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ISOFAGOMINE TARTRATE Glycogen Phosphorylase Inhibitor
Treatment of Gaucher’s Disease

AT-2101
HGT-3410
NN-42-1007
Plicera™

(3R,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)piperidine L-tartrate

InChI=1/C6H13NO3.C4H6O6/c8-3-4-1-7-2-5(9)6(4)10;5-1(3(7)8)2(6)4(9)10/h4-10H,1-3H2;1-2,5-6H,(H,7,8)(H,9,10)/t4-,5-,6-;1-,2-/m11/s1

C10H19NO9

Mol wt: 297.2592
CAS: 919364-56-0
CAS: 161302-93-8 (hydrochloride)
CAS: 169105-89-9 (free base)
EN: 228804

ABSTRACT

Isofagomine tartrate (AT-2101, HGT-3410, Plicera™) is a new therapeu-
tic candidate for the treatment of Gaucher’s disease, the most common
of the lysosomal storage syndromes, which is characterized by genetic
mutations that result in the production of a defective key enzyme,
β-glucocerebrosidase. This leads to accumulation of the fatty sub-
stance glucocerebroside in the spleen, liver, kidneys, lungs, brain and
bone marrow, which manifests as severe clinical symptoms.
Isofagomine is designed to act as a pharmacological chaperone by
selectively binding to misfolded β-glucocerebrosidase and helping it to
fold correctly, to restore its activity. This new agent is currently under-
going phase II clinical development at Amicus Therapeutics in collab-
oration with Shire Human Genetic Therapies, a business unit of Shire. 

SYNTHESIS

Isofagomine can be synthesized by several different methods start-
ing from a number of different compounds (1-20). Due to space lim-
itations, the numerous methods and schemes of synthesis for
isofagomine have not been included. Subscribers to Integrity® can
access the schemes.

BACKGROUND

Gaucher’s disease is the most common of the lysosomal storage
syndromes, rare inherited metabolic disorders that result from
defects in lysosomal function. It is an autosomal recessive disease
caused by genetic mutations that result in the production of misfold-
ed β-glucocerebrosidase. This enzyme is responsible for the break-
down of glucocerebroside, a specialized fat molecule, to ceramide
and glucose in the lysosome (21, 22). Absent or defective β-gluco-
cerebrosidase enzyme activity leads to build-up of glucocerebroside
inside certain cells, which can, over time, cause inflammation or
damage to specific areas within the body, including the liver, spleen,
bone marrow, lung and the central nervous system (23). 

Three clinical subtypes of Gaucher’s disease have been described.
Type I is non-neuropathic and the most common form. It is prevalent
in individuals of Ashkenazi Jewish descent (N370S missense muta-
tion; with L444P representing the most frequent mutation in the
Western hemisphere) (23). Type II is an acute infantile neuropathic
form that typically occurs within 6 months of birth. Type III is a chron-
ic neuropathic form that can occur during childhood or adulthood. 

The only approved treatment options for Gaucher’s disease are
enzyme replacement therapy (ERT) and substrate reduction therapy
(SRT) (23); however these therapies are associated with significant
side effects. A new therapeutic option for this syndrome is under
development by Amicus Therapeutics in conjunction with Shire
Human Genetic Therapies: the iminosugar isofagomine (AT-2101,
HTG-3410, Plicera™). Isofagomine has completed a U.S. multicenter
phase II study in patients with type I Gaucher’s disease already
receiving ERT (24), along with another clinical study to characterize
the ex vivo response to therapy by testing blood samples from previ-
ously treated and untreated patients with Gaucher’s disease (25). An
additional multicenter phase II study is currently recruiting in the
U.S., the U.K., Germany and Israel to assess the safety and efficacy
of isofagomine in patients with type I Gaucher’s disease who are not
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receiving ERT or SRT (26), and will be followed by a long-term
extension study (27).

PRECLINICAL PHARMACOLOGY

In vitro studies have evaluated the mechanism of action of
isofagomine in N370S fibroblasts. Data from these studies demon-
strate that isofagomine acts as a pharmacological chaperone by
selectively binding to misfolded β-glucocerebrosidase, increasing
enzyme activity by about 3-fold via several mechanisms. After bind-
ing to the enzyme, it is thought that isofagomine promotes the prop-
er folding, processing and trafficking of the enzyme from the endo-
plasmic reticulum to the lysosome at neutral pH. Once it reaches the
lysosome, the pharmacological chaperone is displaced and the
enzyme can perform its normal function (28-30). 

Further experiments in patient skin fibroblasts have also confirmed
that isofagomine enhances the activity of N370S β-glucocerebrosi-
dase (2.3- to 3.0-fold) in all patient samples tested, without signifi-
cantly affecting the growth of wild-type human fibroblasts or normal
human lymphoblasts. Studies in Caco-2 intestinal epithelial cells
also demonstrated that isofagomine is a much weaker inhibitor of
the intestinal disaccharidase enzymes sucrase and isomaltase com-
pared with another iminosugar candidate for Gaucher’s disease,
miglustat. Moreover, isofagomine has little or no inhibitory activity
towards endoplasmic reticulum α-glucosidase II or glucosylce-
ramide synthase at concentrations previously shown to enhance
N370S β-glucocerebrosidase folding and trafficking in Gaucher’s
fibroblasts (31).

Investigations in a knock-in mouse model expressing murine L444P
β-glucocerebrosidase have shown that oral administration of
isofagomine results in a dose-dependent increase in β-glucocere-
brosidase levels (2- to 5-fold) in liver, lung, spleen, skin and, impor-
tantly, brain, with a minimum effective dose of 3 mg/kg. Isofagomine-
mediated increases in L444P β-glucocerebrosidase levels were
selective, as the activities of the lysosomal hydrolases α-galactosi-
dase A, α-glucosidase, β-glucuronidase and β-galactosidase were
not altered by isofagomine treatment in any tissue examined.
Isofagomine also lowered plasma IgG (15%) and chitin III (33%) levels
and treatment for 3-6 months significantly decreased spleen (22%)
and liver (20%) weights in these mice (29, 32).

CLINICAL STUDIES

In a randomized, double-blind phase I clinical trial in 72 healthy vol-
unteers, multiple and single ascending doses of 8, 25, 75, 150 and
300 mg isofagomine were well tolerated, with mostly mild treat-
ment-emergent adverse events. Oral dosing provided good systemic
exposure: plasma AUC and Cmax values were linearly correlated in
both single- and multiple-dose studies, with mean plasma levels
peaking at 3.4 h and a reported elimination half-life of 14 h. In the
multiple-dose study, β-glucocerebrosidase activity in isolated white
blood cells showed a marked increase at days 1, 3, 5 and 7 during
administration of isofagomine (29, 33). 

An ex vivo response study using macrophages and lymphoblasts
derived from Gaucher’s patients with different genotypes (N = 52;
type I Gaucher’s disease) has shown that isofagomine treatment ele-
vates β-glucocerebrosidase levels (mean 2.6-fold), as well as levels

of biomarkers associated with inflammation, bone metabolism, mul-
tiple myeloma and neurodegeneration (34, 35).

SOURCES

Amicus Therapeutics, Inc. (US); being developed in collaboration
with Shire Human Genetic Therapies, a business unit of Shire.

REFERENCES

1 . Pandey, G., Kapur, M. A general strategy towards the synthesis of 1-N-imi-
nosugar type glycosidase inhibitors: Demonstration by the synthesis of D-
as well as L-glucose type iminosugars (isofagomines). Tetrahedron Lett
2000, 41(45): 8821-4.

2. Iida, H. et al. Total synthesis of (+)-nojirimycin and (+)-1-deoxynojirimycin.
J Org Chem 1987, 52(15): 3337.

3. Feit, P.W. 1,4-Bismethanesulfonates of the stereoisomeric butanetetraols
and related compounds. J Med Chem 1964, 7: 14-7.

4. Pandey, G., Kapur, M. A novel approach to both the enantiomers of potent
glycosidase inhibitor isofagomine via PET-promoted cyclization of 1-[ben-
zyl(trimethylsilylmethyl)amino]-1,4,5-trideoxy-2,3-O-(1-methylethylidene)-
threo-pent-4-ynitol. Synthesis (Stuttgart) 2001, (8): 1263-7.

5. Jespersen, T.M., Bols, M., Sierks, M.R., Skrydstrup, T. Synthesis of
isofagomine, a novel glycosidase inhibitor. Tetrahedron 1994, 50(47):
13449-60.

6. Lundgren, K., Kirk, O. (Novo Nordisk A/S). Piperidines and pyrrolidines. EP
0749423, JP 1997509947, JP 2008056688, WO 1995024391.

7. Hansen, S.U., Bols, M. Synthesis of (±)-isofagomine and its stereoisomers
from arecoline. J Chem Soc Perkin Trans I 2000, (6): 911-5.

8. Jakobsen, P., Lundbeck, J.M., Kristiansen, M. et al. Iminosugars: Potential
inhibitors of liver glycogen phosphorylase. Bioorg Med Chem 2001, 9(3):
733-44.

9. Zhao, G., Deo, U.C., Ganem, B. Selective Fowler reductions: Asymmetric
total syntheses of isofagomine and other 1-azasugars from methyl nicoti-
nate. Org Lett 2001, 3(2): 201-3.

10. Mugrace, B., Tretyakov, A., Zhu, X., Sheth, K.A., Rybczynski, P.J., Fuerst,
D. (Amicus Therapeutics, Inc.). New method for preparing isofagomine
and its derivatives. WO 2008144773.

1 1 . Zhu, X., Sheth, A.K., Li, S., Chang, H.-H., Fan, J.-Q. Rational design and
synthesis of highly potent beta-glucocerebrosidase inhibitors. Angew
Chem Int Ed 2005, 44(45): 7450-3.

12. Best, M.W., MacDonald, M.J., Skelton, W.B., Stick, R.V., Tilbrook,D.M.G.,
White, A.H. The synthesis of a carbohydrate-like dihydrooxazine and
tetrahydrooxazine as putative inhibitors of glycoside hydrolases: A direct
synthesis of isofagomine. Can J Chem 2002, 80: 857-65.

13. Mugrage, B., Palling, D., Sheht, K.A., Rybczynski, P.J. (Amicus Therapeu-
tics, Inc.). Tartrate salt of isofagomine and methods of use. EP 1860101, JP
2007314540, WO 2007140212.

14. Andersch, J., Bols, M. Efficient synthesis of isofagomine and noeuromycin.
Chem Eur J 2001, 7(17): 3744.

15. Guanti, G., Riva, R. Asymmetrized tris(hydroxymethyl)methane as precur-
sor of iminosugars: Application to the synthesis of isofagomine. Tetrahe-
dron Lett 2003, 44(2): 357-60.

16. Banfi, L., Guanti, G., Paravidino, M., Riva, R. Asymmetrized tris(hydrox-
ymethyl)methane as a precursor of N- and O-containing 6-membered het-

ISOFAGOMINE TARTRATE Drugs of the Future  2009, 34(1)

24 Monograph



erocycles through ring-closing metathesis. Org Biomol Chem 2005, 3(9):
1729-37.

1 7. Ouchi, H., Mihara, Y., Takahata, H. A new route to diverse 1-azasugars from
N-Boc-5-hydroxy-3-piperidine as a common buiding block. J Org Chem
2005, 70: 5207-14.

18. Ouchi, H., Mihara, Y., Watanabe, H., Takahata, H. A short and concise syn-
thesis of isofagomine, homoisofagomine, and 5-deoxyisofagomine. Tetra-
hedron Lett 2004, 45(38): 7053-6.

19. Mihara, Y., Ojima, H., Imahori, T., Yoshimura, Y., Ouchi, H., Takahata, H.
Asymmetric synthesis of all stereoisomers of isofagomine using (2,3)-Wit-
tig rearrangement. Heterocycles 2007, 72(1): 633-45.

20.. Imahori, T., Ojima, H., Tateyama, H., Mihara, Y., Takahata, H. Acceleration
effect of allylic hydroxy group on ring-closing enyne metathesis of terminal
alkynes: Scope and application to the synthesis of isofagomine. Tetrahe-
dron Lett 2008, 49(2): 265-8.

2 1. Brady, R.O., Kanfer, J.N., Bradley, R.M., Shapiro, D. Demonstration of a
deficiency of glucocerebroside-cleaving enzyme in Gaucher’s disease. J Clin
Invest 1966, 45(7): 1112-5.

22. Grabowski, G.A. Gaucher disease. Enzymology, genetics, and treatment.
Adv Hum Genet 1993, 21: 377-441.

23. Sawkar, A.R., D’Haeze, W., Kelly, J.W. Therapeutic strategies to ameliorate
lysosomal storage disorders — A focus on Gaucher disease. Cell Mol Life
Sci 2006, 63(10): 1179-92.

24. Safety study of AT2101 in adult patients with type 1 Gaucher disease cur-
rently receiving enzyme replacement therapy (NCT00433147). ClinicalTri-
als.gov Web site, January 2, 2009.

25. A study to evaluate and characterize the effect of pharmacological chemi-
cals on blood from patients with Gaucher disease (NCT00465062). Clini-
calTrials.gov Web site, January 2, 2009.

26. A study of oral AT2101 in treatment-naive patients with Gaucher disease
(NCT00446550). ClinicalTrials.gov Web site, January 2, 2009.

2 7. A long-term extension study of AT2101 in type 1 Gaucher patients
(NCT00813865). ClinicalTrials.gov Web site, January 2, 2009.

28. Steet, R.A., Chung, S., Wustman, B., Powe, A., Do, H., Kornfeld, S.A. The
iminosugar isofagomine increases the activity of N370S mutant acid beta-
glucosidase in Gaucher fibroblasts by several mechanisms. Proc Natl Acad
Sci USA 2006, 103(37): 13813-8. 

29. Wustman, B.A., Khanna, R., Palling, D.J. et al. A new therapeutic approach
to the treatment of Gaucher disease: Mechanisms of action of the pharma-
cological chaperone AT2101 and phase 1 trial results. 57th Annu Meet Am
Soc Hum Genet (ASHG) (Oct 23-27, San Diego) 2007, Abst 2256/W.

30. Do, H., Steet, R.A., Wustman, B. et al. A new approach to the treatment of
Gaucher’s disease: Mechanism of enhancement of N370S GCase activity.
Annu Clin Genet Meet (March 21-25, Nashville) 2007, Abst 68.

31. Steet, R., Chung, S., Lee, W.S., Pine, C.W., Do, H., Kornfeld, S. Selective
action of the iminosugar isofagomine, a pharmacological chaperone for
mutant forms of acid-beta-glucosidase. Biochem Pharmacol 2007, 73(9):
1376-83. 

32. Khanna, R., Soska, R., Lun, Y. et al. The pharmacological chaperone
isofagomine increases L444P GCase levels in mice with a Gaucher disease-like
phenotype. Annu Clin Genet Meet (March 21-25, Nashville) 2007, Abst 67. 

33. Palling, D.J., Ludwig, K., Casar, M. et al. Phase 1 studies of the safety, phar-
macokinetics and pharmacodynamics of AT2101, a pharmacological chap-
erone or the treatment of Gaucher disease. Annu Clin Genet Meet (March
21-25, Nashville) 2007, Abst 154.

34. Pine, C.W., Ranes, B.E., Insinga, F. et al. The pharmacological chaperone
AT2101 increases beta-glucocerebrosidase levels in macrophages and lym-
phoblasts derived from Gaucher patients. 57th Annu Meet Am Soc Hum
Genet (ASHG) (Oct 23-27, San Diego) 2007, Abst 2254/W.

35. Pine, C.W., Ranes, B.E., Insinga, F. et al. A Gaucher disease ex vivo
response study: The pharmacological chaperone AT2101 increases levels of
glucocerebroside in patient-derived cells. 39th Eur Hum Genet Conf (June
16-19, Nice) 2007, Abst P1406.

Drugs of the Future  2009, 34(1) ISOFAGOMINE TARTRATE

25Monograph


