML-236B fungal metabolites, having hypocholesterolemic activity. FEBS

Letters. 1976;72:323—326 doi: 10.1016/0014-5793(76)80996-9.


http://dx.doi.org/10.1093/eurheartj/ehab662
http://dx.doi.org/10.2183/pjab.86.484
http://dx.doi.org/10.1126/science.146.3643.504
http://dx.doi.org/10.1161/01.cir.41.4s1.i-20
http://dx.doi.org/10.1161/01.cir.41.4s1.i-88
http://dx.doi.org/10.1161/01.cir.41.4s1.i-40
http://dx.doi.org/10.1161/01.cir.41.4s1.i-63
http://dx.doi.org/10.1161/01.cir.41.4s1.i-113
http://dx.doi.org/10.1161/01.cir.41.4s1.i-154
http://dx.doi.org/10.7326/0003-4819-55-1-33
http://dx.doi.org/10.1016/0003-9861(55)90070-9
http://dx.doi.org/10.1038/194948a0
http://dx.doi.org/10.7164/antibiotics.29.841
http://dx.doi.org/10.1111/j.1432-1033.1977.tb11637.x
http://dx.doi.org/10.1016/0014-5793(76)80996-9

Page 6 of 6
Chester & El Guindy. GCSP 2021:32

Endo A, Tsujita Y, Kuroda M, Tanzawa K. Effects of ML-236B on cholesterol metabolism in mice and rats:
lack of hypocholesterolemic activity in normal animals. Biochimica et Biophysica Acta/General Subjects.
1979;575:266—276.

Alberts AW, et al. Mevinolin: a highly potent competitive inhibitor of hydroxymethylglutaryl-coenzyme
Areductase and a cholesterol-lowering agent. Proceedings of the National Academy of Sciences of the
United States of America. 1980;77:3957—3961 doi: 10.1073/pnas.77.7.3957.

Vagelos PR. Are prescription drug prices high?. Science. 1991;252:1080-1084

doi: 10.1126/science.252.5009.1080.

Brown MS, Dana SE, Goldstein JL. Regulation of 3-hydroxy-3-methylglutaryl coenzyme A reductase
activity in cultured human fibroblasts. Comparison of cells from a normal subject and from a

patient with homozygous familial hypercholesterolemia. The Journal of Biological Chemistry .
1974;249:789-796.

Therapeutic response to lovastatin (mevinolin) in nonfamilial hypercholesterolemia. A multicenter
study. The Lovastatin Study Group Il. Journal of the American Medical Association. 256:2829—2834 doi:
10.1001/jama.1986.03380200067023.

Tiwari R, Pathak K. Statins therapy: a review on conventional and novel formulation approaches. journal
of Pharmacy and Pharmacology . 2011;63:983—-998 doi: 10.1111/].2042-7158.2011.01273 X.


http://dx.doi.org/10.1073/pnas.77.7.3957
http://dx.doi.org/10.1126/science.252.5009.1080
http://dx.doi.org/10.1001/jama.1986.03380200067023
http://dx.doi.org/10.1111/j.2042-7158.2011.01273.x

