CHAPTER 29

MYCOPHENOLIC ACID

Mycophenolic acid (MPA) is an antiproliferative agent
which has recently been used as an immunosuppressive
drug.! MPA presents in the forms of mycophenolate
mophetil (MMF) (CellCept, Roche) and enteric coated
mycophenolate sodium (MPS) (Myfortic, Novartis) in
the market.
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Figure 1. Chemical formulas of mycophenolic acid, mycophe-
nolate mophetil and mycophenolate sodium

CHEMICAL STRUCTURE AND HISTORICAL
DEVELOPMENT

MPA was first isolated in 1896 by Gozio as a fermen-
tation product of Penicillium stoloniferum cultures.
Detailed features were described in 1913 by Alsberg
and Black, and MPA was reported as a dibasic acid
which was soluble in oil and its formula was defined
as C17H20062 Poor antibacterial, antiviral, antifungal
effects of MPA were described subsequently. After the
documentation of its antimitotic effects in mammalian
cells in 1960, it was accepted as a potential antitumor
agent. Inhibition of de novo purine synthesis which
was the main mechanism of action was reported by
Franklin and Cook.* Immunosuppressive features of
MPA were described.® Effects of MPA on lympho-
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cyte functions were shown.” MMEF, was developed as
a prodrug which was a semi synthetic 2 morpholino
ethyl ester form of MPA.°

MMF had initially been used in the treatment of rheu-
matoid arthritis.” MPA was started to be used for the
treatment of psoriasis in 1975.% However, it was dis-
continued due to its side effects. Clinical trials were
held in renal transplant patients in 1988.° MMF was
approved by FDA in 1995 for prophilaxis and manage-
ment of rejection treatment after kidney transplanta-
tion.” MMF was approved for heart transplantation
and then for liver transplantation in 2000 to prevent
allograft rejection.”” In the following years, MPS salt
was developed subsequently to reduce gastrointestinal
side effects.! (Figure 1). MMF and MPS are both hy-
drolyzed into MPA in intestine, blood, liver and tissue.'?

MECHANISMS OF ACTION

MPA is a powerful, selective, noncompetitive and re-
versible inhibitor of inosine-5’-monophosphate dehy-
drogenase (IMPDH) which is a rate-limiting enzyme
in the synthesis of de novo guanosine monophos-
phate.® MPA is more sensitive for IMPDH type 2 which
is specific to lymphocytes whereas type I is expressed
in most cell types.”* MPA reduces guanosin and deox-
yguanosine nucleotides in T and B lymphocytes and
therefore inhibits the production of immunoglobu-
lins. Although MPA reduces guanosine triphosphate
and deoxyguanosine triphosphate in lymphocytes, the
same effect is not seen in neutrophils. Hypoxanthine
guanine phosphoribosyltransferase (HGPRT) salvage
pathway may also contribute to the purine synthesis.
However, this pathway exists in most of the cells except
lymphocytes. This contributes to the more selective in-
hibition of lymphocytes by MPA whereas other cells are
relatively spared.” Besides, MPA inhibits maturation of
dendritic cells and reduces antigen presentation to T
lymphocytes. MPA decreases the activity of monocytes
in graft rejection and inflammation region.»'*'*

MMEF has antiinflammatory activity. MMF inhibits the
glycosylation of lymphocytes and monocytes glycopro-
teins which participate in adhesion to the endothelial
cells. Thus, adhesion of lymphocytes and monocytes
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calcineurin inhibitors stimulate transforming growth
factor-beta which is fibrogenic whereas MMF does not.
MMEF inhibits arterial smooth muscle cell proliferation
and does not increase blood pressure, cholesterol, and
triglycerides levels. Besides, it reduces HDL oxidation.®

POTENTIAL USES IN THE FUTURE

Recent studies focused on whether MMF has potential
role in the treatment of atherosclerosis due to its an-
tiproliferative and proapopitotic effects of MMFE on
T cells, antiatherogenic effects on endothelial cells,
monocytes and macrophages, smooth muscle cells and
dendritic cells and antioxidative effects.*

REFERENCES

1.

10.

11.

12.

Eugui EM, Allison AC. Immunosuppressive activity of my-
cophenolate mofetil. Ann N Y Acad Sci 1993;23:685:309-
29.

Alsberg CL, Black OF. Contribution to the study of maize
deterioration. Biochemical and toxicological investiga-
tions of Penicillium puberulum and Penicillium stolon-
iferum. US Dept Agr Bur Plant Ind. 1913;270:1-48.

Franklin TJ, Cook JM. The inhibition of nucleic acid synthe-
sis by mycophenolic acid. Biochem J. 1969;113(3):515-
24.

Mitsui A, Suzuki S. Immunosuppressive effect of myco-
phenolic acid. J Antibiot (Tokyo). 1969;22(8):358-63.

Eugui EM, Almquist SJ, Muller CD, Allison AC. Lympho-
cyte-selective cytostatic and immunosuppressive effects
of mycophenolic acid in vitro: role of deoxyguanosine
nucleotide depletion. Scand J Immunol. 1991;33(2):161-
73.

Lee WA, Gu L, Miksztal AR, Chu N, Leung K, Nelson PH.
Bioavailability improvement of mycophenolic acid through
amino ester derivatization. Pharm Res. 1990;7(2):161-6.

Goldblum R. Therapy of rheumatoid arthritis with myco-
phenolate mofetil. Clin Exp Rheumatol. 1993;11(8):117-
9.

Jones EL, Epinette WW, Hackney VC, Menendez L, Frost
P. Treatment of psoriasis with oral mycophenolic acid. J
Invest Dermatol. 1975;65(6):537-42.

Sollinger HW, Belzer FO, Deierhoi MH, Diethelm AG, Gon-
wa TA, Kauffman RS, Klintmalm GB, McDiarmid SV, Rob-
erts ], Rosenthal JT, et al. RS-61443 (mycophenolate
mofetil). A multicenter study for refractory kidney trans-
plant rejection. Ann Surg. 1992;216(4):513-8; discus-
sion 518-9.

Park H. The emergence of mycophenolate mofetilin der-
matology: from its roots in the world of organ transplan-
tation to its versatile role in the dermatology treatment
room. J Clin Aesthet Dermatol. 2011;4(1):18-27.

Myfortic® (mycophenolic acid) delayed release tablets.
Prescribing information. Available online at: www.phar-
ma.us.novartis.com/product/pi/pdf/myfortic.pdf [ac-
cessed 8.2.2015].

Staatz CE, Tett SE. Clinizal pharmacokinetics and phar-
macodynamics of mycophenolate in solid organ trans-
plant recipients. Clin Pharmacokinet 2007; 46: 13-58.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

Carr SF, Papp E, Wu JC, Natsumeda Y. Characterization
of human type I and type II IMP dehydrogenases. ] Biol
Chem. 1993;268(36):27286-90.

Villarroel MC, Hidalgo M, Jimeno A. Mycophenolate
mofetil: An update. Drugs Today 2009;45(7):521-32.

Ransom JT. Mechanism of action of mycophenolate
mofetil. Ther Drug Monit 1995, 17:681-684.

Senda M, Delustro B, Eugui E, Natsumeda Y. Mycopheno-
lic acid, an inhibitor of IMP dehydrogenase that is also an
immunosuppressive agent, suppresses the cytokine-in-
duced nitric oxide production in mouse and rat vascular
endothelial cells. Transplantation. 1995;60(10):1143-8.

Jhonson RJ, Feehally J, Floege J. Compherensive Clinical
Nephorology 2015, 5th edition

Robert S. Gaston. Kidney Transplantation: Principles and
Practice Mycophenolates. Chapter 18

Bullingham RE, Nicholls AJ, Kamm BR. Clinical pharma-
cokinetics of mycophenolate mofetil. Clin Pharmacoki-
net. 1998;34(6):429-55.

Orvis AK, Wesson SK, Breza TS Jr, Church AA, Mitchell
CL, Watkins. Mycophenolate mofetil in dermatology. J
Am Acad Dermatol. 2009;60(2):183-99; quiz 200-2.

Cell Cept® (mycophenolate mofetil) full prescribing in-
formation. Available online at: www.cellcept.com/cell-
cept/resources.htm (accessed 8.2.2015).

Yao X, Huang H, Wei C, Chen Y, Peng W, Xie W, Chen
J. Limited Sampling Strategy for Mycophenolic Acid in
Chinese Kidney Transplant Recipients Receiving Enter-
ic-Coated Mycophenolate Sodium (EC-MPS) and Tacro-
limus during the Early Post-transplantation Phase. Ther
Drug Monit. 2015. [Epub ahead of print]

Merion RM, Henry ML, Melzer JS, Sollinger HW, Suther-
land DE, Taylor RJ. Randomized, prospective trial of
mycophenolate mofetil versus azathioprine for preven-
tion of acute renal allograft rejection after simultane-
ous kidney-pancreas transplantation. Transplantation.
2000;70(1):105-11.

Zuckermann A, Klepetko W, Birsan T, Taghavi S, Arte-
miou O, Wisser W, Dekan G, Wolner E. Comparison be-
tween mycophenolate mofetil- and azathioprine-based
immunosuppressions in clinical lung transplantation. J
Heart Lung Transplant. 1999;18(5):432-40.

Longo DL, Kasper DL, Jameson JL, Fauci AS, Hauser
SL, Loscalzo J. Harrison’s Principles of Internal Medicine
2012, 18th edition

Moore RA, Derry S. Systematic review and meta-anal-
ysis of randomised trials and cohort studies of myco-
phenolate mofetil in lupus nephritis. Arthritis Res Ther
2006;8(6):R182

Harnicar S, Ponce DM, Hilden P, Zheng ], Devlin SM,
Lubin M, Pozotrigo M, Mathew S, Adel N, Kernan NA,
O'Reilly R, Prockop S, Scaradavou A, Hanash A, Jeng R,
van den Brink M, Giralt S, Perales MA, Young JW, Barker
JN. Intensified Mycophenolate Mofetil Dosing and Higher
Mycophenolic Acid Trough Levels Reduce Severe Acute
Graft-versus-Host Disease After Double-Unit Cord Blood
Transplantation. Biol Blood Marrow Transplant. 2015.
[Epub ahead of print]

Jeong H, Kaplan B. Therapeutic Monitoring of Mycophe-
nolate Mofetil. Clin J Am Soc Nephrol 2007; 2: 184-191.



224
]

IMMUNMODULATORS IN DERMATOLOGY

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Burns TM, Sanders DB, Kaminski H], Wolfe GI,
Narayanaswami P. Two steps forward one step back;
Mycophenolate mofetil use for myasthenia gravis in the
United States. Muscle Nerve. 2015. [Epub ahead of print]

Fallah Arani S, Waalboer Spuij R, Nijsten T, Neumann HA,
Thio B. Enteric-coated mycophenolate sodium in psori-
asis vulgaris: an open pilot study. J Dermatolog Treat.
2014;25(1):46-9.

Neuber K, Schwartz I, Itschert G, Dieck AT. Treatment
of atopic eczema with oral mycophenolate mofetil. Br ]
Dermatol. 2000;143(2):385-91.

Haeck IM, Knol MJ, Ten Berge O, van Velsen SG, de
Bruin-Weller MS, Bruijnzeel-Koomen CA. Enteric-coat-
ed mycophenolate sodium versus cyclosporin A as long
term treatment in adult patients with severe atopic der-
metitis: a randomized controlled trial. J Am Acad Derma-
tol. 2011;64(6):1074-84.

Thomson MA, Stewart DG, Lewis HM. Chronic actinic
dermatitis treated with mycophenolate mofetil. Br J Der-
matol. 2005;152(4):784-6.

Pickenacker A, Luger TA, Schwarz T. Dyshidrotic ecze-
ma treated with mycophenolate mofetil. Arch Dermatol.
1998;134(3):378-9.

Li J, Chong AH, Green J, Kelly R, Baker C. Mycophe-
nolate use in dermatology: a clinical audit. See com-
ment in PubMed Commons belowAustralas J Dermatol.
2013;54(4):296-302.

Cozzani E, Cinotti E, Felletti R, Pelucco D, Rebora A, Paro-
di A. Amyopathic dermatomyositis with lung involvement
responsive to mycophenolate mofetil. Immunopharma-
col Immunotoxicol. 2013;35(6):687-92.

Doukaki S, Platamone A, Alaimo R, Bongiorno MR. My-
cophenolate mofetil and enteric-coated mycophenolate
sodium in the treatment of pemphigus vulgaris and pem-
phigus foliaceus. J Dermatolog Treat. 2015;26(1):67-72.

Ruocco E, Wolf R, Ruocco V, Brunetti G, Romano F, Lo
Schiavo A. Pemphigus: associations and manage-
ment guidelines: facts and controversies. Clin Derma-
tol. 2013;31(4):382-90.

De Simone C, Caldarola G, Perino F, Venier A, Guerrie-
ro G. Enteric-coated mycophenolate sodium as a ste-
roid-sparing agent in pemphigus treatment: a retrospec-
tive study. Dermatol Ther. 2012;25(2):219-22.

Wee ]S, Shirlaw PJ, Challacombe SJ, Setterfield JF. Effi-
cacy of mycophenolate mofetil in severe mucocutaneous
lichen planus: a retrospective review of 10 patients. Br J
Dermatol. 2012;167(1):36-43.

Deen K, McMeniman E. Mycophenolate mofetil in erosive
genital lichen planus: A case and review of the literature.
J Dermatol. 2015;42(3):311-4.

Raghavendran RR, Humphreys F, Kaur MR. Successful
use of mycophenolate mofetil to treat severe chronic
urticaria in a patient intolerant to ciclosporin. Clin Exp
Dermatol. 2014;39(1):68-9.

Stern ST, Tallman MN, Miles KK, Ritter JK, Dupuis RE,
Smith PC. Gender-related differences in mycophenolate
mofetil-induced gastrointestinal toxicity in rats. Drug Me-
tab Dispos. 2007;35(3):449-54.

Eskin-Schwartz M, David M, Mimouni D. Mycophenolate
mofetil for the management of autoimmune bullous dis-
eases. Immunol Allergy Clin North Am. 2012;32(2):309-
15.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Maurizio Salvadoria, Herwig Holzerb, Angelo de Mat-
tosc, Hans Sollingerd, Wolfgang Arnse, Federico Op-
penheimerf, Jeff Macag and Michael. Enteric-Coated
Mycophenolate Sodium is Therapeutically Equivalent to
Mycophenolate Mofetil in de novo Renal Transplant Pa-
tients Hallg on behalf of the ERL B301 Study Groups.
American Journal of Transplantation 2003;4:231-236.

Jacobson PA, Schladt D, Oetting WS, Leduc R, Guan
W, Matas AJ, Lamba V, Mannon RB, Julian BA, Israni A;
DeKAF investigators. Genetic determinants of mycophe-
nolate-related anemia and leukopenia after transplanta-
tion. Transplantation. 2011;91(3):309-16.

Hambach L, Stadler M, Dammann E, Ganser A, Her-
tenstein B. Increased risk of complicated CMV infection
with the use of mycophenolate mofetil in allogene-
ic stem cell transplantation. Bone Marrow Transplant.
2002;29(11):903-6.

Mycophenolate mofetil in cadaveric renal transplanta-
tion. US Renal Transplant Mycophenolate Mofetil Study
Group. Am J Kidney Dis. 1999;34(2):296-303.

R. Robson, J.M. Cecka, G. Opelz, M. Budde, S. Sacks.
Prospective Registry-Based Observational Cohort Study
of the Long-Term Risk of Malignancies in Renal Trans-
plant Patients Treated with Mycophenolate Mofetil.
American Journal of Transplantation 2005; 5: 2954-2960

Anderka MT, Lin AE, Abuelo DN, Mitchell AA, Rasmussen
SA. Reviewing the evidence for mycophenolate mofetil
as a new teratogen: case report and review of the litera-
ture. Am J Med Genet A. 2009;149A(6):1241-8.

Gimenez F, Foeillet E, Bourdon O, Weller S, Garret C,
Bidault R, Singlas E. Evaluation of pharmacokinetic in-
teractions after oral administration of mycophenolate
mofetil and valaciclovir or aciclovir to healthy subjects.
Clin Pharmacokinet. 2004;43(10):685-92.

Kuypers DR, Verleden G, Naesens M, Vanrenterghem Y.
Drug interaction between mycophenolate mofetil and ri-
fampin: possible induction of uridine diphosphate-glucu-
ronosyltransferase. Clin Pharmacol Ther. 2005;78(1):81-
8.

Cattaneo D, Perico N, Gaspari F, Gotti E, Remuzzi G.
Glucocorticoids interfere with mycophenolate mofetil
bioavailability in kidney transplantation.. Kidney Int.
2002;62(3):1060-7.

Cattaneo D, Merlini S, Zenoni S, Baldelli S, Gotti E,
Remuzzi G, Perico N. Influence of co-medication with
sirolimus or cyclosporine on mycophenolic acid pharma-
cokinetics in kidney transplantation. Am J Transplant.
2005;5(12):2937-44.

Morii M, Ueno K, Ogawa A, Kato R, Yoshimura H, Wada K,
Hashimoto H, Takada M, Tanaka K, Nakatani T, Shibaka-
wa M. Impairment of mycophenolate mofetil absorption
by iron ion. Clin Pharmacol Ther. 2000;68(6):613-6.

Pieper AK, Buhle F, Bauer S, Mai I, Budde K, Haffner
D, Neumayer HH, Querfeld U. The effect of sevelamer
on the pharmacokinetics of cyclosporin A and mycophe-
nolate mofetil after renal transplantation. Nephrol Dial
Transplant. 2004;19(10):2630-3.

Kato R, Ooi K, Ikura-Mori M, Tsuchishita Y, Hashimoto
H, Yoshimura H, Uenishi K, Kawai M, Tanaka K, Ueno K.
Impairment of mycophenolate mofetil absorption by cal-
cium polycarbophil. J Clin Pharmacol. 2002;42(11):1275-
80.



CHAPTER 30: MYCOPHENOLIC ACID

225

58.

59.

60.

Sankatsing SU, Hoggard PG, Huitema AD, Sparidans RW,
Kewn S, Crommentuyn KM, Lange JM, Beijnen JH, Back
DJ, Prins JM. Effect of mycophenolate mofetil on the
pharmacokinetics of antiretroviral drugs and on intracel-
lular nucleoside triphosphate pools. Clin Pharmacokinet.
2004;43(12):823-32.

Cattaneo D, Merlini S, Zenoni S, Baldelli S, Gotti E,
Remuzzi G, Perico N. Influence of co-medication with
sirolimus or cyclosporine on mycophenolic acid pharma-
cokinetics in kidney transplantation. Am J Transplant.
2005;5(12):2937-44.

Femia AN, Vleugels RA, Callen JP. Cutaneous dermato-
myositis: an updated review of treatment options and in-

61.

62.

63.

ternal associations. Am J Clin Dermatol. 2013;14(4):291-
313.

Zwerner J, Fiorentino D. Mycophenolate mofetil. Derma-
tol Ther. 2007;20(4):229-38.

Anthony C. Allison, Elsie M. Eugui. Mycophenolate
mofetil and its mechanisms of action. Immunopharma-
cology 2000;47(2-3):85-118.

Olejarz W, Bryk D, Zapolska-Downar D. Mycopheno-
late mofetil--a new atheropreventive drug? Acta Pol
Pharm. 2014;71(3):353-61.



