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The synthesis and pharmacological activity of reversible CPT I inhibitors as potential antiketotic
and antidiabetic drugs are reported. Such inhibitors constitute a series of enantiomerically
pure aminocarnitine derivatives having the general formula (CH3)3N+CH2CH(ZR)CH2COO-

(with Z ) ureido, carbamate, sulfonamide, and sulfamide moieties; R ) C7-C14 linear alkyl
chains). A primary pharmacological screening based on the evaluation of CPT I activity in
intact rat liver (L-CPT I) mitochondria revealed the best activity for the (R) forms of ureidic
derivative 17 (ZR ) NHCONHR, R ) C14), sulfonamidic derivative 7 (ZR ) NHSO2R, R ) C12),
and sulfamidic derivative 9 (ZR ) NHSO2NHR, R ) C11). The IC50 values are 1.1, 0.7, and 0.8
µM, respectively. For the carbamic derivative 11 (ZR ) NHCOOR, R ) C8), an IC50 of 9.5 µM
was observed. In addition, an extraordinarily high selectivity toward the liver isoform with
respect to the heart isoform (muscle-CPT I ≡ M-CPT I) was found for the ureidic compound 17
(IC50(M-CPT I) vs IC50(L-CPTI) ) 39.4), as well as for other ureidic or carbamic compounds.
Diabetic db/db mice treated orally with 17 and 7 for 45 days at a dose of 50 mg/kg twice a day
showed a good reduction of serum glucose levels with respect to the untreated db/db mice (p <
0.01). In addition, 17 showed antiketotic activity in normal fasted rats. 17 has been selected
for development as a potential antiketotic and antidiabetic drug.

Introduction
Diabetes mellitus is the only noninfectious disease

recognized as epidemic by the World Health Organiza-
tion because of its worldwide diffusion, expecially in
Western life-style countries. It can be divided into two
major categories: type I, or insulin-dependent diabetes
mellitus (IDDM), and the more common type II, or non-
insulin-dependent diabetes mellitus (NIDDM), the latter
accounting for more than 90% of all diabetic patients.
In type II diabetes, characterized by insulin resistance
and inadeguate â-cells activity, increased fatty acid
oxidation contributes greatly to hyperglycemia by for-
mation of high levels of acetyl-coenzyme A, ATP, and
NADH, which increase gluconeogenesis and thus he-
patic glucose production.1,2 The mitochondrial oxidation
of long-chain fatty acids requires the intervention of two
membrane-bound carnitine-dependent long-chain acyl-
transferases, also known as carnitine palmitoyltrans-
ferases (CPT I and CPT II).3 CPT I, the outer mitochon-
drial membrane enzyme present as two isoforms known

as liver (L-CPT I) and muscle (M-CPT I) isoforms,
catalyzes the formation of long-chain acylcarnitines.
CPT II, the inner mitochondrial membrane enzyme
present as a single isoform, reconverts long-chain acyl-
carnitines into long-chain acyl coenzyme A thioesters.
A third protein, acylcarnitine translocase, is delegated
to the transport across the membrane. Long-chain acyl-
CoAs are then â-oxidized to acetyl-coenzyme A, which
activates the key gluconeogenetic enzyme pyruvate
carboxylase.4 CPT inhibitors indirectly reduce liver
gluconeogenesis by lowering the level of acetyl-coenzyme
A and are hence helpful in the treatment of type II
diabetes as hypoglycemic agents.5,6

Oxirane carboxylates, such as etomoxir and methyl
2-tetradecylglycidate,5 are reported to be irreversible
inhibitors of CPT systems, performing good activity as
hypoglycemic compounds. It is worth noting that their
clinical development as hypoglycemic agents was dis-
continued possibly because they are equally active in
inhibiting both L- and M-CPT I isoforms. Side effects
such as cardiac hypertrophy have also been observed.7
Quite recently, scientists from Novartis (Sandoz at the
time) have designed and evaluated carnitine derivatives
as reversible inhibitors of L-CPT I, with a partial
selectivity for L-CPT I versus the M-CPT I isoform
(SDZ-CPI-975 in particular). This results in an im-
proved approach for pharmacological intervention on
fatty acid oxidation, with indirect glycemic control
without induction of myocardial hypertrophy.8,9
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In our previous work,10 while pursuing the idea that
carnitine analogues, with medium to long alkyl chains,
could occupy the catalytic site of the enzyme, thus
slowing down the rate of conversion of long-chain acyl-
CoA into long-chain acylcarnitines,11,12 we found that
racemic aminocarnitine derivatives act as good L-CPT
I inhibitors (the relative structures 1-4 are reported
in Figure 1). The most active compounds, sulfamide 3
and sulfonamide 4, were then synthesized in enantio-
merically pure form with a slight modulation of the
chain length. In particular, the optically pure (R)-
sulfonamide 7 and (R)-sulfamide 9 (Scheme 1) confirmed
the expected good L-CPT I inhibition in vitro. In
addition, the only compound selected at that time for
in vivo tests, 7, showed hypoglycemic activity in db/db
mice, a model of type II diabetes, and antiketotic activity
in normal fasted rats.

Ketoacidosis, in fact, is a serious life-threatening
complication especially in type I diabetes (but also in
type II),13 and it is a major source of morbidity and
mortality in diabetic children and adolescents.14 Since
ketone bodies are the major products of liver fatty acid
oxidation, a liver-specific CPT I inhibitor is actually
expected to significantly reduce their blood levels.

In this paper, we report the results of a more detailed
study into the effects of chirality and chain length, in
aminocarnitine derivatives carrying functional groups
such as those reported in Figure 1, on CPT inhibi-
tion. Actually, the chain length effect was thoroughly
evaluated within the ureido derivative series, while for
the other compounds it was kept unchanged.10 For
selected molecules, we also report the results of in vivo

experiments in diabetic mice and in fasted rats, which
allowed the identification of 17, ST 1326, the (R)-4-
trimethylammonio-3-[(tetradecylcarbamoyl)amino]bu-
tyrate, as a candidate for preclinical and clinical devel-
opment as an antiketotic and antidiabetic agent.

Chemistry

The (R) and (S) sulfonamide compounds characterized
by a linear alkyl chain of 12 carbons (7 and 8, respec-
tively) were prepared starting from (R)- or (S)-ami-
nocarnitine 5,15 as illustrated in Scheme 1, via trans-
formation of the corresponding enantiomeric form into
its isobutyl ester 6, followed by reaction with dodecanoyl
sulfonyl chloride and final hydrolysis. In the same
scheme, we also report the preparation of (R)- and (S)-
sulfamide derivatives with linear alkyl chains, in this
case of 11 carbons (9 and 10, respectively), for a safe
comparison with 7 and 8, having the same overall side
chain length. Thus, 6 was treated with SO2Cl2 in the
presence of triethylamine, followed by reaction with
undecylamine and subsequent hydrolysis to the final
compound.

(R)-Carbamic and (S)-carbamic derivatives with linear
alkyl chains of 8 carbons (11 and 12, respectively) were
prepared as reported in Scheme 2, starting from 6 by
reaction with octylchloroformiate, followed by final
hydrolysis.

(R)-Ureidic and (S)-ureidic derivatives with linear
alkyl chains of 9 carbons (14 and 18, respectively) and
14 carbons (17 and 19, respectively) were prepared as
reported in Scheme 3, by reaction of (R)- or (S)-
aminocarnitine with the appropriate alkyl isocyanate.
For ureidic compounds in the (R) form, a more extensive
modulation of the chain length was performed, also
synthesizing compounds 13 (7-carbon alkyl chain), 14
(9 carbons), 15 (11 carbons), and 16 (12 carbons) always
by reaction of (R)-aminocarnitine with the appropriate
alkyl isocyanate. When the isocyanate was not com-
mercially available, it was prepared from the appropri-
ate carboxylic acid via Curtius reaction, following the
procedure described in the reference reported in the
Experimental Section.

Figure 1. Racemic aminocarnitine derivatives.

Scheme 1a

a (a) HCl(g) in isobutyl alcohol, 130 °C, 18 h, 95%; (b) 2.5 equiv
of CH3(CH2)11SO2Cl, 5.5 equiv of NEt3,CH2Cl2, 72 h; (c) NaOH 1
N, 18 h, 44% (from 6); (d) 3 equiv of SO2Cl2, 4 equiv of NEt3,
CH2Cl2, 3 h, then 2 equiv of NEt3, 2 equiv of CH3(CH2)10NH2,18
h; (e) NaOH 1 N, 18 h, 38% (from 6).

Scheme 2a

a (a) 2.5 equiv of CH3(CH2)7OCOCl, 2.5 equiv of NEt3, CH2Cl2,
18 h, 71%; (b) IRA 402 resin (OH-), 94% (66% from 6).

Scheme 3a

a (a) 2 equiv of RNCO, DMSO, 40 °C, 60 h, 47-68% (method
A); or 1 equiv of RNCO, MeOH, 18 h, 52% (method B).
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To assess the chemical purity of final compounds,
since contamination from long-chain reagents may raise
some concern, HPLC was also extensively used (see
Experimental Section, general procedures). The water
content of these hygroscopic molecules, measured by the
Karl-Fischer method, was considered for screening
purposes. Because the starting material 5 is optically
pure (see ref 15), enantiomeric excess was checked only
in the case of one derivative, namely, compound 17. As
expected, when chiral HPLC (Chirobiotic-Tag column,
5 µm, 250 × 4.6 mm) was used, >99% ee was found.

Biology and Discussion

IC50 (µM) values for L-CPT I and M-CPT I, deter-
mined respectively in rat liver and heart mitochon-
dria,16,17 are reported in Table 1. It should be noted that
the M-CPT I isoform is expressed in both cardiac and
skeletal muscles. For all the functional groups, the
highest activity in vitro was observed for compounds in
the (R) form, thus confirming our early results in the
case of sulfonamide and sulfamide compounds,10 as well
as what was already reported for the Sandoz compound
SDZ-CPI-975, which we used as a reference.9

The importance of the chain length was demonstrated
in the ureidic series by testing the (R) compounds
carrying 7 (13), 9 (14), 11 (15), 12 (16), and 14 (17) term
chains, the longer alkyl chain showing the highest
activity. In this series, the IC50 values ranged from 1.1
µM for 17 to 43.6 µM for compound 13. For SDZ-CPI-
975, the IC50 was 17.4 µM. In addition, even if L-CPT I
inhibition was quite similar for ureido 17, sulfonamide
7, and sulfamide 9, an unexpected extraordinarily high
selectivity for liver with respect to muscle isoform was
observed for 17 (40-fold selectivity against a 4-fold
selectivity for SDZ-CPI-975). It is also worth emphasiz-
ing that such a selectivity is reported as particularly
important in order to avoid undesirable side effects on
the cardiac muscle, leading to heart hypertrophy.7 In
any case, also for 7 and 9, as well as for the other ureido
and carbamate compounds, a good selectivity was
observed.

All the compounds were tested for their aspecific
toxicity on cultures of rat hepatocytes by measuring the
release of LDH (lactate dehydrogenase) after 48 h of
incubation.18 No toxicity was observed at concentrations
up to 50 µM.

The ureido derivatives 13, 16, and 17, together with
the sulfonamide compound 7, were then selected for the
in vivo studies in db/db mice (C57BL/KsJ-db/db), a
model of type II diabetes,19 and were tested at oral doses
equimolar to 50 mg/kg, referenced to 17, twice a day
for 45 days (N ) 8 for each group). In particular, 7 and
17 showed a good reduction of serum glucose levels with
respect to untreated db/db mice (Figure 2, -25%; from
673.9 ( 44.09 to 506.6 ( 59.12 mg/dL for 17; in lean
mice, serum glucose level was 202.6 ( 5.91 mg/dL; mean
( SE; p < 0.01). For compounds of the ureido series, a
decreasing activity in vivo, parallel to the decrease in
alkyl chain length, was observed as expected on the
basis of the in vitro L-CPT I inhibition. Treatment with
17 showed no significant effects on food intake and body
weight, whereas water consumption was reduced (-30%),
and a strong improvement in diabetic polyuria was
observed. The reduction of glucose was also accompa-
nied by a significant decrease of serum fructosamine
levels, a measure of total glucose exposure (from 4.80
( 0.17 to 3.36 ( 0.30 mmol/L, -30%; in lean mice,
serum fructosamine level was 3.37 ( 0.16 mmol/L; mean
( SE; p < 0.01). Liver glycogen was also significantly
reduced (-25%), while triglycerides (TG) content was
significantly increased (+38%). Serum insulin levels
were not significantly modified nor were leptin, TG,
urea, alanine aminotransferase, and cholesterol levels;
free fatty acid (FFAs) levels were instead significantly
increased (+20%). It is known that an increase of serum
FFAs is correlated to a deterioration of insulin resis-
tance,20 but our results indicate that long-term treat-
ment with 17 seems to improve glucose homeostasis in
db/db mice. In any case, further investigation into
different experimental models will be undertaken to
better characterize compound 17.

In treated mice, no effects on heart weight and TG
content were observed, thus confirming the preferential
inhibition of hepatic CPT I activity and therefore its
predictable safety with regard to cardiac hypertrophy.

Furthermore, a kinetic study revealed that compound
17 is a reversible, mixed inhibitor of L-CPT I with
respect to palmitoyl-CoA (apparent Ki ) 0.36 ( 0.04
µM).

Table 1. Effect of CPT I Inhibitors on Mitochondrial CPT I
Activitya

compd chirality

chain length
(no. of carbon

atoms)

IC50
(liver) b

(µM)

IC50
(heart)b

(µM)

7 (R) 12 0.7 3.4
8 (S) 12 6 >10
9 (R) 11 0.8 5.8
10 (S) 11 6 >10
11 (R) 8 9.5 80.1
12 (S) 8 >300 >300
13 (R) 7 43.6 >300
14 (R) 9 31.3 46.2
15 (R) 11 3.2 118.4
16 (R) 12 1.8 >120
17 (R) 14 1.1 43.4
18 (S) 9 >300 >300
19 (S) 14 58.8 167.4
SDZ-CP19758,9 (R) 14 17.4 62

a The activity of CPT I was measured radiochemically by using
[14C]-palmitoyl-CoA and carnitine itself by evaluating the incor-
poration of [14C]-palmitoyl residue on carnitine in intact fresh liver
and heart mithocondria from Sprague-Dawley male rats.16,17

b The IC50 values (µM) were calculated from the inhibition curve.
Data are the mean of two determinations in triplicate. The
variation was less than 8%.

Figure 2. Percent reduction of serum glucose after 45-day
treatment in db/db mice via oral gavage, at doses equivalent
to 50 mg/kg of 17 twice a day, determined after 9 h of fasting
and 9 h from last treatment. Percent reduction is calculated
with respect to untreated db/db mice used as control. The
number of animals per group is 8. Student’s t test indicate (0)
p < 0.05 and (4) p < 0.01 versus control diabetic mice.
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To confirm the inhibition of liver CPT I in an ad-
ditional animal model and to verify its antiketotic effect,
17 was orally administered to 24 h fasted normal rats.
Since â-hydroxybutyrate (â-HBA) is a major product of
liver fatty acid oxidation during fasting,21 a CPT I
inhibitor is expected to significantly reduce its level. We
actually observed a strong dose-dependent reduction of
serum â-hydroxybutyrate levels up to12 h from acute
oral dose, with ED50 ) 14.5 mg/kg (Figure 3). The rate
of production of â-hydroxybutyrate seems to increase
after 6-8 h, indicating the recovery of liver â-oxidation.
When 19 ((S)-form) was administered, no effect on
â-HBA levels was observed, again confirming the anal-
ogy between the results of the in vitro and the in vivo
tests and excluding any hypothetical aspecific effect due
to the structure of the molecule.

Because inhibition of CPT II, the CPT isoform com-
mon to all tissues, may at least in part nullify efforts to
obtain a selective liver-specific inhibitor, we also tested
the ability of oleate-treated hepatocytes, preincubated
with compound 17, to transform oleoylcarnitine (origi-
nating from oleate itself) again into oleoyl-CoA. Higher
levels of oleoylcarnitine in treated hepatocytes with
respect to control values are therefore indicators of the
inhibition of CPT II activity. Compound 17 (3 mM) did
not show any variation in oleoylcarnitine levels with
respect to control values (Figure 4), while the known
closely related CPT inhibitor (R)-N-palmitoylaminocar-
nitine22 (1 mM) showed about a 10-fold increment, thus
showing a strong CPT II inhibiting activity.

In a preliminary stability test, at pH values simulat-
ing those of stomach and gut conditions (pH 2.0 and 8.5,
respectively), 17 showed complete stability. Once again,
the closely related (R)-N-palmitoylaminocarnitine be-

haved differently, with its concentration (determined by
HPLC) beginning to decrease under both conditions just
after 2 h.

In conclusion, in this work we reported the identifica-
tion of compound 17 as an agent able to selectively
inhibit in vitro L-CPT I with respect to M-CPT I and to
depress ketogenesis in vivo (fasted rats). 17 also showed
a good reduction of serum glucose levels in a diabetic
mouse model, without any significant change in heart
weight and TG content. Owing to its encouraging
activity and pharmacological profile, 17 was selected as
a candidate for clinical development as an antiketotic
and antidiabetic drug. Nevertheless, since it has been
reported that development of the aforementioned No-
vartis compound, SDZ-CPI-975, was stopped owing to
“hepatic mitochondrial aberrations”,6 this will be con-
sidered during the investigations into the safety of our
compound, before committing to full development.

Experimental Section

Chemistry. General Procedures. Melting points were
determined in open capillary tubes and are uncorrected.

1H NMR spectra were recorded on a VXR 300S Varian
spectrometer at 300 MHz or on a Gemini 200 Varian at 200
MHz. The chemical shift δ is expressed in parts per million
relative to the standard tetramethylsilane. Ion spray mass
spectra were recorded in positive mode on an ESI LCQ Classic
Thermo-Finnigan ion trap spectrometer. Flash column chro-
matography separations were carried out with Biotage Flash
40i apparatus using KP-Sil silica cartridge (32-63 µm, 60 Å,
500-550 m2/g silica). Thin-layer chromatography (TLC) was
performed on silica gel (5 cm × 10 cm) 60 F254 Merck
prescored plates. Reagents and solvents were purchased from
common suppliers and were used as received. All starting
materials were commercially available with the exception of
(R)- and (S)-aminocarnitine, together with nonylisocyanate,
which were prepared according to literature procedures (see
ref 15 for aminocarnitine; see Org. Synth. 1967, (Collective)
3, 846-847 for the synthetic procedure described in the case
of undecylisocyanate and used for nonylisocyanate).

General conditions for HPLC of the final compounds are the
following: column ) Spherisorb S5 SCX, 5 µm, 250 mm × 4.6
mm, mobile phase ) 50 mM (NH4)H2PO4/CH3CN 60/40 (v/v),
pH 3.7 with H3PO4, T ) 30 °C, flow ) 0.75 mL/min, IR and
UV detectors); or Spherisorb-C1, 5 µm, 250 mm × 4.6 mm,
mobile phase ) 50 mM KH2PO4/CH3CN 60/40 (v/v), pH ) as
it was, T ) 30 °C, flow ) 0.75 mL/min, RI and UV detectors).
To exclude contamination from long-chain impurities, the
following was used: symmetry C18 3 µm, 75 mm × 4.6 mm,
mobile phase ) CH3CN/H2O 80/20 (v/v), pH 3.7 with H3PO4,
T ) 25 °C, flow ) 1.50 mL/min, RI and UV detectors).

(R)-Aminocarnitine Isobutyl Ester Chloride Hydro-
chloride ((R)-6, (Isobutyl (R)-4-Trimethylammonio-3-
aminobutyrate Chloride Hydrochloride). A suspension of
(R)-aminocarnitine, (R)-5 (3.0 g, 18.72 mmol), in isobutyl
alcohol (120 mL) at 4 °C (ice bath) was saturated with gaseous
HCl, and the resulting solution was refluxed for 18 h (oil bath
temperature ) 130 °C). The solvent was evaporated under
vacuum, and the residue was triturated with ethyl ether to
yield the product as a white solid (5.1 g, 95% yield): mp 115-
116 °C (dec); [R]20

D + 6.8° (c 0.5, MeOH); 1H NMR (200 MHz,
D2O) δ 4.35 (m, 1H), 4.00 (d, 2H), 3.88 (d, 2H), 3.28 (s, 9H),
3.10 (m, 2H), 1.95 (m, 1H), 0.90 (d, 6H); KF ) 1.0%. Anal.
(C11H26Cl2N2O2), C, H, N.

Alternatively, SOCl2 (molar ratio 6:1) was used instead of
gaseous HCl and the amount of isobutyl alcohol was reduced
(600 mL for 10 g of aminocarnitine). The residue obtained after
trituration with ethyl ether was also triturated with CH2Cl2

to give (R)-6 (96% yield).
(S)-Aminocarnitine Isobutyl Ester Chloride Hydro-

chloride ((S)-6). The compound was prepared as described

Figure 3. Levels of â-hydroxybutyrate (µmol/L) in 24 h fasted
rats at 2, 4, 6, 8, 10, and 12 h after treatment with compound
17 at oral doses of 0 ([) 10 (9), 20 (2), 30 (×), and 40 (/) mg/
kg. Values are the mean ( SE of six animals per group.

Figure 4. [14C]-oleoylcarnitine level, as indicator of CPT II
inhibition, after rat hepatocytes incubation with 17 (3 mM)
or (R)-N-palmitoylaminocarnitine (PNH-Cn, 1 mM).
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in the case of (R)-6, but starting from (S)-aminocarnitine (S)-
5: mp 116-117 °C (dec); [R]20

D - 6.9° (c 0.5, MeOH); KF )
0.8%. Anal. (C11H26Cl2N2O2), C, H, N.

(R)-4-Trimethylammonio-3-[(dodecanesulfonyl)amino]-
butyrate (7). NEt3 (2.65 mL, 1.92 g, 19 mmol) and dodecane-
sulfonyl chloride (2.33 g, 8.65 mmol, in 3 mL of dry CH2Cl2)
were added to a solution of (R)-aminocarnitine isobutyl ester
chloride hydrochloride (R)-6 (1.0 g, 3.46 mmol) in dry CH2Cl2

(5 mL) at 0 °C. The mixture was left under stirring for 72 h at
room temperature. The solvent was evaporated under vacuum,
the residue was taken up in EtOAc (100 mL), and the white
precipitate (NEt3‚HCl) thus obtained was filtered off under
vacuum. The EtOAc solution was evaporated under vacuum
to give 2.8 g of yellow oil; 1 N NaOH (71 mL) was then added
to the oil in order to perform ester hydrolysis, leaving the
suspension under stirring overnight. After evaporation under
vacuum to dryness, the crude product was purified by flash
chromatography using MeOH as eluant to yield 597 mg of 7
(44% yield): mp 157-158 °C (dec); [R]20

D -7° (c 0.265, H2O);
1H NMR (CD3OD, 300 MHz) δ 4.30 (m, 1H), 3.45 (m, 2H), 3.28
(s, 9H), 3.15 (m, 2H), 2.45 (d, 2H), 1.78 (m, 2H), 1.45 (m, 2H),
1.30 (brs, 16H), 0.90 (brt, 3H); TLC, eluant CHCl3/iPrOH/
MeOH/H2O/CH3COOH 42:7:28:10.5:10.5, Rf ) 0.6; MS (ES) m/z
393 (MH+); KF 6.9%. Anal. (C19H40N2O4S) C, H, N.

(S)-4-Trimethylammonio-3-[(dodecanesulfonyl)amino]-
butyrate (8). The product was prepared as described in the
case of (R)-7, but starting from (S)-6: mp 156-157 °C (dec);
[R]20

D +6° (c 0.245, H2O); KF 8.6%. Anal. (C19H40N2O4S) C, H,
N.

(R)-4-Trimethylammonio-3-[(undecylsulfamoyl)amino]-
butyrate (9). A solution of SO2Cl2 (1.7 mL, 2.86 g, 21.16 mmol)
in dry CH2Cl2) (10 mL) was added dropwise to a solution of
(R)-aminocarnitine isobutylester chloride hydrochloride (R)-6
(2 g, 6.9 mmol) and NEt3 (3.84 mL, 2.79 g, 27.6 mmol) in dry
CH2Cl2 (40 mL) at 0°C. The mixture was left 3 h under stirring
at room temperature. Then, additional NEt3 (1.92 mL, 1.39 g,
13.8 mmol) and undecylamine (2.97 mL, 2.36 g, 13.8 mmol)
were added, and the mixture was left overnight under stirring
at room temperature. The solvent was evaporated under
vacuum, the residue was taken up with EtOAc (100 mL), and
the precipitate (NEt3‚HCl) was filtered off under vacuum. The
EtOAc solution was evaporated under vacuum to yield 4.8 g
of yellow oil: 1 N NaOH (105 mL) was then added to the oil
in order to perform ester hydrolysis, leaving the suspension
under stirring overnight at room temperature. After evapora-
tion under vacuum to dryness, the crude yellow product was
purified by flash chromatography using CHCl3/MeOH (from
9/1 to 1/9) as eluant. The product thus obtained was further
purified by flash chromatography using MeOH as eluant, to
yield, after solvent evaporation under vacuum, compound 9
in 38% yield: mp 157-159 °C (dec); [R]20

D -4° (c 0.25, H2O,
pH 2 with HCl); 1H NMR (CD3OD, 300 MHz) δ 4.10 (m, 1H),
3.45 (d, 2H), 3.25 (s, 9H), 2.95 (m, 2H), 2.50 (m, 2H), 1.55
(brm, 2H), 1.35 (brs, 16H), 0.90 (brt, 3H); TLC, silica gel,
CHCl3/iPrOH/MeOH/H2O/CH3COOH 42:7:28:10.5:10.5, Rf )
0.7; MS (ES) m/z 394 (MH+); KF 4.7%. Anal. (C18H39N3O4S)
C, H, N.

(S)-4-Trimethylammonio-3-[(undecylsulfamoyl)amino]-
butyrate (10). The product was prepared as described in the
case of (R)-9, but starting from (S)-6: mp 152-154 °C (dec);
[R]20

D +4° (c 0.25%, H2O, pH 2 with HCl); KF 2.9%. Anal.
(C18H39N3O4S) C, H, N.

(R)-4-Trimethylammonio-3-[(octyloxycarbonyl)amino]-
butyrate (11). Octyl chloroformate (2.52 g, 13 mmol) and NEt3

(1.8 mL, 1.31 g, 13 mmmol) were added to a solution of (R)-
aminocarnitine isobutyl ester chloride hydrochloride (R)-6 (1.5
g, 5.2 mmol) in anhydrous CH2Cl2 (30 mL). The reaction was
left 18 h under stirring at room temperature, the solvent was
evaporated under vacuum, and the residue was dissolved in
EtOAc and filtered. The filtrate was evaporated under vacuum
to give a residue that was purified by silica gel flash chroma-
tography, using a CHCl3 to CHCl3/CH3OH 9:1 gradient to give
1.5 g (71% yield) of the intermediate ester compound: mp 80-
82 °C, [R]20

D -15.2° (c 0.45, H2O); 1H NMR (CD3OD, 300 MHz)

δ 4.56-4.46 (m, 1H), 4.12-4.02 (m, 2H), 3.94-3.88 (m, 2H),
3.66-3.50 (m, 2H), 3.20 (s, 9H), 2.74-2.66 (m, 2H), 2.05-1.86
(m, 1H), 1.68-1.56 (m, 2H), 1.45-1.25 (m, 10H ), 1.05-0.85
(m, 9H). This intermediate was transferred into an Amberlite
IRA-402 column (OH- form) and eluted with water. The water
was evaporated under vacuum, and the residue was triturated
with acetone and filtered to give compound 11 as a white solid
in 94% yield (66% yield from 6): mp 155-156 °C (dec); [R]20

D

-14.2° (c 0.5, H2O); 1H NMR (CD3OD, 300 MHz) δ 4.40 (m,
1H), 4.05 (t, 2H), 3.52 (d, 2H), 3.20 (s, 9H), 2.42 (d, 2H), 1.60
(m, 2H), 1.42-1.22 (m, 10H), 0.90 (brt, 3H); TLC, silica gel,
CHCl3/iPrOH/MeOH/H2O/CH3COOH 42:7:28:10.5:10.5; Rf )
0.6; MS (ES) m/z 317 (MH+); KF ) 5.7%. Anal. (C16H32N2O4)
C, H, N.

(S)-4-Trimethylammonio-3-[(octyloxycarbonyl)amino]-
butyrate (12). The product was prepared as described in the
case of (R)-11, but starting from (S)-6: mp ) 157-158 °C (dec);
[R]20

D +13.6° (c 0.46, H2O); KF ) 2.1%. Anal. (C16H32N2O4) C,
H, N.

(R)-4-Trimethylammonio-3-[(tetradecylcarbamoyl)-
amino]butyrate (17). Method A. Tetradecyl isocyanate
(25.10 mL, 21.81 g, 91.12 mmol) was added to a mixture of
(R)-aminocarnitine (R)-5 (7.30 g, 45.56 mmol) in anhydrous
DMSO (350 mL), and the reaction mixture was left for 60 h
at 40 °C. The mixture was transferred into an Erlenmeyer
flask (3 L) containing ethyl ether (2.5 L), and the solvent was
separated by decanting. The residue was dissolved in CHCl3,
transferred into a flask, and precipitated again with ethyl
ether. The crude product thus obtained was washed several
times with ethyl ether and purified by silica gel chromatog-
raphy, using a MeOH/CHCl3 1:9 to MeOH/CHCl3 8:2 gradient
until elution of impurities with higher Rf, then eluting the
product with MeOH/CHCl3 9:1. Compound 17 was obtained
as a white solid (10.38 g, 57% yield): mp 160-162 °C (dec);
[R]20

D -21.1° (c 0.5, MeOH); 1H NMR (CD3OD, 300 MHz) δ
4.52 (m, 1H), 3.60 (dd, 1H), 3.48 (d, 1H), 3.20 (s, 9H), 3.10 (t,
2H), 2.40 (m, 2H), 1.45 (m, 2H), 1.28 (brs, 22H), 0.90 (brt, 3H);
TLC, silica gel, CHCl3/iPrOH/MeOH/H2O/CH3COOH 42:7:28:
10.5:10.5; Rf ) 0.5; MS (ES) m/z 400 (MH+); KF ) 2.5%. Anal.
(C22H45N3O3) C, H, N.

Method B. To a solution of (R)-aminocarnitine (R)-5 (22.0
g, 137.5 mmol) in MeOH (120 mL), tetrabutylammonium
chloride (200 mg) and, slowly, tetradecylisocyanate (44 mL,
38.23 g, 160 mmol) were added under stirring, keeping the
temperature at 5°C (tetradecyl isocyanate was added in about
1.5 h; once the first 10 mL was added, the solution became a
suspension). The suspension was stirred at 5 °C for one night,
and additional MeOH (120 mL) was added. The suspension
was filtered, and the filtrate was evaporated under vacuum.
Acetone (100 mL) was added to the resulting oil to yield a
cream-colored solid. After one night, the solid was separated
by filtration, washed with acetone, and dried under vacuum.
About 40 g of product 17 thus obtained were dissolved in
MeOH (73 mL) and filtered on Celite. The filtrate was
transferred into a flask containing acetone (690 mL) under
stirring, giving at first a suspension that at the end of the
operation became a clear solution. After 3 days at 5 °C, 28.8 g
of a light cream-colored solid was obtained (yield ) 52%;
additional crops, usually slightly less pure, can be obtained
from the liquor by standing at 5°C).

Alternatively, the crude product obtained by evaporation of
the reaction solvent (MeOH) was purified by chromatography
as described in method A.

(R)-4-Trimethylammonio-3-[(heptylcarbamoyl)amino]-
butyrate (13). The compound was prepared as described in
the case of 17 (method A), starting from heptyl isocyanate,
and was further purified after chromatography by crystalliza-
tion (CH3CN), giving a 47% yield: mp 149-150 °C (dec); [R]20

D

-34.0° (c 0.97, MeOH); 1H NMR (CD3OD, 300 MHz) δ 4.52
(m, 1H), 3.60 (dd, 1H), 3.48 (d, 1H), 3.20 (s, 9H), 3.10 (t, 2H),
2.40 (m, 2H), 1.45 (m, 2H), 1.30 (brs, 8H), 0.90 (brt, 3H); TLC,
silica gel, CHCl3/iPrOH/MeOH/H2O/CH3COOH 42:7:28:10.5:
10.5, Rf ) 0.5; MS (ES) m/z 302 (MH+); KF ) 6.2%. Anal.
(C15H31N3O3) C, H, N.
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(R)-4-Trimethylammonio-3-[(nonylcarbamoyl)amino]-
butyrate (14). The compound was prepared as described in
the case of 17 (method A), starting from nonyl isocyanate,
giving a 68% yield: mp 145-147 °C (dec); [R]20

D -15.4° (c 0.5,
H2O); 1H NMR (D2O, 300 MHz) δ 4.52 (m, 1H), 3.60 (dd, 1H),
3.45 (d, 1H), 3.18 (s, 9H), 3.10 (t, 2H), 2.40 (d, 2H), 1.45 (m,
2H), 1.28 (brs, 12H), 0.90 (brt, 3H); TLC, silica gel, CHCl3/
iPrOH/MeOH/H2O/CH3COOH 42:7:28:10.5:10.5, Rf ) 0.5; MS
(ES) m/z 330 (MH+); KF ) 2.8%. Anal. (C17H35N3O3) C, H, N.

(R)-4-Trimethylammonio-3-[(undecylcarbamoyl)ami-
no]butyrate (15). The compound was prepared as described
in the case of 17 (method A), starting from undecyl isocyanate,
and further purified after chromatography by crystallization
(CH3CN), giving a 50% yield: mp 150-151 °C (dec); [R]20

D

-21.2° (c 1, MeOH); 1H NMR (CD3OD, 300 MHz) δ 4.52 (m,
1H), 3.60 (dd, 1H), 3.48 (d, 1H), 3.20 (s, 9H), 3.10 (t, 2H), 2.40
(m, 2H), 1.45 (m, 2H), 1.28 (brs, 16H), 0.90 (brt, 3H); TLC,
silica gel, CHCl3/iPrOH/MeOH/H2O/CH3COOH 42:7:28:10.5:
10.5, Rf ) 0.5; MS (ES) m/z 358 (MH+); KF ) 2.3%. Anal.
(C19H39N3O3) C, H, N.

(R)-4-Trimethylammonio-3-[(dodecylcarbamoyl)ami-
no]butyrate (16). The compound was prepared as described
in the case of 17 (method A), starting from dodecyl isocyanate,
giving a 55% yield: mp 147-149 °C (dec); [R]20

D -24.6° (c 0.48,
MeOH); 1H NMR (CD3OD, 300 MHz) δ 4.52 (m, 1H), 3.60 (dd,
1H), 3.48 (d, 1H), 3.20 (s, 9H), 3.10 (t, 2H), 2.40 (m, 2H), 1.45
(m, 2H), 1.28 (brs, 18H), 0.90 (brt, 3H); TLC, silica gel, CHCl3/
iPrOH/MeOH/H2O/CH3COOH 42:7:28:10.5:10.5, Rf ) 0.6; MS
(ES) m/z 372 (MH+); KF ) 5.4%. Anal. (C20H41N3O3) C, H, N.

(S)-4-Trimethylammonio-3-[(nonylcarbamoyl)amino]-
butyrate (18). The compound was prepared as described in
the case of 17 (method A), starting from nonyl isocyanate and
(S)-aminocarnitine: mp 146-147 °C (dec); [R]20

D +16.7° (c 0.43,
H2O); KF ) 1.8%. Anal. (C17H35N3O3) C, H, N.

(S)-4-Trimethylammonio-3-[(tetradecylcarbamoyl)ami-
no]butyrate (19). The compound was prepared as described
in the case of 17 (Method A), starting from tetradecyl isocy-
anate; mp 166-167 °C (dec); [R]20

D +20.7° (c 0.5, MeOH); KF
) 1.7%. Anal. (C22H45N3O3) C, H, N.

Pharmacology. Determination of CPT I Activity In-
hibition in Vitro. CPT I inhibition was evaluated with minor
modifications as described in ref 17 on fresh intact liver or
heart mitochondrial preparations obtained from normally fed
Sprague-Dawley male rats (provided by Charles River Ita-
lia).16 Mitochondria were isolated from liver or heart and
suspended in a buffer containing 75 mM (for heart) or 225 mM
(for liver) sucrose, 1 mM EGTA (pH 7.5), mannitol 225 mM,
and 5 mM Tris-HCl. The assay medium (100 µL) containing
120 mM KCl, 1 mM EGTA (pH 7.5), 10 mM HEPES (pH 7.5),
20 mM sucrose, 1 mM DTT, 8.3 µM BSA, 50 mM [14C]-
palmitoyl-CoA (specific activity 10000 DPM/mole), and 10 mM
L-carnitine was incubated at 37 °C in the presence of scalar
concentrations of the test compound (0-3 mM). Reaction time
1 min. Data are the mean of two determinations in triplicate.
The variation between experiments was less than 8%.

Antidiabetic Activity in Vivo. Male C57BL/KsJ-db/db
mice were obtained at 6 weeks of age from Jackson Labora-
tories and maintained at 25 ( 2 °C on a 12 h light-dark cycle.
Animals were given standard laboratory food and water, ad
libitum, and were used for experiments at 8 weeks of age.
Eight animals were used in each treatment group, and test
compounds were administered orally at doses equimolar to 17
(50 mg/kg), twice a day for 45 days. The control animals were
given vehicle carboxymethylcellulose (0.5% in deionized H2O,
dose of 10 mL/kg). At sacrifice, blood samples were collected
after 9 h from the last treatment (animals in postabsorptive
state fasted for 9 h). The glucose serum levels were determined
in a Cobas Mira S (Roche) autoanalyzer using commercial kits
(Roche), and the percent reduction values with respect to
untreated control db/db mice were calculated as follows:

Determination of â-Hydroxybutyrate Levels in Serum
of Fasted Rats Treated with CPT I Inhibitors in Vivo.
Normally fed Sprague-Dawley male rats (provided by Charles
River Italia) (200-225 g) maintained at 22 ( 2 °C on a 12 h
light-dark cycle fasted for 24 h and subsequently treated
orally with 17 (10, 20, 30, and 40 mg/kg). At 0, 2, 4, 6, 8, 10,
12 h after treatment, blood was collected from the tail vein
and serum was obtained after centrifugation. â-Hydroxybu-
tyrate concentrations were determined by commercial kits
(Sigma) in a Cobas Mira (Roche) autoanalyzer. Results are
expressed as the mean ( SE of six animals per group.

Evaluation of CPT II Activity Inhibition in Vitro.
Hepatocytes were isolated from 24 h fasted Sprague-Dawley
male rats (225-250 g), provided by Harlan Italia. Liver cells
were incubated for 30 min at 37 °C in 0.7 mL of gassed (95:5
O2/CO2) Krebs medium containing 2% defatted bovine serum
albumin (BSA), 1 mM glucose, 1 mM pyruvate, 9 mM lactate,
100 mM [14C]-L-carnitine (125700 dpm/nmol), and 17 (3 mM)
or (R)-N-palmitoylaminocarnitine (1 mM). At these concentra-
tions, 17 and (R)-N-palmitoylaminocarnitine markedly de-
creased ketone body production. After 30 min of preincubation
with test compounds, 1 mM sodium oleate was added to the
incubation mixture, and 2 h later the incubation was stopped
with 5% HClO4. The pelleted sample, containing long-chain
acylcarnitine (oleoyl-[14C]-L-carnitine), was washed twice with
5% HClO4 and was dissolved in 1 N KOH, and then the [14C]-
L-carnitine radioactivity was measured. Values are the mean
( SE for three determinations done in duplicate.

Determination of LDH Levels in Vitro. Levels of LDH
were evaluated using the method described in ref 18 by
commercial kits with a Cobas Mira S autoanalyzer after
incubation for 48 h of test compounds at different concentra-
tions (10, 50, 100 µM) on hepatocytes obtained from Wistar
male rats liver. These last were isolated and prepared for
experiment as described in ref 23.

Ki Assay Determination on CPT I Expressed in Pichia
pastoris. Ki and Km values were determined by measuring
L-CPT 1 activity radiochemically at different concentrations
of palmitoyl-CoA (0-200 µmol/L) and 17 (0.5 and 1.0 µmol/L)
and at fixed [14C]-L-carnitine (500 µmol/L) concentrations24 on
yeast extract expressing L-CPT 1, obtained as described in ref
25. The [14C]-palmitoylcarnitine formed was measured. Specific
activity of CPT 1 was expressed as nmol min-1 mg-1 of protein.
Data were fitted according to the Michaelis-Menten equation
to obtain Km or according to the equation for mixed inhibition
of 17 at two concentrations (0.5 and 1.0 µmol/L) to obtain Ki.
Curve fitting was performed using GraphPad Prisma software
with nonlinear regression analysis and Excel software using
linear regression analysis. Ki values were obtained by plotting
inhibitor concentrations vs Kmapp/Vmaxapp ratio.

Data are expressed as mean ( standard deviation, and the
correlation coefficient (r2) was used to evaluate the quality of
the fitting.
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