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Abstract

Background: Although peripherally restricted cannabinoid 1 receptor (CB1R) inhibitors reportedly have the potential to improve the
metabolic profile of obese subjects without the central nervous system (CNS) liabilities of centrally acting compounds, weight loss in
rodent studies has generally been modest. However, the hepatotropic CB1R inverse agonist TM38837 was more efficacious than the
centrally acting drug rimonabant in diet-induced obese (DIO) mice, which has been attributed to enhanced exposure in hepatocytes.
Accordingly, TM388837 was investigated in DIO rats to assess weight-reducing efficacy and other potential metabolic benefits relative
to CNS exposure. Methods: TM38837 was administered to DIO rats for 5 weeks to determine the effects on body weight, metabolic and
inflammatory plasma markers, and hepatic steatosis. Subsequently, CNS exposure was assessed in lean rats using an immunohistochem-
ical analysis of cFOS induction. Finally, food intake-independent effects on hepatic steatosis and glucose homeostasis were evaluated
using obese Zucker rats with pair-fed controls. All studies used rimonabant as comparator. Results: Weight loss comparable to that of
rimonabant at an equivalent dose was observed for TM38837 in DIO rats, attributed to a loss of fat mass and driven by a sustained re-
duction in food intake. However, effects on plasma markers and steatosis were not significant (except leptin) for either compound in this
study. Unlike for rimonabant, cFOS induction was not significant in any brain areas of lean rats following treatment with the selected
efficacious dose of TM38837. Highly significant reductions in liver fat (cf pair-fed controls) and plasma area under the curve above
baseline for insulin (AUCB2Insulin), cf vehicle, were subsequently observed following 8- and 4-week dosing with TM38837, respectively,
in obese Zucker rats. Conclusions: Liver-targeted CB1R inverse agonists, such as TM38837, have potential for the treatment of obesity
and associated morbidities with generous safety margins from CNS side-effects.
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1. Introduction
Cannabinoid 1 receptor (CB1R) is highly expressed in

the central nervous system (CNS) where, among wide rang-
ing effects, it acts as part of the leptin-regulated neural ap-
petitive circuitry as an orexigenic mediator. Thus, CB1R
blockade in the CNS leads to decreased food intake, as
was originally demonstrated in rodents [1]. Subsequently,
before their withdrawal from clinical development, due to
serious psychiatric side-effects [2], centrally acting CB1R
blockers (e.g., rimonabant (Fig. 1)) proved effective in both
reducing body weight and the associated insulin resistance
and dyslipidemias in people who were overweight/obese
with metabolic syndrome [3]. However, the clinical per-
spective was that improvements in glycemic control and
the lipid profile in patients with type 2 diabetes (T2D) and
loss of visceral and hepatic fat in patients with abdominal
obesity, observed in clinical trials with rimonabant [4,5],
could only be partially attributed to the observed reduction
in body weight. This observation implicated a possible role
of CB1R outside the CNS, and now known to also be a key
mediator of metabolic processes in several peripheral tis-
sues, including adipose tissue, liver, skeletal muscle, kid-

ney, bone, and pancreas [6–8]. Furthermore, obesity and
related pathologies, such as T2D, are characterized by dys-
regulation, and in most cases overactivity, of the cannabi-
noid system in several peripheral organs, with concomi-
tant changes in CB1R expression [9–11]. Thus, several
groups have attempted to develop CB1R blockers with re-
duced propensity to cross the blood–brain barrier (BBB)—
and many such compounds have been reported to be effica-
cious in animal models of obesity and metabolic syndrome
[12–14]. However, there has thus far been limited clinical
validation for this approach obtained and controversies sur-
rounding the role of peripheral CB1R in fatty liver disease
have been reported [15]. Nevertheless, in this regard, the
first such compound to start clinical testing was TM38837
(Fig. 1), which had produced weight loss comparable to that
of the same dose of rimonabant in DIO mice, characterized
by an initial smaller but more sustained effect on food in-
take [16]. This unexpected efficacy is believed to have been
driven by enhanced exposure of TM38837 in hepatocytes,
due to hepatic uptake transporters, which was not evident
in less efficacious compounds [16,17]. Among the periph-
erally restricted CB1R blockers thus far reported, the tissue
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Fig. 1. Structures of rimonabant and TM38837.

distribution of TM38837 appears to be unique and, due to
the intracellular localization of CB1R in hepatocytes, the
high liver exposure could be a feasible explanation for the
encouraging efficacy [18]. In addition to the hepatic uptake,
reduced propensity to cross the BBB, compared to first-
generation CB1R inhibitors, restricts CNS penetration and
amplifies the exposure difference between liver and brain.
Thus, TM38837 potentially has an exceptionally high ther-
apeutic ratio between liver-driven efficacy and undesirable
CNS side-effects.

To further explore the potential benefits of enhanced
pharmacological blockade of hepatic CB1R, the effect of
chronic treatment with TM38837 was investigated in DIO
rats; with rimonabant as comparator. Studies with peripher-
ally restricted CB1R inhibitors have demonstrated the po-
tential for beneficial effects on hepatic steatosis and car-
diometabolic complications associated with obesity [19,
20]. Thus, in addition to body weight reduction, analyses of
metabolic plasma biomarkers and non-alcoholic fatty liver
disease (NAFLD), including inflammatory biomarkers and
steatosis, were included to indicate potential clinical util-
ity. However, as food intake reduction by rimonabant is
known to be primarily CNS driven, it was deemed neces-
sary to demonstrate significantly reduced CNS exposure for
TM38837 in rats. Thus, following oral administration to
rats, exposure in different brain regions was compared for
the two compounds, by measurement of cFOS protein in-
duction using immunohistochemistry. As both compounds
are full CB1 inverse agonists, the neural activation patterns
induced by these two compounds should be indicative of
relative compound exposure in different brain regions [21].

A potential issue with the study in DIO rats is variabil-
ity in the development of metabolic syndrome components,
such as insulin resistance and steatosis, which could lead to
a lack of statistical significance in various measurements.
Therefore, the effects of chronic TM38837 treatment on
hepatic steatosis and glucose control in obese Zucker (fa/fa)
rats were subsequently investigated in separate experiments
with pair-fed controls and rimonabant used as reference
comparator. The use of Zucker rats to study aspects of

metabolic syndrome is well established [22], and rimona-
bant has been shown to improve aspects of NAFLD and
to have beneficial effects on insulin resistance in these an-
imals [23,24]. The use of pair-fed controls was intended
to differentiate direct effects on glucose homeostasis and
steatosis, due to blockade of CB1R, from the effects of re-
duced body weight. Such studies may improve understand-
ing of the contribution of hepatic CB1R to the development
of metabolic syndrome, relative to other peripheral tissues
or the CNS.

2. Materials and Methods
2.1 Test Compounds

Rimonabant [25] and TM38837 [17,26] were synthe-
sized following previously published literature procedures,
and pioglitazonewas supplied by RenaSci Consultancy Ltd.
The sodium salt of TM38837was prepared by dissolution of
the free acid in methanol, addition of one equivalent sodium
hydroxide (from 1 M volumetric standard solution), evap-
oration to dryness, followed by trituration with isopropyl
acetate/heptane (1:1), then filtration and drying of the re-
sulting solid. All test compound batches were>98% purity
by HPLC.

2.2 Pharmacokinetics (PK) and Formulation
Dosing was p.o. using the same vehicle (0.1%

Tween 80 and 1% hydroxypropyl methyl cellulose (HPMC)
(Sigma No: H9262) in distilled water, pH = 7.4) for all in
vivo studies according to the following protocol:

TM38837 (sodium salt) or rimonabant were ground
using a pestle and mortar, then, the vehicle was added grad-
ually, and the mixtures sonicated for 10 min. Slightly vis-
cous solutions (TM38837) or white granular suspensions
(rimonabant) were obtained, which were adequate for p.o.
dosing. Suspensions with a pH above 8.0 were buffered
with a few drops of 1 M HCl to produce a pH in the range
7.0–8.0. All drugs were administered using a minimal dose
volume in the range of 1–3 mL/kg and formulations were
prepared freshly within 2 h of each administration. Prepa-
rations were stored at room temperature and manually ag-
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itated immediately before each administration. All drug
doses are expressed as the free base.

The use of this sodium salt suspension formulation
enabled the administration of doses exceeding 10 mg/kg;
however, exposure may be lower than for solution formu-
lations with free acid and a solubilizing agent. Therefore,
a preliminary PK study was run in lean Han–Wistar rats at
p.o. doses of 5 mg/kg and 50 mg/kg (both n = 3) to compare
exposure with previous studies in mice, for which solution
formulations were used, and to select doses for the current
study.

2.3 Source of Animals for In Vivo Studies
Female Han–Wistar rats for the PK and DIO studies

were obtained from Charles River, Margate, Kent. Sprague
Dawley rats for the cFOS induction study were obtained
from Taconic, Denmark. Lean and obese animals for both
studies in Zucker rats were obtained from Charles River,
France.

2.4 Data and Statistical Analysis
For the rat DIO study, the exact statistical tests em-

ployed were dependent on the data obtained. The effects of
chronic administration of drugs on body weight and daily
food intake were compared using one-way analysis of co-
variance (ANCOVA), with baseline established as the co-
variate, followed by appropriate multiple comparisons tests
(two-tailed) to compare the effects of each treatment group
with control. ANCOVA, as a variation of analysis of vari-
ance (ANOVA), is used to determine differences between
results from three or more unrelated samples or groups. but
ANCOVA also considers the effects of other variables, in
this case body weights and food intake of the test groups
at baseline (i.e., before drug treatment). The advantage of
using ANCOVA is that it improves precision and the like-
lihood of obtaining a significant finding by adjusting the
results to account for differences in the groups at base-
line. However, whilst ANCOVA (or ANOVA) will de-
termine whether statistical differences exist between test
groups that are not attributable to random chance, it will
not indicate specifically which groups these differences
exist between. Therefore, positive results were followed
by post-hoc multiple two-tailed comparison tests, which
identified differences between group means, without spec-
ifying the direction of the difference. A multiple t-test
was sufficient when comparing between rimonabant- and
vehicle-treated groups, whereas William’s test, which com-
pares several treatment levels with a zero control in a one-
factorial design, was used for comparing TM38837- and
vehicle-treated groups.

The effects of drugs on plasma levels of various
metabolic parameters were analyzed using ANCOVA, with
body weight at baseline (Day 1) as covariate and, if ap-
propriate, bleeding times and/or bleeding group as factors.
These analyses examined and accounted for any poten-

tial differences between the three animals per group dosed
again on Day 34 (for PK) and the remaining seven animals
in each group, which were not dosed on Day 34. Plasma
parameters were initially analyzed to assess the distribution
of the data, as the statistical methods assumed that the data
would be normally distributed with equal variance across
the groups. If appropriate, log transformations and/or ro-
bust regression techniques were used to reduce the influ-
ence of outliers. Fat pad weights (retroperitoneal, inguinal,
and combined (g)) were expressed as a % of the final body
weight using the statistical tests described above.

Adjustments for variability in drug exposure, due to
the use of suspension formulations, were not feasible for
the analysis of any parameter, as plasma samples were only
collected from test group animals for PK analysis at the
end of the study. Thus, this may have been an impor-
tant confounding factor that reduced the statistical signif-
icance of differences in various parameters between drug-
and vehicle-treated groups in this and subsequent studies.
However, based upon the performed PK studies, variabil-
ity at the lower doses used in the DIO rat study was ex-
pected to be low and likely minimized by using freshly pre-
pared formulations each day. It was also assumed that, for
chronic studies, random order dosing of animals in each
group would lead to minimal variation in the total dose re-
ceived by each animal during the full course of each study.

For the brain cFOS study, statistical evaluation of
the data was with ANOVA followed by appropriate post-
hoc analysis (Tukey’s test) between control and treatment
groups in cases where statistical significance was estab-
lished (p < 0.05).

For the studies in obese Zucker rats, body weight and
weekly and overall body weight gain (g) were analyzed by
two-way ANCOVA with treatment and cohort as factors
and Day 1 bodyweight as a covariate. Meanwhile, food and
water intake (g) were analyzed by ANCOVA with average
daily food or water intake during the baseline phase (Days
–6 to 0) as a covariate. Average food and water intake were
analyzed using the same methods. Since the lean animals
would be expected to have different baseline body weights
and food and water intakes, this group was excluded from
the analysis. For the steatosis study, the pair-fed groups
were compared to the respective drug treated groups using
multiple t-tests. For the glucose control study, plasma, in-
sulin, and glycerol data were evaluated by a statistician, and
a log transformation was used to calculate the area under the
curve (AUC) when the data were not normally distributed.
Analysis was by robust regression, which included the treat-
ment and cohort as factors, along with Day 1 body weight,
bleeding order, and Day 5 insulin as covariates. Statistical
analysis was performed for each time point, and the AUC
was calculated using the trapezoidal rule as total AUC and
AUC above baseline (AUCB2) (N.B., robust regression is
a broader approach to regression analysis than ANCOVA,
which aims to minimize the impact of outliers and other vi-
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olations of regression assumptions). Subsequent multiple
comparisons against the vehicle group were by Williams’
test for the TM38837 groups andmultiple t-test for the other
groups. All tests were carried out as two-sided tests. The
chance of a false positive was 5% for each compound for
each time point. Data from all analyses are expressed as
treatment groupmeans± standard error of themean (SEM),
and significant differences from the control groups are de-
noted by *p < 0.05, **p < 0.01, and ***p < 0.001 (with p
< 0.05 considered the accepted level for statistical signifi-
cance).

2.5 Weight Loss in DIO Rats After Chronic (5 Weeks)
Treatment (Conducted by RenaSci, UK)

This study investigated the effects of chronic
TM38837 treatment on body weight, food intake, fat pad
weights, blood biochemical markers, and liver weights and
histology in DIO rats, using rimonabant as comparator.
Doses of the test drugs and rimonabant were based on those
used in previous animal studies and were not anticipated
to produce any adverse effects in the obese rats [16,17].
All dosing occurred at the onset of the 8 h dark period to
maximize the impact of any inhibitory effects of the test
drugs on food intake, as rats are nocturnal and the levels
of food intake of the vehicle-treated control animals were
expected to be highest during the dark period.

Female Han–Wistar rats (starting weight = 250–300
g, one set of 60 rats and 8 spares) were housed in pairs in
polypropylene cages with solid floors and sawdust bedding.
The cages were maintained at a temperature of 21 ± 4 °C
and 55 ± 20% humidity, with the room on a reverse-phase
light–dark cycle (lights off from 09:30 to 17:30 h), during
which time, illumination was by red light. The animals had
free access to a powdered high-fat diet (VRF1 plus 20%
lard), ground chocolate, and ground peanuts (with contin-
uous access to tap water) for 12 weeks to induce obesity,
and were subsequently maintained on this diet throughout
the study. The three components of the diet were contained
in separate glass feeding jars with aluminum lids (Solme-
dia Laboratory Suppliers, Romford, Essex), each of which
had a 3–4 cm hole to allow access to the food. After 12
weeks, the animals were individually housed in polypropy-
lene cages with wire grid floors, allowing for the recording
of the food intake for each rat. In each cage, there was a
small amount of paper bedding for warmth, environmental
enrichment, and to enable the animals to move off the wire
grid floor. Beneath each cage, polypropylene trays with
cage pads were placed to detect any food spillage. Animals
were accustomed to these new conditions (individual hous-
ing and the wire grid floor cages with paper bedding) for
approximately two further weeks, then, 65 animals under-
went a 7-day baseline run-in period during which the vehi-
cle was administered once daily by oral gavage. Toward the
end of the baseline period, the animals were allocated into
6 weight-matched groups of 10 rats and thereafter dosed

orally once daily with vehicle, rimonabant (10 mg/kg), or
TM38837 sodium salt (1, 3, and 10 mg/kg) as suspensions.
Spare animals remaining at the start of drug treatment on
Day 1 (up to eight rats in total) were maintained for use
in PK studies (these animals were housed under the same
conditions as the feeding study). All dosing occurred at the
onset of the 8 h dark period.

Rats, feeding jars, and water bottles were weighed (to
the nearest 0.1 g) every day at the time of administration of
vehicle or test drug. At each reading, the tray below each
cage was examined for spilt food, which was returned to the
appropriate jar before it was weighed. However, spillage
of food from the feeding jars would normally be negligible.
During the baseline and drug treatment period, all animals
were examined daily at 0 h and at the end of the dosing pe-
riod. Any overt behavioral physiological effects, or other
relevant observations regarding the condition of the ani-
mals, were recorded manually. On the first day of drug ad-
ministration (Day 1), food and water intake were also mea-
sured 2 h and 6 h after dosing at 0 h (any unusual behav-
ioral or physiological effects observed during these read-
ings were recorded manually). Variations in body weight
and energy levels of the different types of food were ac-
counted for by expressing the food intake results in terms
of kJ/kg rat weight.

Dosing was continued for 34 days, whereafter all an-
imals, jars, and bottles were weighed again at the onset of
the dark period to provide the final readings for the feeding
study. Subsequently, three animals from each group were
dosed again then killed 3 h later by rising CO2, followed
by cervical dislocation (Schedule 1 method). and terminal
blood samples (ca. 8 mL per rat) were collected from these
animals by cardiac puncture into EDTA-coated tubes (no
protease inhibitors). Plasma was separated by centrifuga-
tion, divided into aliquots for the PK and plasma analyses,
and then frozen. Additionally, various tissues were taken
from these animals, including brain, liver, lungs, heart,
two samples of white adipose tissue (WAT), and a mus-
cle sample (quadriceps). These tissues were dissected out,
weighed, rinsed with saline, blotted dry, and then frozen
in liquid nitrogen. Likewise, 3 of the spare obese animals
were dosed with TM38837 (10 mg/kg) and killed 3 h later,
with collection of blood and tissue samples to provide Day
1 PK and tissue samples. Retroperitoneal (which normally
covers an area from the groin, encases the kidneys and ex-
tends right up to the diaphragm on the dorsal surface of the
peritoneal cavity) and inguinal (lower groin area sometimes
extending to cover the whole of the surface of the gastroin-
testinal surface on the posterior side) fat pads were used be-
cause they are distinct, therefore, any drug-induced changes
in the size of the fat pad can be easily detected. All plasma
and tissue samples were stored at –80 °C prior to analysis.

The remaining 7 animals per group were not dosed
again and killed after the final readings from the feeding
study (i.e., approximately 24 h after the last dose) were

4

https://www.imrpress.com


recorded. Additionally, two lean Han–Wistar rats (which
had been kept on normal chow for 8 weeks prior to the
end of the study) were killed. Terminal plasma and tis-
sue samples were collected from all animals as described
above. Each liver from these rats was weighed and divided
in two, with one half stained as formalin-fixed liver sec-
tions with H&E and the other with Sudan Black. An inde-
pendent pathologist examined the sections for liver fat (un-
biased, i.e., without knowing the experimental setup). The
presence of fat in the liver cells was subjectively evaluated
based on morphological evidence of rounded vacuoles in
the cytoplasm.

Plasma levels of glucose, insulin, leptin, glycerol,
triacylglycerol, non-esterified fatty acids (NEFAs), total
cholesterol, adiponectin, and liver enzymes alanine amino-
transferase (ALAT) and aspartate aminotransferase (ASAT)
were determined in all samples taken at the end of the study
using commercially available kits and reagents following
the procedures described in the literature [16]. Addition-
ally, total triglyceride, total cholesterol, and high-density
lipoprotein cholesterol (HDL-C) were measured using a
Vitros DT250 automatic analyzer with dedicated slides,
and low-density lipoprotein cholesterol (LDL-C) was cal-
culated using the Friedewald approximation:

LDL-C = Total cholesterol – HDL-C – VLDL-C
where very low-density lipoprotein cholesterol (VLDL-C)
is estimated as 0.456 × total triglyceride concentration ex-
pressed in mmol/L.

2.6 Effect on Brain cFOS Induction in Rats (Conducted by
Gubra A/S, Denmark)

A total of 40 male Sprague Dawley rats (eight weeks
of age, 250–280 g) were used in this experiment. Animals
were acclimatized for one week. Prior to and throughout
the study, the rats had ad libitum access to rodent chow
(Altromin 1234) and tap water. The animal room environ-
ment was controlled (targeted ranges: temperature, 22 ±
2 °C; relative humidity, 50 ± 10%; light/dark cycle: 12 h
light–12 h dark, with lights on from 07:00 to 21:00). For
3 days prior to the experimental dosing, all animals were
handled daily and mock gavaged to accustom them to the
experimental procedures. At Day 1, rats were randomized
according to bodyweight to participate in one of five groups
(n = 8), i.e., vehicle, rimonabant (10 mg/kg), TM38837 (10
mg/kg), TM38837 (30 mg/kg), or TM38837 (100 mg/kg).

Dosing was conducted at the beginning of the light
phase and was randomized (3 rats injected at 15 min inter-
vals). The compounds or vehicle were administered orally
at timepoint t = 0 min by gavage (administration volume:
2 mL/kg) via a gastric tube connected to a syringe, thereby
ensuring accurate dosing. At the designated timepoint (t =
150 min) following dosing, the animals were anaesthetized
with amixture of fentanyl and fluanisone (Hypnorm®)with
midazolam (1.0 mL/kg) and transcardially perfused with
heparinized saline (15,000 IU/L) followed by 10 min (30

mL/min) with 4% paraformaldehyde (4% paraformalde-
hyde in 0.1 M PBS pH 7.4). This method of euthanasia
is widely used when it is necessary to clear blood and pre-
serve brain tissue for immunostaining or in situ hybridiza-
tion [27]. The brains were removed and postfixed overnight
in 4% paraformaldehyde until histological processing. At
the time of termination, a blood sample was collected into
lithium-heparin tubes from 3 animals per group. Plasma
was separated by centrifugation (4800 ×g for 15 min) at
4 °C and divided into two aliquots, which were frozen on
dry ice as rapidly as possible and stored at –80 °C prior to
analysis.

Before sectioning, the brains were transferred for 3
days to a 30% sucrose solution for cryoprotection. The
brains were then divided into forebrain and hindbrain by
a dorsoventral cut just rostral to the cerebellum. One-in-six
series of 40 µm-thick frontal sections from the forebrain and
hindbrain were cut on a freezing microtome and collected
in potassium PBS (KPBS) (50 mM). One series of sections
from each animal was immunoreacted for cFOS according
to the following procedure: The sections were washed in
KPBS for 3 × 10 min, followed by 10 min of incubation
in 1% H2O2 in KPBS. After a 20-minute incubation in 5%
swine serum in KPBS containing 0.3% Triton X-100 (TX)
and 1.0% BSA, the sections were incubated in rabbit anti-
cFOS antibody (#94012; diluted 1:4000 in KPBSwith 0.3%
TX and 1% BSA) at 4 °C overnight [28]. The next day, the
sections were washed for 3 × 10 min in KPBS with 0.1%
TX (KPBS-T) before incubation in a biotinylated donkey
anti-goat antibody (Jackson Immuno Research Lab., Inc.,
RRID: AB_10633977) diluted 1:2000 in KPBS-T at room
temperature for 60 min. After another rinse for 3 × 10
min in KPBS-T, followed by 60 min of incubation in ABC-
streptavidin horseradish peroxidase (DAKO cytomation),
the sections were washed successively for 10 min each in
KPBS-BT, KPBS, and Tris–HCl buffer (0.05 M, pH 7.6).
The sections were assessed for peroxidase activity using di-
aminobenzidine tetrahydrochloride (DAB) as a chromogen
(0.04% DAB and 0.003% H2O2 in Tris–HCl buffer). Sec-
tions were washed for 2 × 10 min in ion-exchanged wa-
ter, mounted on gelatinized slides, and embedded in De-
pex® cryoprotected in 30% sucrose and then cut into 40
µm-thick free-floating sections on a freezing microtome.
One series of sections from each animal was immunore-
acted against cFOS, and labeled cells were qualitatively as-
sessed throughout the brain. Nine areas were selected for
quantitative analyses based on the objectives of the study
and a previous qualitative analysis. Areas showing a slight
effect of TM38837 in the qualitative analysis were included
in the quantitative analysis. The quantitative assessments
were performed using a computerized image analysis sys-
tem (Image Pro Plus 4.5 by Media Cybernetics, Rockville,
MD, USA).
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2.7 Effect of Chronic (8 Weeks) Treatment on Weight Gain,
Hepatic Steatosis, and Metabolic Plasma Markers in
Obese Zucker Rats (Conducted by RenaSci, UK)

This study determined the effects of chronic TM38837
administration (56 days) on steatohepatitis in obese Zucker
(fa/fa) rats, with rimonabant as comparator. The effects
on body weight as well as food and water intake were
also determined. The study design (e.g., animals, duration
of study, dose of rimonabant, etc.) was based upon pub-
lished procedures demonstrating reversal of hepatic steato-
sis in obese Zucker rats after treatment with a high dose (30
mg/kg) of rimonabant [23].

A total of 80 male obese Zucker rats (fa/fa) and 13
age-matched lean Zucker rats (6 weeks of age) were indi-
vidually housed in polypropylene cages with free access to
normal rat chow (Harlan Teklad Global Diet) and tap wa-
ter at all times. All animals were maintained at 21 ± 4 °C
and 55 ± 20% humidity on a 12-hour light/12-hour dark
cycle (lights off from 16:00 to 04:00 during which time the
room was illuminated by red light). After exposure for 4
weeks on the normal chow diet, at 10 weeks of age, all ani-
mals underwent a 7-day baseline run-in period duringwhich
time they were dosed with vehicle once daily by oral gav-
age. Towards the end of the baseline treatment, animals
were weighed and allocated into 6 weight-matched treat-
ment groups (n = 12) plus the lean control group (n = 12).
At this stage, 8 obese and one lean animal were set aside.
Thereafter, obese rats were orally dosed once daily with
vehicle, rimonabant (30 mg/kg), or TM38837 sodium salt
(3 and 10 mg/kg), according to their group, and the lean
rats were dosed with vehicle. Additionally, two treatment
groups were pair-fed to either the rimonabant or TM38837
(10 mg/kg) group. Where appropriate, animals were paired
with counterparts of similar body weight and food intake.
The pair-fed animals were one day out of phase with their
drug-treated counterparts. These animals were dosed daily
with vehicle and given a daily food allotment equal to that
consumed by a drug-treated counterpart over the previous
24 h period. When a pair-fed animal did not consume all the
food allocated to it, the food left in the hopper was weighed
and replaced with that day’s quantity. All dosing was by
oral gavage and occurred at the onset of the 12-h dark pe-
riod, at approximately 14:00. Food intake, water intake and
body weight were recorded daily for all animals. All ani-
mals were examined at the beginning and end of each dos-
ing period and any overt behavioural/physiological or any
other relevant observation regarding the condition of the an-
imals recorded manually.

Dosing was continued for 8 weeks, whereafter ani-
mals were killed by a Schedule 1 method: 24 h after the last
dose (drug and vehicle-treated animals on Day 57, and pair-
fed animals on Day 58). Blood samples (approximately
140 µL) were collected into lithium heparin tubes from the
tail vein of each animal immediately before it was killed.
The samples were then centrifuged, and the plasma stored

at –80 °C prior to analysis. Livers were dissected out,
weighed, and inspected, with any gross pathology being
recorded. Livers were dissected and samples, taken from
the left lateral lobe and the right medial lobe, were bisected
and each half either formalin fixed prior to H&E staining
for histopathological analysis or cryopreserved for analysis
of fat content by Oil Red staining. The slides were analyzed
in a Leica DMRXe microscope equipped with a PC-based
image analysis system. With this equipment, the positively
stained Oil red was measured and expressed as percentage
of positive stained area in relation to total analyzed liver
area (×100). The calculation was made from ca. 10 image
fields (5 from each section level) for the 10× objective. For
the H&E-stained slides, the presence of rounded intracellu-
lar vacuoles was considered as a sign of steatosis, and this
was graded from mild (1+) to severe (3+) for each sample
by a blinded pathologist.

2.8 Effect of Acute and Chronic (4 Weeks) Administration
on Glucose Control in Obese Zucker Rats (Conducted by
RenaSci, UK)

This study determined the effects of chronic TM38837
administration (30 days) on glucose control in obese Zucker
(fa/fa) rats, with rimonabant and pioglitazone as compara-
tors. In this study, the high dose of rimonabant (30 mg/kg)
was replicated from the previous study (section 2.7); how-
ever, higher doses of TM38837 (10 and 30 mg/kg) were
used for a more direct comparison.

A total of 62 male obese Zucker rats (fa/fa) were indi-
vidually housed in polypropylene cages with free access to
normal rat chow (Harlan Teklad Global Diet) and tap water
at all times. All animals were maintained at 21 ± 4 °C and
55 ± 20% humidity on a 12-hour light/12-hour dark cycle
(lights off from 19:00 to 07:00 during which time the room
was illuminated by red light). After exposure for 3weeks on
the normal chow diet, at 9 weeks of age, all animals under-
went a 7-day handling period during which they were han-
dled briefly as if to be dosed but not actually dosed. Subse-
quently, a 7-day baseline run-in period commenced, during
which the animals were administered vehicle by oral gav-
age once daily, and food and water intake were recorded.
On the afternoon of the first baseline day (Day -6), the ani-
mals were weighed and fasted at approximately 16:00. The
following morning, a blood sample (120 µL) was collected
into lithium-heparinized tubes (Sarstedt Microvette CB300
LH) from a tail vein bleed immediately prior to vehicle ad-
ministration, and plasma was separated by centrifugation.
Thereafter, food was presented again. Plasma samples were
stored at –80 °C and subsequently analyzed for glucose, in-
sulin, and glycerol using commercially available kits and
reagents.

Toward the end of the baseline treatment, animals
were weighed and allocated by a statistician into 7 weight-
matched treatment groups (n = 8 or 9 animals per group),
primarily based on baseline body weight and plasma lev-
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Fig. 2. PK curves for TM38837 in Han–Wistar rat. (a) TM38837 sodium salt 1 mg/kg i.v. (b) TM38837 sodium salt 5 mg/kg (R4-6)
and 50 mg/kg (R7-9) p.o. 4. PK, Pharmacokinetics.

Table 1. TM38837 PK parameters (n = 3) for TM38837 in Han–Wistar rat and C57BL/6J mouse.
Han–Wistar rat C57BL/6J mouse

1 mg/kg TM38837
i.v. (sodium salt)

5 mg/kg TM38837
p.o. (sodium salt)

50 mg/kg TM38837
p.o. (sodium salt)

10 mg/kg TM38837
p.o. (free acid)

Formulation
Solution Suspension Suspension Solution

10% NMP/20% solutol 1% HPMC/0.1% Tween 80 1% HPMC/0.1% Tween 80 10% Gelucire
Cmax (nM) 5381 45,915 19,185
Tmax (h) 1 4 1
T1/2 (h) 2.1 2.4 2.0 3.6–6.0
MRT (h) 3.2 4.4 6.9
Cl (mL/min/kg) 2.3
Vdss (L/kg) 0.44
AUCinf (nM×h) 12,227 28,992 548,729 77,721
F (%) 61 116 Unknown
Abbreviations: Cmax, maximum plasma concentration; Tmax, time to Cmax; T1/2, plasma half-life; MRT, mean residence time;
Cl, clearance; Vdss, volume of distribution at steady state; AUCinf, AUC extrapolated to infinity; F, bioavailability.

els of insulin, glycerol, and glucose. If deemed appropri-
ate, food and water intake were also used. At this stage,
two spare animals were set aside. Thereafter, obese rats
were orally administered vehicle, TM38837 sodium salt (10
and 30 mg/kg), rimonabant (30 mg/kg), or pioglitazone (12
mg/kg) once daily according to their respective group. Ad-
ditionally, two treatment groups were pair-fed to either the
rimonabant group or the TM38837 (10 mg/kg) group as de-
scribed for the previous study (section 2.7). In contrast to
the previous study, for practical reasons, all dosing occurred
at the onset of the 12 h light period. Due to the large number
of animals in the study, the animals were divided into two
cohorts and tested one day apart. Food intake, water intake,
and body weight were recorded daily for all animals during
the baseline and treatment periods.

Oral glucose tolerance tests (OGTTs) were performed
on Days 1 and 29 after an overnight fast, starting at approx-
imately 16:00. On the morning of the test, all animals were
cannulated (lateral tail vein) before the start of the OGTT.
Each animal was then dosed with either the vehicle or the
test compound, and 120 min later, D-glucose (2 g/kg, p.o.).

Baseline blood samples were taken immediately prior to
compound administration (B1, 100 µL) and immediately
before the glucose load (B2, 100 µL), then further blood
samples were then taken at 15, 30, 45, 60, 120, and 240
min post-glucose administration. Plasma samples were an-
alyzed for glucose, insulin, and glycerol levels to enable
calculation of AUC and AUCB2 over the 0–240 period for
each parameter. All blood samples were collected from the
tail vein via the cannula and treated as for the baseline blood
samples. Although pair-fed groups were one day out of
phase with their drug-treated counterparts, all animals were
bled on the same day. On Day 30, all animals were dosed,
and the weights of food and water bottles recorded. Dos-
ing was timed to enable the animals to be killed on Day 31
by a Schedule 1 method, 24 h after the final dose. Termi-
nal blood samples were collected and treated as described
in the previous study.
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3. Results
3.1 PK in Han–Wistar Rats

PK curves for TM38837 in Han–Wistar rat (i.v. and
p.o.) are shown in Fig. 2 (individual animals), and param-
eters are presented in Table 1, including C57BL/6J mouse
(p.o.) for comparison (used in previous DIO studies [16]).
Good bioavailability was observedwith the sodium salt sus-
pension formulation, and scaling between the 5 mg/kg and
50 mg/kg was acceptable. Based upon comparison with the
mouse data, it was concluded that a 10 mg/kg dose in rats
would adequately match the 10 mg/kg dose previously used
in mice, and this was selected as the top dose for the current
study. It should be noted that these studies were performed
in lean animals, whereas, as previously observed, it might
be expected that the half-life and AUC would be greater in
obese animals.

3.2 Weight Loss in Female DIO Wistar Rats After Chronic
(5 Weeks) TM38837 Treatment

Daily dosing with 1, 3, and 10 mg/kg TM38837 p.o.
for 5 weeks produced significant dose-dependent decreases
in body weight, when compared to the vehicle-treated con-
trols (Fig. 3a), whilst rimonabant (10 mg/kg p.o.) reduced
body weight by a similar amount as the 10 mg/kg dose
of TM38837. Notably, TM38837 treatment produced a
smaller initial decrease in food intake than for rimonabant
(Fig. 3b) with differences in daily food intake between ve-
hicle, rimonabant, and TM38837-treated rats becoming not
significant by the end of the study. The observed reduc-
tion in body weight after chronic treatment with TM38837
and rimonabant was mirrored by a reduction in fat pad
weights (Fig. 3c), whilst there was no significant difference
between treatment groups in liver weights relative to total
body weights (Fig. 3d).

From the examination of the H&E-stained liver sec-
tions (Fig. 4a), as expected, a higher content of fat was
seen in the livers from obese vehicle-treated rats than in
the livers from 2 lean control rats, although no fat was ob-
served in sections from two obese vehicle-treated rats. A
tendency towards reduced liver fat was evident when com-
paring TM38837-treated rats with those treated with ve-
hicle or rimonabant, although the difference was not sta-
tistically significant. However, liver sections stained with
Sudan Black (Fig. 4b), for the identification of lipids in
parenchymal cells, had very little consistency with the re-
sults obtained by H&E grading, with high levels of fat even
observed in the two lean rats.

From the plasma parameter analysis (Fig. 5), a dose-
dependent reduction in plasma leptin was observed for
TM38837-treated animals, but no other statistically signif-
icant effects were observed, although TM38837 tended to
decrease insulin and glycerol plasma levels at the high dose.
No sign of liver toxicity was observed for rats treated with
TM38837, as indicated by a lack of increase in the liver in-
jury markers ALT and AST.

Plasma analysis indicated higher exposure of
TM38837 than rimonabant on Day 34 whilst tissue ho-
mogenate analysis for TM38837 showed very low brain
and high liver exposure (approximately 1% and 300% of
plasma concentration, respectively) on Day 1 (Fig. 6).
There was no evidence for accumulation with similar
plasma and brain levels observed between the first and last
days of the study.

3.3 Effect on cFOS Induction in Rat Brains

cFOS immunopositive cell counts following drug or
vehicle treatment are presented graphically in Fig. 7a. Con-
sistent with previously published findings, rimonabant was
shown to induce cFOS in all areas investigated [29]. Con-
versely, a similar response was not observed for TM38837.
The therapeutically effective dose of TM38837 in rats (10
mg/kg) and a 3-fold higher dose (30 mg/kg) did not lead to
significantly increased numbers of cFOS-positive nuclei in
any of the areas investigated. However, the highest dose
of TM38837 (100 mg/kg) significantly increased cFOS in
a manner comparable to rimonabant in some of the areas
(i.e., the prefrontal cortex, nucleus accumbens shell, the an-
terior part of the bed nucleus of stria terminalis as well as in
the caudal part of the solitary tract nucleus). Drug plasma
concentrations (Fig. 7b) for TM38837 (10 and 30 mg/kg)
were roughly consistent with expected Cmax values based
upon preliminary PK studies; but were more variable for
TM38837 (100 mg/kg), potentially due to delayed or vari-
able absorption. Overall, this study indicated a lack of neu-
ronal activation in the CNS induced by therapeutic doses
of TM38837 and a different pattern at high doses compared
with rimonabant.

3.4 Effect of Chronic (8 Weeks) Treatment on Weight Gain,
Hepatic Steatosis, and Metabolic Plasma Markers in
Obese Zucker Rats

As expected, obese vehicle-treated Zucker rats gained
markedly more weight and consumed more food over the
8-week treatment period than the lean Zucker rats (Fig. 8a).
Meanwhile, obese rats treated with TM38837 (3 and 10
mg/kg) demonstrated a significantly lower total weight gain
by the end of the study than the obese vehicle-treated rats.
In contrast, no significant differences in total weight gain
were seen between obese control rats and the pair-fed group
to TM38837 (10 mg/kg), indicating a food intake indepen-
dent effect of TM38837 on weight gain. Treatment with the
high dose of rimonabant (30mg/kg) induced amoremarked
reduction in total weight gain than for the TM38837-treated
animals, and a much more prominent decrease in food in-
take during the initial week of the study. TM38837 treat-
ment reduced food intake throughout the course of the
study, but the effect was only significant in the first week
(Fig. 8b). In contrast to previous DIO rodent studies, the
food intake of rimonabant-treated Zucker rats was signif-
icantly lower than that of obese vehicle-treated rats dur-
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Fig. 3. Effects of chronic TM38837 and rimonabant administration in DIO rats. (a) Effect on body weight. Values are means
(adjusted for differences between body weights of the different treatment groups at baseline (Day 1)) ± SEM (calculated from the
residuals of the statistical model), n = 10. Numbers represent % body weight change compared to the vehicle-treated control group on
Day 34. Data were analyzed by ANCOVA with Day 1 body weight as a covariate and multiple comparisons against the control group by
Williams’ test for TM38837 and multiple t-test for rimonabant (*p< 0.05). (b) Effects on daily food intake. Values are means (adjusted
for differences between daily food intakes of the different treatment groups at baseline (average of Days –6 to 0)) ± SEM (calculated
from the residuals of the statistical model), n = 10. Data were analyzed by one-way ANCOVAwith Day 1 body weight as a covariate and
multiple comparisons against the vehicle-treated control group by Williams’ test for TM38837 and multiple t-test for rimonabant (*p <
0.05, **p< 0.01, and ***p< 0.001). (c) Effects on inguinal, retroperitoneal fat pad weights. Results are means (adjusted for differences
between the body weights of the different treatment groups at baseline (Day 1)) + SEM (calculated from the residuals of the statistical
model), n = 10. Data were analyzed by ANCOVA with treatment and PK sub-groups as factors and Day 1 body weight as a covariate.
Multiple comparisons against the vehicle-treated control group were by Williams’ test for TM38837 and multiple t-test for rimonabant
(*p < 0.05, **p < 0.01, and ***p < 0.001). (d) Relative liver weights. Expressed as a % of final body weight. Results are means ±
SEM (n = 7, except lean for which n = 2).
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Fig. 4. Liver histology: grading of fat content from H&E and Sudan Black staining. Formalin-fixed sections from livers, collected
24 h after the last dose, were stained with (a) H&E or (b) Sudan Black and graded for liver fat content by a blinded pathologist. Grading
was performed on two sections from each liver, and the result with the highest fat content recorded in each case.

Fig. 5. Effect of chronic TM38837 and rimonabant administration on various plasma parameters in DIO rats. Results are means
(adjusted for differences between the treatment groups in body weight at baseline (Day 1) and bleeding order ± SEM (calculated from
the residuals of the statistical model). Data were analyzed by one-way ANCOVA with body weights at baseline (Day 1) as covariate and
treatment, bleeding times, and bleeding group as factors; comparisons to vehicle were by Williams’ test for TM38837 and multiple t-test
for rimonabant (*p < 0.05, ***p < 0.001).
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Fig. 6. Plasma and tissue exposure of TM38837 and rimonabant in the DIO rat study. N.B. Plasma and tissue samples were collected
3 h post-dose on the indicated days.

ing almost the entire study. However, the dose of rimona-
bant was much higher than that used in the DIO studies (30
mg/kg vs. 10 mg/kg, respectively). As was observed for
TM38837, the group pair-fed to rimonabant gained more
weight than the rimonabant-treated group.

The results of the Oil Red staining are presented as a
bar chart and as individual values in Fig. 8c. As expected,
the lean rats had normal livers with no observed steato-
sis, whereas the obese vehicle-treated rats had developed
hepatic steatosis to various degrees, including three that
had no steatosis. A reduction in the stained area was evi-
dent for TM38837-treated rats compared to vehicle-treated
rats, although this difference was not statistically signifi-
cant. However, the groups pair-fed to TM38837 and rimon-
abant had both developed a significantly higher degree of
steatosis than their drug-treated counterparts.

Plasma marker analysis at the end of the study demon-
strated a significant decrease in hyperinsulinemia in obese
Zucker rats treated with TM38837 (10 mg/kg), which was
not observed in animals pair-fed to TM38837 (10 mg/kg)
(Fig. 9). No other statistically significant effects were found
for TM38837, although the plasma glycerol and ALT lev-
els were significantly lower than those of the pair-fed rats.
The reported reduction in plasma triglycerides by rimona-
bant treatment at 30mg/kg was reproduced in this study, but
not the published decrease in plasma ALT and TNF-alpha
[23]. However, it is worth noting that the obese control rats
did not exhibit higher plasma TNF-alpha levels compared
to the lean rats in this study.

3.5 Effects of Acute and Chronic (4 Weeks) Administration
on Glucose Control in Obese Zucker Rats

No significant differences were found between groups
for the area under the curve above baseline (AUCB2)
of plasma glucose, insulin or glycerol after acute treat-

ment with vehicle or test compounds, except for the high
TM38837 dose (30 mg/kg) which demonstrated a signif-
icant reduction in plasma AUCB2Insulin (Fig. 10a). How-
ever, whilst no significant differences in glucose or glyc-
erol AUCB2 were found between rats chronically treated
with TM38837 and vehicle, TM38837 (10 and 30 mg/kg)
and rimonabant both induced highly significant reduc-
tions in AUCB2Insulin compared with vehicle treatment
(Fig. 10b). As in previous experiments, both TM38837 and
rimonabant-treated animals showed highly significant re-
ductions in weight gain that, unlike in the previous study,
were replicated in the pair-fed animals (Fig. 10c). In con-
trast, animals treated with pioglitazone showed a marked
increase in weight gain although effects on glucose toler-
ance and hyperinsulinemia were markedly greater. No sig-
nificant differences were found between the pair-fed and
vehicle control groups with respect to either plasma glu-
cose or insulin levels, indicating that the reduction in food
intake (or weight gain) was not the main reason for changes
to insulin levels following chronic TM38837 or rimonabant
treatment.

3.6 Summary

For clarity, details, and key findings for all in vivo
studies have been summarized in Table 2.

4. Discussion
In the rat DIO experiment reported herein, consistent

with the mouse DIO data [16], a dose-dependent reduction
in body weight of similar magnitude to rimonabant at an
equivalent dose was observed for TM38837. Also consis-
tently with the mouse study, the weight reduction was as-
sociated with a reduction in food intake that, although less
than for rimonabant during the first week, was sustained
throughout the duration of the study. Although the daily
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Fig. 7. Effects of different TM38837 doses and rimonabanton cFOS counts within selected brain regions. (a) cFOS nuclei. Statis-
tical analysis: one-way ANOVA, Tukey’s multiple comparison test (p < 0.05 * vs. vehicle; # vs. TM38837 10 mg/kg; ¤ vs TM38837
30 mg/kg; ^ vs TM38837 100 mg/kg). (b) Drug plasma exposure at termination: individual values.

reduction in food intake was not significant compared to
vehicle treated animals in the latter part of the study, it is
likely that the cumulative reduction on a weekly basis was
significant (as was observed in the DIOmouse) and was the
main driver of the body weight reduction. It is likely that
the body weight reduction was largely due to a loss in fat
mass, as was evident from the dose dependent reductions
in fat pad mass and leptin. The observation that statistical
significance was not reached for any other plasma parame-
ter, as may have been expected due to reduced body weight,
may be a consequence of insufficient study duration and/or
insufficient exposure. It should be noted that in DIO mice,
for which reductions in glucose, insulin, cholesterol, ALT
and AST were also observed [16], a solution formulation
was used as opposed to the suspension used in this study
and weight loss was greater for both TM38837 and rimon-
abant. Perhaps more significantly, the suspension formula-

tion may have produced more variable drug exposure than
the solution formulation, particularly at the higher doses,
which is evident from the 50 mg/kg dose in the PK study
(Fig. 2) and from the variability of the measured plasma
levels from the 10 mg/kg dose in the DIO rat study (Fig. 6).
However, it may also be because the rats were still increas-
ing weight at the start of the dosing period.

Plasma and brain tissue samples taken at the start and
end of the rat DIO study confirmed the lack of CNS ex-
posure, with the measured brain levels typically about 1%
of plasma levels and presumably at least partially due to
plasma contamination of the brain homogenates. Further
evidence of limited CNS exposure came from immunohis-
tochemical analysis of c-Fos in rat brains, conducted in a
separate experiment in lean rats, whereby the lack of sig-
nificant increases in positive nuclei following efficacious
10 and 30 mg/kg doses of TM38837 was in stark contrast to
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Fig. 8. Effects of 8 weeks of TM38837 and rimonabant treatments on body weight gain, insulin levels, and hepatic steatosis
in obese Zucker rats. (a) Body weight gain. (b) Average food intake. For (a,b), values for obese animals are adjusted mean ± SEM
(calculated from the residuals of the statistical model), and for lean animals, are simple mean± SEM (n = 11–12). Data were analyzed by
ANCOVA with baseline food intake (Days –6 to 0) as covariate. Comparisons with obese vehicle were by William’s test for TM38837
groups and multiple t-test for the other groups. Comparisons of rimonabant and TM38837 to their appropriate pair-fed groups were
by multiple t-test (†††p < 0.001). (c) Hepatic steatosis measured by Oil Red staining: Positively stained Oil Red was measured and
expressed as a percentage of the positively stained area in relation to the total analyzed liver area (×100). Student’s t-test: *p < 0.05;
**p < 0.01; ***p < 0.001; when compared to obese vehicle controls; §§, p < 0.01; §§§, p < 0.001: when compared to drug-treated
counterparts. Individual values and the mean are also presented.

the increases observed following a 10 mg/kg dose of rimon-
abant. This lack of c-Fos induction for TM38837 included
areas of relevance for the central side effects of brain pen-
etrant CB1 antagonists as well as hypothalamic and brain
stem areas of relevance for appetite regulation. Neverthe-
less, it should be noted that, as in the previous study, ex-
posure from the top (100 mg/kg) dose was highly variable.
Additionally, there are potential ambiguities when extrap-

olating between these acute studies in lean rats to chronic
studies in obese animals. Firstly, exposure may be greater
in obese animals, as was observed in mice [16], and sec-
ondly, the rate of distribution may be different between test
compounds leading to Cmax in brain regions occurring at
different timepoints post dose and the possibility of accu-
mulation upon repeat dosing. The use of a different rat
strain (Sprague Dawley as opposed to Han Wistar used in

13

https://www.imrpress.com


Fig. 9. Plasma parameters in obese Zucker rats following 8 weeks of TM38837 and rimonabant treatments. Values are simple
mean± SEM. Data were analyzed by Student’s t-test: *p< 0.05; **p< 0.01; ***p< 0.001 vs. Vehicle §: p< 0.05; §§: p< 0.01; §§§:
p < 0.001 vs. the respective pair-fed counterpart.

the DIO study) is another confounding factor which could
lead to exposure differences between the studies. However,
measured plasma levels for TM38837 in the DIO study
were broadly in line with those from PK in lean Han Wis-
tar rats. Also, exposure in the c-Fos study at the 30 mg/kg
dose (at which induction was not significant) was higher
than for the top dose in the rat DIO study, both determined
3 hours post dose which was assumed to be close to Tmax
based upon PK data (Fig. 2). Additionally, there was no in-
crease in plasma levels, for animals receiving the TM38837
10 mg/kg dose, between Day 1 and Day 34. This was con-
sistent with PK data in lean animals which showed very low
levels 24 h post dose and therefore minimal expected accu-
mulation upon repeat dosing. Thus, the data from the DIO
and c-Fos studies taken together indicate that the weight
loss induced by TM38837 was mediated by peripheral re-
ceptors. The high liver levels observed for TM38837 in the
DIO study are consistent with hepatic uptake and these data
support the hypothesis that targeted inhibition of CB1R in
hepatocytes drives TM38837-induced weight loss.

In addition to weight loss, other clinical benefits may
be expected for TM38837 as a liver-targeted CB1R inverse
agonist, in particular potential effectiveness in NAFLD (or
other liver pathologies) and/or diabetes, as suggested by re-
duced hepatic steatosis associated with improved glucose
homeostasis in animal studies [30,31]. However, the stain-
ing of liver slices was ambiguous regarding effects on hep-
atic steatosis, despite the substantial weight loss for animals
in the drug-treated groups [32]. The absence of steatosis in
some vehicle-treated animals and large amounts of steatosis
in some of the rimonabant-treated animals, as indicated by

the H&E staining, was unexpected. Furthermore, the large
amount of fat observed in the liver sections from two lean
rats stained with Sudan Black made the results from this
procedure highly questionable. In addition, there was very
little correspondence between the grading from the H&E
and Sudan Black staining on individual rats. An Oil Red O
fat staining may have been more appropriate for steatosis
evaluation but was not possible as the tissue was formalin
fixed rather than cryo-preserved as would have been nec-
essary. Meanwhile, other confounding factors may have
contributed to a lack of statistical significance including
variability between rats in the extent of steatosis induced
by the high-fat diet prior to drug treatment, variable expo-
sure and/or insufficient doses of test substances or study
duration, and the analysis protocol, which was subjective
in terms of fat measurement.

Therefore, other in vivo models were considered with
a focus on obese Zucker rats, in which a reversal of hep-
atic steatosis had previously been demonstrated upon treat-
ment with rimonabant [23]. Also, rimonabant treatment had
been shown to reduce body weight in these rats, and the
similarities between rimonabant-treated and pair-fed ani-
mals suggested this was driven by a drug-induced reduc-
tion in food intake [33]. Furthermore, obese Zucker rats
were also known to develop insulin resistance and hyper-
glycemia with similarities to human T2 diabetes and could,
thus, with the inclusion of pair-fed groups, be considered
a potentially useful model for predicting the clinical effec-
tiveness of TM38837 independent of effects on bodyweight
[34].
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Fig. 10. Effects of chronic (4 weeks) TM38837 and rimonabant administration on glycemic control in obese Zucker rats. (a)
Plasma glucose, glycerol, and insulin AUCB2 (0–240 min) on Day 1. (b) Plasma glucose, glycerol, and insulin AUCB2 (0–240 min) on
Day 29. For (a,b), the glucose challenge was 120 min after compound dosing. Values are adjusted mean ± SEM (calculated from the
residuals of the statistical model). A log transformation was used for the AUC calculations. Statistical analysis was by robust regression,
including treatment and cohort as factors and Day 1 body weight, bleeding order, and Day 5 measurements as covariates for calculation
of AUCB2. Comparisons against the vehicle group were by Williams’ test for TM38837 groups (B and D), and multiple t-test for the
other groups (**p < 0.01; ***p < 0.001). (c) Overall body weight gain. Data were analyzed by ANCOVA, with body weight on Day 1
as covariate and treatment and cohort as factors. Comparisons against the vehicle group were by Williams’ test for TM38837 groups (B
and D) and multiple t-test for the other groups (***p < 0.001).
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Table 2. In vivo study summary table.
Study Rats used (n per dose) TM38837 doses, mg/kg (route) Control groups (dose, mg/kg) Key findings (dose, mg/kg)

PK Lean Han–Wistar (3) 1 (i.v.), 5, and 50 (p.o.) Acceptable bioavailability and scaling, but variable exposure at 50 mg/kg p.o.

Rat DIO Obese Han–Wistar (10) 1, 3, and 10 (p.o.)
Vehicle Similar weight loss for TM38837 (10) and rimonabant treatments (10).

Rimonabant (10) Non-significant reductions in steatosis and plasma parameters (except leptin)

cFOS induction Spraque Dawley (8) 10, 30, and 100 (p.o.)
Vehicle Non-significant cFOS induction following TM38837 treatment (10 and 30) in

any brain area, unlike for rimonabant (10). Variable exposure for
TM38837 (100).

Rimonabant (10)

Effects on hepatic steatosis
Obese Zucker (12) 3 and 10 (p.o.)

Vehicle Significant reduction in body weight gain for TM38837 (10) but less than for
rimonabant (30). Significant reduction from TM38837 in steatosis versus
pair-fed groups and rimonabant, but high variability for steatosis in pair-fed
groups. Significant reductions in insulin levels and steatosis were observed

following rimonabant treatment compared to the vehicle.

Pair-fed to TM38837 (10)
Rimonabant (30)

Pair-fed to rimonabant (30)
Lean Zucker (12) Vehicle

Effects on glucose control Obese Zucker (8 or 9) 10 and 30 (p.o.)

Vehicle
Significant reductions in insulin AUCB2 and body weight gain for TM38837
(10 and 30) and rimonabant treatments versus vehicle and pair-fed controls.
Significant reduction in insulin AUCB2 but increased body weight gain for

pioglitazone.

Pair-fed to TM38837 (10)
Rimonabant (30)

Pair-fed to rimonabant (30)
Pioglitazone (12)
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Weight loss due to TM38837 in obese Zucker rats was
less pronounced than in the rat DIO experiment, and, for
both TM38837 and rimonabant, there appeared to be a com-
ponent that was independent of food intake. Body weight
reduction independent of food intake has been reported
for the peripherally restricted CB1R antagonist BPR0912
in DIO mice, which was attributed to thermogenic effects
and modulation of protein and gene expression patterns
in WAT and brown adipose tissue (BAT) [35]; however,
body weight reductions in wild-type mice and rats induced
by TM38837 were associated with corresponding reduc-
tions in food intake. Regarding steatosis, whilst the re-
duction in hepatic steatosis following chronic dosing with
TM38837 to obese Zucker rats was not statistically signif-
icant compared to vehicle-treated animals, it was highly
significant when compared to pair-fed animals, both for
TM38837 and rimonabant-treated animals. Increased hep-
atic steatosis is a known consequence of restricting food in-
take in obese Zucker rats [36]. It has been demonstrated
that a 30% food deprivation for 12 weeks disturbs liver fat
metabolism in obese Zucker rats, leading to the develop-
ment of more severe hepatic steatosis [37]; whereas, a sig-
nificant increase in hepatic steatosis was also observed upon
a smaller food deprivation in rats pair-fed to TM38837.
Thus, it may be implied that there was a drug-specific effect
for TM38837 (and rimonabant) which was to inhibit the de-
velopment of severe steatosis associated with reduced food
intake in obese Zucker rats. However, it should be noted
that a limitation with this study arises from the variability
in the extent of steatosis in some groups, with little or no
liver fat observed in some of the vehicle-treated rats. This
may have been due to the sampling of the dissected lobes,
which assumes that steatosis is homogeneous throughout
the liver, and the crude method of grading steatosis from
mild to severe. Nevertheless, the reported reduction in hep-
atic steatosis by a high dose (i.e., 30 mg/kg) of rimona-
bant was reproduced in this study [23], although a higher
dose of TM38837 may be necessary to achieve a similarly
significant effect. Alternatively, there may have been an
additional peripheral component, such as increased plasma
adiponectin [38], which contributed to the observed effect
for rimonabant but not for TM38837. Additionally, the ben-
eficial effects of TM38837 on liver inflammation were in-
dicated by significantly reduced levels of the stress marker
ALT relative to pair-fed animals; but, more data showing
effects on other symptoms of non-alcoholic steatohepatitis
(NASH), particularly fibrosis, are not currently available.

A significant reduction in insulin levels was observed
in obese Zucker rats treated with TM38837 (10 mg/kg) for
8 weeks, although this effect was less pronounced than that
observed with the higher dose of rimonabant. Thus, lower
plasma insulin levels were required to maintain similar or
lower plasma glucose levels, indicating improvements in
insulin resistance. This effect was not observed for pair-fed
animals, implying a drug-induced effect on insulin resis-

tance that was not linked to reduced food intake. A sim-
ilar picture emerged from Zucker rats following 4 weeks
of drug treatment with TM38837 (10 and 30 mg/kg) and
rimonabant (10 mg/kg), whereby highly significant reduc-
tions in AUCB2Insulin following a glucose load were ob-
served compared to pair-fed animals. Again, results for
pair-fed animals indicated that the reduced food intake (or
body weight) was not the main reason for changes in glu-
cose metabolism. However, the reduced AUCB2Insulin level
following acute dosing with 30 mg/kg TM38837 appears
anomalous, as similar reductions were not observed in other
treatment groups, which highlights the possibility of am-
biguous results due to potential confounding factors, such
as the variability in exposure observed for higher TM38837
doses. Unlike in the previous experiment, body weight gain
was equivalent in drug-treated and pair-fed groups. Thus,
based upon these studies it is ambiguous as to whether
weight loss induced by TM38837 in obese Zucker rats is
driven by reduced food intake as was the case for obese
Han Wistar rats.

Overall, these data demonstrate that selective inhibi-
tion of peripheral CB1R has a food intake independent ben-
eficial effect on insulin sensitivity, comparable to that of
global CB1R inhibition, in an animal model of insulin resis-
tance. Activation of CB1R in hepatocytes has been linked
to increased activation of cAMP-response element binding
protein H (CREBH) [39], leading to gluconeogenesis and
insulin resistance thereby increasing plasma glucose [40].
Given the role of the liver in maintaining circulating glu-
cose levels [41], such a response by hepatocytes would be
logical in the event of chronic ATP depletion, as this would
normally be synonymous with prolonged food deprivation
[42]. However, chronic ATP depletion in hepatocytes is
also observed in obese subjects [43], which could largely
be a consequence of the switch from fatty acid oxidation
to lipogenesis driven by CB1R upregulation [44], and a
possible cause of increased food intake [45]. Thus, distur-
bances in glucose homeostasis, associated with increased
CREBH activity, could in part be an indirect effect of hep-
atic CB1R upregulation linked to changes in cellular en-
ergy status. However, although TM38837 has high expo-
sure in hepatocytes, it is not clear from these data to what
extent this contributes to the observed reductions in insulin
which may be at least partially attributable to CB1R inhi-
bition in other organs—particularly pancreas, muscle and
adipose tissue [46]. Nevertheless, these observations po-
tentially have great significance regarding clinical manage-
ment of T2 diabetes as drug induced weight loss by targeted
blockade of hepatic CB1R might be expected to add to any
direct improvements in insulin resistance [47]. This con-
trasts withmany current therapies which are associated with
weight gain in T2 diabetics including meglitinides, thiazo-
lidines (e.g., pioglitazone), sulfonyl ureas and insulin sup-
plementation [48]. Thus, selective inhibition of peripheral
CB1R by a liver targeted compound such as TM38837 is

17

https://www.imrpress.com


potentially a very attractive strategy for treatment of in-
sulin resistance and early T2 diabetes that is likely to be
accompanied by other favourable effects, notably weight
loss and improvements in NAFLD,with a high likelihood of
achieving satisfactory safety margins with respect to CNS
side-effects. Liver targeted CB1R inverse agonists may
also have benefit in a host of chronic liver diseases (CLDs)
in which the endocannabinoid system is known to be dys-
regulated [49]. However, as such compounds are targeted
specifically at hepatocytes, efficacy may be limited due to
lower exposure in other cell types, including Kupffer cells
and hepatic stellate cells, that drive inflammation and fi-
brosis respectively in CLD [50]. Nevertheless, the devel-
opment of steatosis is considered to be an early step in
the pathogenesis of more advanced liver diseases, such as
NASH [51], and there is therefore potential clinical utility
in drugs, such as TM38837, which may effectively reduce
steatosis with minimal side-effects.

5. Conclusion
The considerable weight loss, comparable to that of an

equivalent dose of rimonabant, previously reported for the
hepatotropic peripheral CB1R inverse agonist TM38837 in
DIO mice [13,14], was replicated in DIO rats. In a subse-
quent study in lean rats, unlike rimonabant, TM38837 did
not increase cFOS counts in any brain region at the highest
dose used in this DIO study, indicating a strongly contrast-
ing distribution profile between the two compounds in rats.
However, statistically significant reductions in liver fat and
obesity-related plasma parameters (except leptin) were not
observed for TM38837 in this DIO study. This was some-
what surprising, in view of the magnitude of weight loss ob-
served, and likely reflected the experimental design in terms
of drug doses and formulation, study duration, group sizes,
and specific analytical methods used (in the case of liver
fat measurement). Nevertheless, chronic studies in obese
Zucker rats indicated significant effects on liver fat and
glucose homeostasis, compared to pair-fed control groups,
which indicate additional potential weight loss-independent
benefits of TM38837 for the treatment of steatosis and in-
sulin resistance/T2D in obese subjects, without the CNS li-
abilities associated with brain-penetrant CB1R inverse ago-
nists such as rimonabant. Further studies with TM38837 in
animal models of T2D, NASH, and other chronic liver dis-
eases are warranted to strengthen the data presented herein
and fully evaluate the clinical potential of liver-targeted
CB1R inverse agonists.
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