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Abstract

We have recently generated lipophilic D-xylose derivatives that increase the rate of glucose uptake in cultured skeletal muscle cells in an
AMP-activated protein kinase (AMPK)-dependent manner. The derivative 2,4:3,5-dibenzylidene-D-xylose-diethyl dithioacetal (EH-36) stim-
ulated the rate of glucose transport by increasing the abundance of glucose transporter-4 in the plasma membrane of cultured myotubes.
The present study aimed at investigating potential antihyperglycaemic effects of EH-36 in animal models of diabetes. Two animal models
were treated subcutaneously with EH-36: streptozotocin-induced diabetes in C57BL/6 mice (a model of insulin-deficient type 1 diabetes),
and spontaneously diabetic KKAy mice (Kuo Kondo rats carrying the Ay yellow obese gene; insulin-resistant type 2 diabetes). The in vivo
biodistribution of glucose in control and treated mice was followed with the glucose analogue 2-deoxy-2-[18F]-D-glucose; the rate of glu-
cose uptake in excised soleus muscles was measured with [3H]-2-deoxy-D-glucose. Pharmacokinetic parameters were determined by
non-compartmental analysis of the in vivo data. The effective blood EH-36 concentration in treated animals was 2 �M. It reduced signif-
icantly the blood glucose levels in both types of diabetic mice and also corrected the typical compensatory hyperinsulinaemia of KKAy
mice. EH-36 markedly increased glucose transport in vivo into skeletal muscle and heart, but not to adipose tissue. This stimulatory effect
was mediated by Thr172-phosphorylation in AMPK. Biochemical tests in treated animals and acute toxicological examinations showed that
EH-36 was well tolerated and not toxic to the mice. These findings indicate that EH-36 is a promising prototype molecule for the devel-
opment of novel antidiabetic drugs.
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Introduction

Diabetes mellitus has become a worldwide epidemic and the esti-
mated number of type 2 diabetic patients is expected to increase

dramatically in the coming decades [1]. The aetiology of type 2
diabetes is associated with the development of insulin resistance,
characterized by impeded capacity of peripheral tissues (e.g.,
skeletal muscles) to utilize glucose effectively [2]. The resulting
hyperglycaemia exacerbates this impairment by down-regulating
the rate of glucose transport and utilization, most notably in skele-
tal muscles [3]. Antidiabetic drug therapy aims at restoring normal
glucose homeostasis and thereby reducing the risk of late compli-
cations of the disease. However, mono- and even combination
therapy with existing oral antihyperglycaemic drugs often fails to
achieve stable normoglycaemia in diabetic patients, who eventu-
ally resort to insulin therapy [4]. Therefore, novel targets for
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antidiabetic drugs are sought; the enzyme AMP-activated protein
kinase (AMPK) has emerged as a unique target because it induces
glucose transporter-4 (GLUT-4) translocation from intracellular
storage compartments to the plasma membrane of skeletal mus-
cle in a non-insulin-dependent manner [5].

We have previously generated several lipophilic D-xylose deriva-
tives that increased glucose uptake in cultured rat and human
myotubes [6]. Among these, compound EH-36 (2,4:3,5-dibenzyli-
dene-D-xylose-diethyldithioacetal) markedly enhanced glucose
uptake in cultured myotubes by activating AMPK and inducing
GLUT-4 translocation to the plasma membrane. In the present study
we investigated whether these in vitro results could be reproduced
in vivo in animal models of type 1 and type 2 diabetes.

Materials and methods

Materials

EH-36 was synthesized and purified as previously described [6]. Human
recombinant insulin (Actrapid) was from Novo Nordisk (Bagsvaerd,
Denmark). AICAR (5-aminoimidazole-4-carboxamide 1-�-D-ribofura-
noside), anthrone, bovine serum albumin, (BSA, fraction V), cytochalasin
B, 2-deoxy-D-glucose (dGlc), D-glucose, lecithin, peanut oil, polyoxyl 40-
hydroxy castor oil, protease inhibitor cocktail, sesame oil, sodium citrate,
Span 85, streptozotocin (STZ), trilaurin and Tween 20 were purchased
from Sigma-Aldrich Chemicals (Rehovot, Israel). Glycerol and sodium flu-
oride were from Merck (Whitehouse Station, NJ, USA). Mercaptoethanol,
phenylmethanesulfonyl fluoride, sodium orthovanadate, sodium-�-glyc-
erophosphate, sodium pyrophosphate and sodium dodecyl sulphate were
from Alfa Aesar (Ward Hill, MA, USA). American Radiolabeled Chemicals
(St. Louis, MO, USA) supplied 2-[1,2–3H]-deoxy-D-glucose ([3H]dGlc;
2.22 TBq/mM [60 Ci/mM]). Anti-AMPK and anti-pThr172-AMPK antibodies
were from Cell Signaling Technology (Beverly, MD, USA). Horseradish per-
oxidase-conjugated anti-rabbit IgG and Easy Enhanced-chemolumines-
cence detection kit were from Jackson ImmunoResearch (West Grove, PA,
USA). Organic solvents (high-performance liquid chromatography grade)
were purchased from Frutarom Ltd. (Haifa, Israel).

Animals

Male Wistar rats (12 weeks old, 275–300 g) and C57BL/6 mice 
(7–8 weeks, 25–30 g) were purchased from Harlan Industries 
(Rehovot, Israel). The mice were made diabetic by two i.p. STZ injec-
tions (50 mg/kg body weight, in citrate buffer) with 1 week interval, as
described [7]. Hyperglycaemic mice (5–10 per group, random blood
glucose 15–25 mM) were used 2–4 weeks after the last injection.
Diabetic male KKAy mice (3–5 per group, 8 to12 weeks old, 20–25 g)
were purchased from Jackson Laboratory (Bar Harbor, ME, USA).
Animals were routinely kept in 12 hr light/dark cycles and provided with
chow and water ad libitum. Blood glucose levels at the time of killing
ranged between 17 and 25 mM. The joint institutional animal care and
use committee of the Hebrew University and Hadassah Medical Centre
approved the study protocol for animal welfare. The Hebrew University
is an AAALAC international accredited institution.

Preparation of EH-36 for s.c. and i.v. administration

The compound was dissolved in sesame oil at 60�C with extensive stirring
to obtain a fine suspension for s.c. administration. EH-36 formulation for i.v.
administration was prepared by the pre-concentrate preparation method
[8]. Briefly, two mixtures were prepared: the first consisted of a suitable
organic solvent and phospholipids (lecithin) at the ratio of 8:1; the second
consisted of triglycerides (trilaurin), polyoxyl 40-hydroxy castor oil, Tween
20 and Span 80 at equal amounts. Each mixture was gently stirred and
heated to 40�C until a homogenous solution was formed. Both mixtures
were then added at 1:1 (v/v) ratio to 5 mg EH-36, and gently stirred and
warmed at 40�C until a homogenous solution was formed. When mixed
with water preheated to 37�C (1:9) and upon short (30 sec.) vortex mixing,
this pre-concentrate mixture of EH-36 (0.5 mg/ml) spontaneously formed
an encapsulated oil/water microemulsion suitable for i.v. injection.

Intraperitoneal glucose tolerance test (IP-GTT)

A standard IP-GTT test was performed on mice after an overnight fast.
Glucose in saline was injected intraperitoneally (1.5 g/kg body weight).
Venous blood samples from small tail clips were taken for glucose deter-
mination using a glucometer (FreeStyle Freedom; Abbott Diabetes Care,
Alamada, CA, USA).

Preparation of soleus muscle lysates and Western
blot analyses

Mice were killed with an i.p. injection of a lethal dose of ketamine-xylazole,
soleus muscles were quickly excised, frozen in liquid nitrogen, weighed,
pulverized, homogenized, centrifuged and the supernatant was collected as
described [9]. The protein content in the supernatant was determined
according to Bradford, using BSA standard dissolved in the same homog-
enization buffer. Polyacrylamide gel electrophoresis and Western blot
analyses were performed with the indicated antibodies according to the
antibody suppliers’ protocols or to previously established protocols [6].

Glucose uptake assay in isolated mouse soleus
muscles

Mice were killed, soleus muscles quickly isolated as described [3], and
washed with glucose-free Krebs–Ringer bicarbonate (KRB) buffer (pH 7.4)
under 95% O2:5% CO2 atmosphere. Insulin (100 nM) was added to mus-
cles incubated with the same buffer, supplemented with 0.5% (w/v) BSA,
for 20 min. prior to the uptake assay. Paired muscle incubations and
uptake assays were performed: the right leg muscle received 30 �M of the
glucose transporter inhibitor cytochalasin B prior to the uptake assay to
determine non-carrier-mediated uptake, whereas the left leg muscle served
to measure total uptake. Each muscle was incubated separately with 1.5 ml
of the dGlc uptake solution [0.1 mM dGlc and 0.74 MBq/ml (20 �Ci/ml)
[3H]dGlc in KRB buffer, pH 7.4] and incubated for 5 min. at 30�C under
95% O2:5% CO2 atmosphere with gentle shaking. The isolated muscles
were then washed twice with 1.5 ml ice-cold stop solution (20 mM D-glu-
cose, 1.2 mM Hg2Cl2 and 50 �M cytochalasin B in KRB buffer), blotted on
filter papers, frozen in liquid nitrogen and weighed. The muscles were then
solubilized in 1 ml of 1 M NaOH (15 hrs at 80�C), neutralized with
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hydrochloric acid, mixed with 8 ml scintillation cocktail and counted in a 
�-scintillation counter. Non-carrier-mediated uptake ranged between 10%
and 20% of the total dGlc uptake in the muscles.

In vivo 2-deoxy-2-[18F]-D-glucose ([18F]-FDG)
biodistribution

[18F]-FDG was prepared in the Cyclotron Unit at the Hebrew University-
Hadassah Medical Centre in a TRACERlab MX FDG machine (General
Electric, Waukesha, WI, USA) according to the manufacturer’s protocol.
The biodistribution of the radioactive tracer in mouse organs and tissues
was determined in the Cyclotron Unit. Male C57BL/6 mice (7–8 weeks)
received 0.962 MBq (26 �Ci) of [18F]-FDG by i.v. injection (in 100 �l
saline) to the lateral tail vein. After 1 hr, a blood sample was drawn from
the orbital sinus, the mice were killed by cervical dislocation and selected
organs (soleus muscle, epididymal fat, heart, liver and pancreas) were
excised, weighed and the radioactivity was measured in a 1480 WIZARD 3�

gamma counter (Waltham, MA, USA).

Glycogen determination

The glycogen content in hearts, livers and skeletal muscles isolated from
mice was measured according to Roe and Dailey [10].

Determination of EH-36 level in mouse 
and rat plasma

Plasma samples (170 �l) were mixed with 225 �l acetonitrile 
and extracted with 4 ml ethyl acetate. The ethyl acetate phase was collected
and evaporated to dryness in a vacuum evaporator and the residue recon-
stituted with 70 �l acetonitrile. EH-36 levels in the extracts were deter-
mined using an liquid chromatography-mass spectrometry system that
comprised a 600S controller pump, a 717-plus Autosampler and a
Micromass ZQ mass spectrometer (Waters Co., Milford, MA, USA). Briefly,
20 �l of the extracts were injected to the machine; the mobile phase was
an acetonitrile:water (70:30) mixture containing 0.1% (v/v) formic acid.
The flow rate was 0.25 ml/min. in a Waters XTerra C18 MS column (3.5
�m, 2.1 � 100 mm) at 35�C throughout the separation. Retention time for
the internal standard talinolol was 6 min. The detection mass (m/z) was
455.2. The limit of quantification was 10 ng/ml.

Pharmacokinetic analyses

Rat studies: Rats were anesthetized for the period of surgery by i.p injec-
tion of 1 ml/kg 9:1 ketamine-xylazine solution, and maintained at 37�C on
a heated surface (Harvard Apparatus, Inc., Holliston, MA, USA). An
indwelling cannula was placed in the right jugular vein for systemic blood
sampling as described [11]. This cannula was tunnelled beneath the skin
and exteriorized at the dorsal part of the neck and used for i.v. administra-
tion and blood sampling. At the end of surgery animals were transferred to
metabolic cages for a 12–18 hr recovery period with free access to water
only. The microencapsulated formulation of EH-36 (5 mg/kg body weight)
was administered to the animals by slow i.v. bolus injection. Chow was 
put in the cages 4 hrs after drug administration. Systemic blood samples

(0.35 ml) were collected at 5 min. before treatment and at 2, 5, 15 and 
30 min., and 1, 2, 3, 4 and 8 hrs thereafter; equal volumes of physiologi-
cal solution were administered to the rats following each withdrawal of a
blood sample. Mouse studies: EH-36 solution in sesame oil was prepared
as described above and used for s.c. injections. The plasma levels of 
EH-36 were determined over a 48 hr period, during which the compound
was administered to the mice at 0, 12, 14 and 36 hrs. The mice (three per
group) were killed by cardiac puncture at zero time (prior to the first 
injection) and at 12, 24, 36 and 48 hrs during the treatment. The blood was
collected in heparin-coated tubes. In both rat and mouse studies, plasma
was separated by centrifugation and stored at –20�C until analysis. Non-
compartmental pharmacokinetic analysis was performed with WinNonlin
software, standard edition version 5.0.1 (Pharsight, Mountain View, CA
USA). The concentration- and time-course data were analysed by the
model-independent technique.

Serum insulin determination and blood 
biochemistry tests

Blood was collected by heart puncture and placed in heparin-washed test
tubes. Plasma was separated by centrifugation. A 50 �l aliquot of each
plasma sample was taken for insulin radioimmunoassay (suitable for rat
and mouse insulin; Linco Research, St. Charles, MO, USA). The intra-assay
coefficient of variation was 4–6% and the inter-assay coefficient of varia-
tion was 6–10%. The remaining plasma samples were analysed at the
Clinical Biochemistry Department of The Hebrew University-Hadassah
Medical Centre, per standard test cost.

Statistical analysis

Results are given as mean � S.E.M. Statistical significance (P 	 0.05) 
was calculated among experimental groups using the two-tailed Student’s
t-test.

Results

Blood-glucose lowering effect of EH-36

The structure of EH-36 is shown in the inset to Figure 1, which also
shows the plasma levels attained in STZ-C57BL/6 mice following
repeated four s.c. depot injections (at 12 hr intervals) of 10 mg/kg
body weight. EH-36 was detectable in plasma after a 12 hr lag
period; half-maximal and maximal plasma levels (1.1 and 2.1 �M,
respectively) were reached at 22 and 36 hrs. Importantly, these
plasma concentrations are comparable to the in vitro effective
concentration of EH-36 reported before (5.0 �M; [6]).

The effect of EH-36 on blood glucose levels was evaluated 
following its s.c. injection (10 mg/kg of EH-36, twice a day) to
STZ-treated C57BL/6 mice and KKAy diabetic mice. EH-36
demonstrated marked antihyperglycaemic activity: it significantly
reduced blood glucose in STZ-treated C57BL/6 mice by 33% and
54% on days 3 and 4 of treatment, respectively, whereas oil
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treatment (vehicle) had no effect (Fig. 2A). EH-36 was even more
effective in KKAy diabetic mice: blood glucose was reduced by
39%, 55% and 60% on days 2, 3 and 4 of treatment, respectively
(Fig. 2B). Similar results were observed in these animals when
the treatment was extended to 7 days. Yet, normoglycaemia was
not attained in the diabetic mice following these 4- and 7 day
treatments. In the rest of the experiment the mice were treated
with EH-36 for 4 days to minimize the accumulation of oil at the
sites of injection and to lower the risk of developing inflamma-
tory reactions. In parallel with the reduction of blood glucose
concentration, the KKAy mice, which are usually hyperinsuli-
naemic, became normoinsulinaemic during this treatment (Fig.
2C). The glucose-lowering effect of EH-36 was not restricted to
diabetic animals: Figure 2D shows that it reduced blood glucose
also by 20–25% in normoglycaemic control C57BL/6 mice.

The antihyperglycaemic effect of EH-36 was further explored
with IP-GTT tests. Both types of diabetic mice were treated with
sesame oil (150 �l) or EH-36 (10 mg/kg, s.c. twice daily) for 4 days,
after which IP-GTT was performed at 9 a.m. after an overnight
fast. The summaries of these data in absolute (Fig. 3A and C) and
relative blood glucose levels (Fig. 3C and E) show a significant
improvement in glucose tolerance in both mouse models following
EH-36 treatment. Figure 3C and F shows the corresponding area
under the curve (AUC) values: 1156 � 231 versus 627 � 162 mmol
of glucose/l · min. for oil- and EH-36-treated STZ-C57BL/6 mice,
respectively; and 1380 � 257 versus 950 � 141 for the respective
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Fig. 1 Time-dependent increase of EH-36 in the plasma of male C57BL/6
mice. Mice were injected s.c. every 12 hrs for 2 days 10 mg EH-36/kg body
weight. Plasma levels of EH-36 were determined at the indicated times, as
described under Materials and methods. Mean � S.E.M., n 
 3. Inset: EH-
36 structural formula. Arrows indicate injection times. Zero-time level was
determined in naive animals. Mean � S.E.M., n 
 3.

Fig. 2 Antihyperglycaemic effects of EH-36 in STZ-
C57BL/6 and KKAy diabetic mice. (A) STZ-C57BL/6
mice were injected s.c. twice daily for 4 days 10 mg
EH-36/kg body weight (black circles) or 150 �l
sesame oil (open circles). Blood glucose levels
were determined at the indicated times. (B) KKAy
mice were similarly treated with EH-36 (black
squares) or the vehicle (open squares). (C) Plasma
insulin levels were determined in samples taken
from the EH-36- and oil-treated KKAy mice
described in (B). (D) Normal (non-diabetic) C57BL/6
mice were treated with EH-36 or oil as described
above. The blood glucose levels at day zero were
7.8 � 0.6 and 7.6 � 0.9 mM for the control and
EH-36 treated group, respectively. Mean � S.E.M.,
n 
 5–10, *P 	 0.05 in comparison with the oil-
treated groups.
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KKAy mice. These results indicate that EH-36 improved total body
glucose disposal by 30–50% following 4 days of treatment.

EH-36 improves the glucose uptake of skeletal
muscles in diabetic mice

The capacity of EH-36 to augment peripheral glucose disposal in
STZ-C57BL/6 mice was then determined by measuring the biodis-
tribution of the non-metabolized radioactive tracer [18F]-FDG.
Figure 4A and B shows a significant increase in the accumulation
of the radioactive glucose analogue in soleus muscles and hearts
isolated from EH-36-treated mice in comparison with the organs

removed from oil-treated control mice. These differences remain
significant whether the accumulation was calculated as a percent-
age of the injected dose of [18F]-FDG per tissue weight (Fig. 4A) or
as the tissue to blood ratio of [18F]-FDG (Fig. 4B). Noteworthy, no
significant accumulation of [18F]-FDG was found in the epididymal
fat, liver and pancreas of EH-36-treated mice in comparison with
the control group.

We then employed an ex vivo assay to measure the [3H]-dGlc
uptake capacity of soleus muscles isolated from oil- or EH-36-
treated diabetic STZ-C57BL/6 mice (Fig. 5A) and KKAy mice 
(Fig. 5B). In both models, the rate of uptake was over 2-fold higher
in muscle from the EH-36-treated mice in comparison with the 
oil-treated control mice. Notably, the 4 day of the in vivo treatment

597© 2011 The Authors
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Fig. 3 EH-36 improves glucose tolerance in
STZ-C57BL/6 and KKAy diabetic mice. The
mice were treated with EH-36 or oil as
described in the Figure 2A legend.
Following overnight fast they were taken in
the morning for an IP-GTT, as described
under Materials and methods. (A) and (B)
Summary of tests performed on oil- (open
circles) and EH-36-treated STZ-C57BL/6
mice (black circles). (C) Average AUC val-
ues of the individual IP-GTT tests shown in
(A). (D) and (E) Summary of tests per-
formed on oil- (open squares) and EH-36-
treated KKAy diabetic mice. (F) AUC values
of the individual IP-GTT tests shown in (C).
Mean � S.E.M., n 
 5–10, *P 	 0.05 in
comparison with the oil-treated group.
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with EH-36 appears as effective as the short-term in vitro addition
of insulin in augmenting the rate of glucose uptake in the muscles
of these mouse models of type 1 and type 2 diabetes.

EH-36 induces in vivo Thr172 phosphorylation 
of AMPK in skeletal muscle

We have previously shown that EH-36 in vitro induces transloca-
tion of GLUT-4 to the plasma membrane of L6 myotubes in an
AMPK-dependent manner [6]. To investigate whether EH-36 oper-
ates by this mechanism also in vivo, we treated STZ-C57BL/6 and
KKAy mice with EH-36 or oil for 4 days, excised their soleus mus-
cles and determined the extent of Thr172 phosphorylation in
AMPK. AICAR, the pharmacological activator of AMPK (added at 4
mM for 30 min. to muscles isolated from naive mice) served as a
positive control. Figure 6A–D depicts that Thr172-AMPK phospho-
rylation was 1.85- and 1.76-fold higher in muscles isolated from
EH-36 treated STZ-C57BL/6 and KKAy mice, respectively, in com-
parison with the respective oil-treated controls. The total muscle
content of AMPK was not altered. Of note, the level of AMPK phos-
phorylation in the liver of both types of mice remained unaltered
following EH-36 treatment (data not shown).

Pharmacokinetic analysis

The pharmacokinetic parameters of EH-36 were determined in rats
as described under Materials and methods. Figure 7 depicts the
temporal changes in the plasma concentration of EH-36 after a
single i.v. bolus injection. The compound was cleared from the
plasma with a T1/2 of 21.7 � 1.7 min. Other pharmacokinetic
parameters of EH-36 are given in Table 1. The value of EH-36
plasma protein binding capacity, shown in this table, is taken from
our previous study [6].

Liver and renal function and plasma lipid profile
in EH-36-treated mice

STZ-C57BL/6 mice and KKAy mice were treated with EH-36 or oil
for 4 days as described above. The glycogen content in quadriceps
muscles and hearts of EH-36-treated C57BL/6- and KKAy mice
remained comparable to that measured in the organs isolated
from the respective oil-treated controls (Table 2). Yet, there was a
~50% reduction in KKAy liver glycogen content following the treat-
ment with EH-36, while hepatic glycogen content in C57BL/6 mice
was not affected.

© 2011 The Authors
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Fig. 4 Biodistribution of [18F]-FDG in organs
of EH-36-treated STZ-C57BL/6 mice. The
mice were treated with EH-36 (black bars) or
oil (open bars) as described in the Figure 2A
legend. On the morning of day 5 they
received an i.v. injection of [18F]-FDG and
were further processed, as described under
Materials and methods. (A) Distribution of
the radioisotope was calculated as the 
percentage of the injected dose per gram of
organ. (B) The tissue-to-plasma ratio of the
isotope was calculated by dividing the
radioactivity in 1 g tissue by the radioactivity
in 1 g plasma. Mean � S.E.M., n 
 5–10, 
*P 	 0.05 in comparison with the oil-treated
mice.

Fig. 5 Effect of EH-36 treatments and of in
vitro insulin on dGlc uptake in isolated soleus
muscles. STZ-C57BL/6 (A) and KKAy diabetic
mice (B) were treated with EH-36 or oil as
described in the Figure 2 legend. Soleus muscles
were isolated from the mice on day 5 and incu-
bated for in vitro [3H]dGlc uptake, as described
under Materials and methods. Soleus muscles
isolated from untreated STZ-C57BL/6 and
KKAy diabetic mice were incubated with 
100 nM insulin for 20 min. prior to the uptake
assay, as described under Materials and meth-
ods. Mean � S.E.M., n 
 5–10, *P 	 0.05 in
comparison with respective controls.
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Table 3 shows that serum triglycerides and total cholesterol in
the EH-36-treated mice were not significantly different from oil-
treated controls. The creatinine level in EH-treated diabetic KKAy
mice was normal, but it was significantly increased in EH-36
treated STZ-C57BL/6 mice. Liver function, as determined by the
activities of alanine transaminase, alkaline phosphatase, �-glu-
tamyl transferase and aspartate aminotransferase remained unal-
tered in EH-36-treated mice.

Fig. 6 EH-36 activates AMPK in soleus muscles of STZ-C57BL/6 and KKAy diabetic mice. STZ-C57BL/6 (A, B) and KKAy diabetic mice (C, D) were treated
with EH-36 or oil as described in the Figure 2A legend. Soleus muscles were isolated from the mice on day 5 and processed for AMPK and pThr172AMPK
Western blot analysis as described under Materials and methods. AICAR (4 mM) was added for 30 min. to soleus muscles isolated from untreated 
animals. (A) and (C) show representative Western blots; (B) and (D) give the summary of band densities of 3 independent experiments (open bars: control
mice, black bars: EH-36 treated mice). Mean � S.E.M., n 
 3, *P 	 0.05 in comparison with respective oil controls.

Fig. 7 Time-course analysis of plasma levels of EH-36. The formulation of
EH-36 for an i.v. injection is described under Materials and methods. Non-
diabetic Wistar rats received EH-36 (5 mg/kg body weight) by a single i.v.
bolus injection. Blood samples were drawn at the indicated times and taken
for extraction and GC-MS analysis of EH-36, as described under Materials
and methods. Mean � S.E.M., n 
 3.

Table 1 Pharmacokinetic parameters of EH-36

PK parameters Value

T1/2 (min.) 21.7 � 1.7

AUC (�M/min.) 83.0 � 21.1

Vd (l/kg body weight) 2.4 � 0.1

CL (ml/min./kg body weight) 83.3 � 2.6

Cmax (�M) 2.8 � 0.4

The pharmacokinetic parameters of EH-36 were determined following a
single bolus injection to rats, as described under Materials and methods.
Mean � S.E.M., n 
 3.
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Acute toxicology

A preliminary acute toxicology survey of EH-36 in mice was
conducted by The Pre-clinical group Vetgenerics (Rehovot,
Israel). EH-36 in sesame oil (50 mg/kg; dose volume: 3.3 ml/kg)
or the vehicle were injected s.c. twice daily for 14 days to male
and female C57BL/6J (20–22 g) control mice. No animal died
and no pathological symptoms were detected during the injec-
tion period and a 2 week recovery period. The thoracic and
abdominal cavities were exposed at the end of the survey: no
abnormality in organ location, colour, shape or size was
observed, except in one EH-36-treated male mouse where the
spleen was partially dark.

Interestingly, body weight gain in the EH-36-treated male mice
was significantly lower in comparison with the oil-treated animals
throughout the injection period and the 2 weeks of recovery 

(Fig. 8). Nonetheless, the mean daily food consumption of these
mice was not significantly different from that of the control group
(2.35 � 0.05 and 2.55 � 0.15 g/day for EH-36-treated mice 
during the treatment and the recovery periods, respectively, ver-
sus 2.67 � 0.11 and 2.65 � 0.15 g/day for the oil-treated mice).
Daily food consumption and body weight gain in female mice was
similar with EH-36 or oil treatment throughout the injection and
recovery periods.

Discussion

This study shows that low molecular weight lipophilic D-xylose
derivatives may represent a new class of antihyperglycaemic com-
pounds. The prototype molecule EH-36 reduced significantly

© 2011 The Authors
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Table 2 Glycogen content in quadriceps muscles, hearts and livers of oil- and EH-36 treated STZ-C57BL/6 and KKAy mice

STZ-C57BL/6 and KKAy mice were treated s.c. with EH-36 or oil as described in the Figure 2A legend. The organs were excised from mice after
injection of a lethal dose of ketamine/xylasine. Glycogen content in the various organs was determined as described under Materials and methods.
Results are given as �g glycogen/mg wet weight. Mean � S.E.M., n 
 10. *P 	 0.05 significantly different from the respective oil-treated control
mice.

Mouse model: STZ-C57BL/6 mice KKAy mice

Treatment: Oil EH-36 Oil EH-36

Quadriceps muscle 0.23 � 0.24 0.21 � 0.4 1.35 � 0.23 1.34� 0.52

Heart 0.19 � 0.02 0.21 � 0.5 0.36 � 0.04 0.39 � 0.08

Liver 1.56 � 0.09 1.29 � 0.09 12.15 � 1.23 6.17 � 0.76*

Table 3 Blood biochemistry of oil- and EH-36 treated STZ-C57BL/6 and KKAy mice

STZ-C57BL/6 and KKAy mice were treated with EH-36 or oil as described in the Figure 2A legend. Blood was collected, plasma separated and
taken for biochemical analysis, as described under Materials and methods. Mean � S.E.M., n 
 10. *P 	 0.05 significantly different from the
respective oil-treated control mice.

Normal C57BL/6 
mice

Oil-treated 
STZ-C57BL/6 mice

EH-36-treated 
STZ-C57BL/6 mice

Oil-treated 
KKAy mice

EH-36-treated 
KKAy mice

Blood glucose (mM) 6.3 � 0.4 19.7 � 3.1* 8.3 � 3.8 27.1 � 4.8 13.6 � 2.3*

Triglycerides (mM) 0.66 � 0.12 0.7 � 0.08 0.63 � 0.09 1.43 � 0.2 1.23� 0.34

Cholesterol (mM) 2.9 � 0.2 2.5 � 0.2 2.63 � 0.28 2.33 � 0.31 2.2 � 0.1

Creatinine (�M) 83.2 � 12.5 137.8 � 14.9* 246.2 � 21.0* 52.5 � 3.5 43.3 � 5.5

Alanine transaminase (U/l) 88.5 � 5.2 116.6 � 11.8 88.5 � 14.4 54 � 3.6 47 � 6.3

Alkaline phosphatase (U/l) 	10 	10 	10 	10 	10

�-glutamyl transferase (U/l) 76.6 � 5.7 75.2 � 8.4 64.2 � 6.8 12.6 � 2.8 10.6 � 1.9

Aspartate aminotransferase (U/l) 225 � 23 216 � 41 256 � 19 201 � 15 279 � 21.6
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blood glucose in mouse models of type 1 (STZ-C57BL/6 mice) and
type 2 diabetes (KKAy mice), but did not establish normogly-
caemia. Of interest is the reduced sensitivity of KKAy mice to EH-
36 blood glucose lowering effects in comparison with STZ-
C57BL/6 mice. Two critical factors may explain this observation:

First, a decreased expression of GLUT-4 in skeletal muscles in
hyperglycaemic KKAy mice in comparison with the non-diabetic
wild-type mice [12]. Second, STZ-induced liver damage in STZ-
C57BL/6 mice [13] could slow the hepatic metabolism of EH-36
and extend its biological effects.

A dose–response analysis of s.c. injected EH-36 showed simi-
lar blood glucose lowering effects up to 100 mg/kg body weight
(data not shown). This is explained pharmacokinetically by a non-
linear relationship in the release of lipophilic drugs from sesame
oil depots [14]. Noteworthy, higher doses (i.e., 300 mg/kg body
weight) induced hypoglycaemia and high mortality of the treated
mice within 7 days of injections. Due to the limited solubility of
EH-36 even in oil, this dose escalation was accompanied with
larger volumes of oil injected. This treatment caused noticeable
inflammatory reactions and tissue damage at the sites of injection,
which could increase the absorption of the drug and lead to 
hypoglycaemia.

Along with its antihyperglycaemic effect, EH-36 also attenuated
the compensatory hyperinsulinaemia, which usually results from
peripheral insulin resistance, in the type 2 diabetes model.
Concomitantly, EH-36 augmented glucose uptake in skeletal mus-
cle and heart, but not in adipose tissue and liver in both mouse
models. The augmenting effect of EH-36 is correlated to the acti-

vation of AMPK� in skeletal muscle, but not in liver. In previous
studies on cultured L6 myotubes we showed that EH-36 increased
GLUT-4 abundance in the plasma membrane fraction in an AMPK-
dependent manner, without engaging the insulin transduction
mechanism in the process [6]. Interestingly, the efficacy of EH-36
in augmenting the rate of glucose uptake in skeletal muscle of the
treated mice was comparable to the maximal in vitro stimulatory
effect of insulin. However, although insulin has a rapid effect on
muscle glucose uptake (20 min. exposure in vitro), the time
course of the EH-36 effect (24–36 hr treatment in mice) is strik-
ingly different. Insulin binds to its receptor and activates the trans-
duction mechanism and promptly induces the translocation of
GLUT-4-containing vesicles to the plasma membrane [15],
However, a 24–36 hr lag period is required for EH-36 to reach an
effective concentration in vivo (Fig. 1). We also compared the
effect of EH-36 to the sulphonylurea derivative glibenclamide and
found comparable blood glucose lowering activities for both; how-
ever, the onset of the effect of the former was faster than that of
EH-36 (data not shown).

AMPK is a master regulator of cellular energy balance and is
considered to be a key switch for glucose and lipid metabolism in
various organs: in skeletal muscle it stimulates glucose transport
and fatty acid oxidation; in the liver it augments fatty acid oxida-
tion and decreases glucose output and cholesterol and triglyc-
eride synthesis [16]. The AMPK complex consists of a catalytic �
subunit and two regulatory subunits, � and �. Various isoforms
of these subunits are encoded by different genes and expressed
in a tissue-specific manner. The �2 subunit, which is the predom-
inant catalytic AMPK subunit in skeletal muscle, is activated by
Thr172 phosphorylation by various kinases [i.e., serine/threonine
protein kinase coded in the lkb locus (LKB1), transforming
growth factor-�-activated kinase (TAK1) and calmodulin-dependent
protein kinase kinase � (CaMKK�)] [16–19]. The present study
shows that systemic administration of EH-36 resulted in marked
AMPK� Thr172 phosphorylation in skeletal muscle in both types
of diabetic mice.

The activation of AMPK by Thr172 phosphorylation in contract-
ing skeletal muscles, or following hypoxia, hyperosmolar shock or
treatment with mitochondrial uncouplers and electron transport
inhibitors, has been associated with relative energy depletion and
increased AMP/ATP ratio [20]. The activated AMPK complex sub-
sequently phosphorylates the protein AS160 at Thr642, which then
releases GLUT-4-containg vesicles from intracellular compart-
ments and promotes their translocation to the plasma membrane
[21, 22]. However, AMPK-independent mechanisms have also
been suggested to mediate the effect of muscle contraction on
glucose transport [23]. Nonetheless, mitochondrial dysfunction
and impaired lipid metabolism in skeletal muscle of insulin resistant
and type-2 diabetic patients have recently been linked to impaired
AMPK activation [24]. AMPK shows cardioprotective effects,
which have been attributed to augmented glucose transport and
glycolysis in ischemic hearts [25, 26]. Indeed, post-ischemic 
cardiac damage was more severe in mice bearing a dominant-neg-
ative AMPK�2 transgene in their cardiomyocytes [27].
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Fig. 8 EH-36 reduces body weight gain in male C57BL/6 mice. Non-
diabetic male (squares) and female (circles) C57BL/6 mice were treated
with EH-36 (50 mg/kg body weight; black symbols) or the vehicle (3.3 ml
sesame oil/kg body weight; open symbols) once a day by s.c. injection for
14 days. A recovery period lasted for additional 2 weeks. Mean � S.E.M.,
n 
 5, *P 	 0.05 in comparison with the oil-treated male mice.
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The biguanide derivative metformin is a commonly prescribed
antidiabetic drug, which primarily reduces hepatic glucose output,
possibly by inhibiting complex I in the mitochondrion and increas-
ing the cellular AMP/ATP ratio. Recent studies suggest that met-
formin also acts by activating AMPK in the liver [28]. The effect of
metformin on skeletal muscle glucose metabolism is less clear. It
has been suggested that metformin augments Rab4 expression in
an AMPK-dependent manner, and that the former modulates
insulin-mediated GLUT-4 translocation to the plasma membrane
[29]. Others have found that metformin augments glucose uptake
in L6 myotubes by pyruvate dehydrogenase kinase 1 (PDK1)-
dependent activation of atypical PKC [30]. Nonetheless, improved
insulin signalling by metformin-mediated reduction of inhibitor of
nuclear factor -� kinase-� (IKK�) activity in skeletal muscle has
also been reported [31], as well as metformin-induced muscle
mitochondrial dysfunction [32]. In contrast to these inconsistent
reports on the role of AMPK in transducing the peripheral effects
of metformin, EH-36 stands as a potent activator of AMPK in
skeletal muscle. Based on our previous study in L6 myotubes [6],
it appears that EH-36 recruits GLUT-4 to the plasma membrane of
skeletal muscles by activating the AMPK-AS160 arm of the GLUT-
4 translocation machinery.

The present in vivo and ex vivo analyses of skeletal muscles
show that EH-36 stimulated primarily the glucose transport sys-
tem in a non-insulin-dependent manner whereas glucose uptake
in adipose tissues and livers was not affected. The antihypergly-
caemic effect of EH-36 in STZ-C57BL/6 mice, in which the �-cell
mass is dramatically reduced, indicates that the primary site of
action of EH-36 is extra-pancreatic. Noteworthy, EH-36 had no
noticeable effect on basal and glucose-stimulated insulin secretion
from cultured INS-1E �-cells (data not shown). KKAy mice
develop hyperinsulinaemia in early adulthood due to peripheral
insulin resistance [33, 34]. The hyperglycaemia and hyperinsuli-
naemia of this mouse model (27.1 � 4.8 mM and 2.1 �

0.1 ng/ml, respectively) were significantly reduced following a 
4 day treatment with EH-36 to 13.6 � 2.3 mM and 0.8 � 0.1 ng/ml,
respectively. We attribute the reduction in plasma insulin to an
improved peripheral glucose disposal and alleviation of the insulin
resistant state.

The effective concentration of EH-36 in plasma (2 �M) is
somewhat lower than the in vitro minimal effective concentration
(5 �M) that we reported for cultured L6 myotubes [6]. The high
values of the oil/water partition coefficient (logP 
 4.99), protein
binding capacity (98.0 � 0.3%) [6], and volume of distribution
(Vd 
 2.4 � 0.1 l/kg body weight) of EH-36 reflect its strong
lipophilic nature. This is closely associated with the sustained
plasma level of EH-36 that we found in mice during depot admin-
istration (repeated s.c injections in oil suspension; Fig. 1). The
short half-life of EH-36 demonstrated in the present report agrees
with the calculated clearance rate. The in vivo metabolism and
elimination EH-36 have not been yet fully studied. We prepared
various EH-36 formulations for oral administration and tested
them in vivo by oral (gavage) administration and in vitro in the
CaCo-2 monolayer permeability model system: in both cases we
could not find evidence of substantial EH-36 permeation through

enterocytes in the gastrointestinal wall. Advanced formulations
and/or derivatization of EH-36 will be required to improve its
bioavailability and first-pass metabolism for effective oral 
administration.

We made a preliminary assessment of the safety of EH-36.
Kidney and liver function in EH-36-treated KKAy mice was not
modified. EH-36 reduced markedly liver glycogen accumulation in
KKAy mice, which is in accordance with the reduced glucose and
insulin levels in blood, resulting in lower glucose availability and
glycogen synthase activity. In contrast, liver glycogen levels were
not reduced in EH-36-treated STZ-C57BL/6 mice, whereas blood
creatinine was increased. These observations most likely reflect
long-term STZ-induced hepatotoxicity and nephrotoxicity in mice
[13, 35, 36]. Nonetheless, total cholesterol and triglyceride levels
were not significantly changed following EH-36 treatment of STZ-
C57BL/6 and KKAy mice.

The reduced weight gain of EH-36-treated non-diabetic male
C57BL/6 mice is interesting and surprising, because this was not
observed in female mice. Whether additional targets for EH-36
that control energy expenditure or substrate futile cycling exist in
male mice remains to be investigated. All in all, this preliminary
examination suggests that EH-36 is not toxic in mice.

In summary, these in vivo findings and our previous study on
the in vitro mechanism of action of EH-36 highlight the potential
of such lipophilic D-xylose derivatives to form the basis of a new
class of antihyperglycaemic agents. By activating AMPK specifi-
cally in skeletal muscles, these compounds ameliorate peripheral
insulin resistance. Consequently, the peripheral demand for
insulin is reduced, preventing the deterioration of �-cells, which is
a characteristic finding in type 2 diabetes. Ongoing work focuses
on EH-36 as a prototype molecule for the development of such
novel oral antidiabetic drugs.
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