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Abstract

ENT-03, a spermine bile acid we recently discovered in the brain of newborn mice

acts centrally to regulate energy and metabolism. Obese, diabetic (ob/ob) mice trea-

ted with five doses of ENT-03 over 2 weeks, demonstrated a rapid decrease in blood

glucose levels into the range seen in non-obese animals, prior to any significant

weight loss. Weight fell substantially thereafter as food intake decreased, and serum

biochemical parameters normalized compared with both vehicle and pair-fed con-

trols. To determine whether ENT-03 could be acting centrally, we injected a single

dose of ENT-03 intracerebroventricularly to Sprague–Dawley rats. Weight fell signifi-

cantly and remained below vehicle injected controls for an extended period. By auto-

radiography, ENT-03 localized to the arcuate nucleus of the hypothalamus, the

choroid plexus and cerebrospinal fluid. Significant cFos activation occurred in multi-

ple anatomical regions within the hypothalamus and brainstem involved in appetite

suppression, food-entrained circadian rhythmicity, autonomic function, and growth.

These data support a role for ENT-03 in the treatment of type 2 diabetes and obe-

sity. Phase 1 studies in subjects with obesity and diabetes are currently in progress.

K E YWORD S
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1 | INTRODUCTION

Trodusquemine (MSI-1436; Figure 1) was discovered during the isola-

tion and characterization of novel amino steroids present in the liver

of the dogfish shark.1 It was subsequently demonstrated that trodus-

quemine induces profound metabolic effects in several vertebrate

species, including humans. When administered to obese mice, trodus-

quemine reduced food intake, adiposity and body weight,2,3 increased

insulin sensitivity and reversed fatty liver disease.4 Subsequently, the

compound was shown to inhibit PTP1B, providing a mechanism for its

pharmacology in several in vivo studies.5–8 In early-stage human clini-

cal trials, it exhibited dose-dependent weight reduction and increased

insulin sensitivity.9

We hypothesized that an orthologue of the shark molecule would

be present in mammals. Since the bile alcohols of the shark and lam-

prey are replaced by bile acids in mammals,10 we considered it likely
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that the steroidal moiety of a mammalian analogue of the shark mole-

cule would be represented by a C-27 planar bile acid rather than a sul-

phate ester. C-27 bile acids, such as 7-alpha-hydroxy-3-oxo-4

cholestenoic acid (7-HOCA; Figure 1), are among the most abundant

bile acids present in mouse and human cerebrospinal fluid (CSF).11,12

In humans, 7-HOCA is synthesized in the brain and secreted into the

systemic circulation.13 Conceptually, the coupling of spermine to

7-HOCA, followed by reductions at C3 and C5 of the steroid, would

yield the proposed compound. We subsequently identified a candi-

date molecule in the tissues of the neonatal mouse, which we named

ENT-03 (Figure 1). The discovery and chemical synthesis of this com-

pound is described elsewhere.14

In this report, we describe the pharmacological properties of

ENT-03 in normal and obese diabetic rodents. We show that ENT-03

appears to exert its metabolic effects by action on the brain and

describe, through whole-brain cFos mapping and autoradiography, the

probable sites of action. Phase 1 clinical trials evaluating the safety,

tolerability, pharmacokinetics, and signals of efficacy in obese subjects

with and without type 2 diabetes have been initiated

(NCT05925920).

2 | METHODS

2.1 | Aminosteroids

The synthesis of ENT-03 is described in detail elsewhere.14 The com-

pound used was more than 98% pure. Mouse and rat experiments are

described in detail in Data S1.

2.2 | Whole-brain mapping

The whole-brain mapping studies were performed by Gubra Aps and

the methods are described in detail in Data S1.

2.3 | Quantitative whole-brain autoradiography

The quantitative whole-brain autoradiography studies were con-

ducted at Pharmaron UK, and the methods are described in Data S1.

2.4 | Statistics

Statistical analyses were conducted with the level of significance set

at p < 0.05. The group means, standard deviation, standard error of

the mean, and t-tests were calculated for specific experiments, as

noted. One-way analysis of variance comparisons among the groups

were performed with GraphPad Prism 8.0 software.

3 | RESULTS

3.1 | Effects of ENT-03 on diabetic, obese ob/
ob mice

ENT-03 was administered to 4-month-old ob/ob mice (male, 45 g)

10 mg/kg every 3 days by intraperitoneal (i.p.) injection for a total of

five doses (13 days). A vehicle-treated cohort was included that

F IGURE 1 Shark trodusquemine, mammalian ENT-03 and mammalian 7-alpha-hydroxy-3-oxo-4-cholestenoic acid. The three-dimensional
structures of trodusquemine (green) and ENT-03 (grey) are overlapped.
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received the same amount of food consumed by the ENT-03-treated

animals (‘pair-fed’) to identify effects of ENT-03 that occurred

beyond reduced food intake. Mice were fed standard

laboratory chow.

One day after the initial dose of ENT-03 was administered, mean

fasting blood glucose levels (6.4 ± 1.0 mmol/L) of the treated mice

was within the normal range, 46% lower than vehicle-treated

mice (10.7 ± 1.0 mmol/L; p < 0.01), and 50% lower than the pair-fed

mice (12.2 ± 1.5 mmol/L; p < 0.01 [Figure 2]). Over the duration of

the treatment period, the body weight of the treated mice fell by

approximately 6%, while that of the pair-fed cohort fell by approxi-

mately 8%. These data demonstrate that a single administration of

ENT-03 can acutely normalize blood glucose in obese diabetic mice

before weight loss can be detected.

Over the 13 days of the study, the cumulative food consumed by

the ENT-03-treated mice was 20% lower at Day 13 than that con-

sumed by vehicle-treated mice (p < 0.01), which was matched by the

vehicle-treated pair-fed group (Figure 3). The vehicle-treated mice

increased body weight by approximately 11%, the ENT-03 group lost

approximately 4% of body weight from the start of the study, while

the pair-fed mice maintained their starting weight (Figure 3). How-

ever, the ENT-03-treated mice lost significantly more body fat com-

pared with the vehicle group (13.7%; p < 0.05), while the loss of body

fat between the pair-fed cohort and the vehicle group was not statis-

tically different (4%; p = nonsignificant) as measured by X-ray densi-

tometry (Faxitron® DXA digital radiography system [Table 1]).

On Day 13, after five doses of ENT-03, the non-fasting blood

glucose of the ENT-03-treated group (7.2 mM) was reduced by

approximately 50% compared to the blood glucose in the vehicle

group (14.9 mM), and was not different from that of wild-type

(WT) mice (8.1 mM), while the pair-fed group showed a less marked

correction (10.8 mM; Table 2). Serum insulin levels were elevated at

26.5 ng/mL in vehicle-treated mice and 34.7 ng/mL in pair-fed mice

compared to 13.8 ng/mL in ENT-03-treated mice (p < 0.01). Serum

total ghrelin concentrations, elevated in ob/ob mice, were markedly

reduced to near-normal concentrations by ENT-03 treatment but

unchanged by food restriction. Serum growth hormone concentra-

tions in ob/ob mice were low compared to the WT mice.15,16 ENT-03

treatment increased growth hormone concentration by approximately

75% compared to the vehicle group, while pair-feeding had no impact.

These data demonstrate that ENT-03 treatment increased insulin sen-

sitivity and normalized both ghrelin and growth hormone, and that

these effects cannot be solely attributed to food restriction and the

ensuing weight loss.

Total triglycerides, total cholesterol and total ketones did not dif-

fer significantly among the three groups.

The liver weight of the ENT-03-treated mice was significantly

reduced (35%; p < 0.01) by a greater magnitude than the pair-fed

F IGURE 2 Effect of a single dose of ENT-03 on blood glucose.
Fasting blood glucose was measured 24 h following the first
administration of ENT-03 or vehicle (N = 4/group). **p < 0.01
compared with the vehicle group by one-way analysis of variance;
##p < 0.01 compared ENT-03 group with the pair-fed group by t-test.

F IGURE 3 Effect of ENT-03 on body weight and food intake in ob/ob mice (n = 4) in all cohorts. Blue squares, vehicle. Red squares, vehicle-
treated, but pair-fed to ENT-03 cohort. Black triangles, ENT-03 treatments. (A) Body weight: vehicle versus ENT-03, p < 0.01; vehicle versus pair-
fed, p < 0.05 (one-way ANOVA). (B) Cumulative food consumption: vehicle versus ENT-03, p < 0.01 (one-way analysis of variance [ANOVA]).
*p < 0.5; **p < 0.01, treated and pair-fed versus vehicle (t-test). Dosing days noted along the horizontal axis. Data are means ± standard error.
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(15%; p < 0.05) compared with the vehicle group (Figure 4). Liver tis-

sues of the vehicle group were characterized by micro- and macro-

vesicular steatosis, prominent in the pericentral region, with relative

sparing of the portal areas (Figure 4). Severity of the steatosis was

markedly reduced in the ENT-03 group and to a lesser degree in the

pair-fed mice. Serum alanine aminotransferase, a measure of liver

injury, was markedly lower in the ENT-03-treated cohort compared

with the vehicle group (704 U/L vs. 173 U/L; p < 0.001), consistent

with an improvement in hepatic steatosis, while the pair-fed animals

exhibited a more modest reduction (704 U/L vs. 384 U/L;

p = nonsignificant [Table 2]). These observations suggest that ENT-03

preferentially mobilized lipid from the liver and adipose tissue, and

that these effects are greater than can be explained solely by weight

loss and food restriction.

3.2 | Effects on metabolism in ad libitum-fed WT
mice following chronic administration

To address the effects of ENT-03 on energy metabolism following

chronic dosing, male C57bl/6j mice were dosed intranasally

(2 mg/kg/3.5 days) over 2.5 months. The intranasal route was chosen

for ease of administration over a prolonged period. Dosing was

adjusted such that the treated mice maintained a stable body weight of

approximately 90% of vehicle-treated animals (Figure S1A). The animals

were then transferred to metabolic chambers immediately following an

intranasal administration of either ENT-03 or vehicle. The respiratory

exchange ratio of the ENT-03 group fell to approximately 0.8 during

daylight hours compared to approximately 0.9 for the vehicle-treated

cohort, indicating increased lipid catabolism (Figure S1B1,B2). This was

associated with a decrease in food intake (Figure S1C) and body weight

(Figure S1D0). Body temperature (Figure S1E1–E3) and locomotor

activity (Figure S1F1–G3) were not affected.

The cohorts were then returned to standard cages, administered

either ENT-03 or vehicle for two successive doses (2 mg/kg/3.5 days).

One hour after the last intranasal administration of either ENT-03 or

vehicle, the animals were administered a glucose tolerance test (i.p.),

which demonstrated that ENT-03 treatment had improved glucose

tolerance in these lean mice (p < 0.05 [Figure S1H]).

3.3 | ENT-03 acts centrally

Male rats fed ad libitum on a standard chow diet were administered

ENT-03 via an intracerebroventricular cannula in a single dose of

60 or 120 μg per animal (�0.17 mg/kg and 0.34 mg/kg, respectively [-

Figure 5]). When administered systemically these doses of ENT-03

have no measurable pharmacological effect. ENT-03 administered

centrally caused a dose-dependent decrease in body weight over the

first few days after injection, associated with a decrease in food intake

followed by resumption of weight gain on a new parallel. Treated rats

maintained reduced body weight and reduced food intake relative to

the untreated cohorts for at least 2 weeks.

3.4 | Localization of ENT-03 within the brain
following systemic administration

To determine the locations within the brain to which ENT-03 directly

binds, a single dose of 3H-ENT-03 (1 mg/kg) was administered

TABLE 1 Body composition of ob/ob mice determined by X-ray
densitometry.

Treatment

Body composition

Lean tissue, g Adipose tissue

Vehicle 25.0 ± 1.3 25.4 ± 2.4

ENT-03 22.5 ± 1.2* 21.9 ± 2.3*

Pair-fed 22.9 ± 0.7 24.4 ± 1.9

Untreated WT mice 22.0 ± 1.2 2.8 ± 0.2**

Note: *p < 0.05, **p < 0.01 compared with the vehicle group by one-way

analysis of variance. Lean tissue estimates include both muscle and liver.

Data are expressed as means ± standard error.

Abbreviation: WT, wild-type.

TABLE 2 Serum biochemical
parameters associated with the ob/ob
study.

Biochemical parameter Vehicle ENT-03 Pair-fed WT, untreated

Serum glucose, mM 14.9 ± 1.1 7.2 ± 1.9** 10.8 ± 3.4* 8.1 ± 0.4**

Serum insulin, ng/mL 26.5 ± 8.1 13.8 ± 5.6**## 34.7 ± 40.1 1.2 ± 0.3 **

Serum ghrelin, ng/mL 14.5 ± 4.8 8.2 ± 0.8*## 17.5 ± 3.1 5.2 ± 1.9**

Serum growth hormone, ng/mL 0.42 ± 0.26 0.79 ± 0.19# 0.32 ± 0.14 0.56 ± 0.06

Leptin, pg/mL 181 ± 7 143 ± 15 121 ± 12 1388. ± 3**

ALT, U/L 704 ± 193 173 ± 106** 384 ± 258 53 ± 10**

Total triglycerides, mM 1.84 ± 0.10 1.80 ± 0.24 1.26 ± 0.14 1.35 ± 0.41

Total cholesterol, mM 5.2 ± 0.5 5.6 ± 0.5 4.9 ± 0.5 2.3 ± 0.4**

Ketones, mM 0.59 ± 0.4 0.52 ± 0.5 1.7 ± 2.9 0.72 ± 0.4

Note: Blood samples were obtained 1 day after the final ENT-03 dose administered. Means ±SD values

are shown. *p <0.05, **p < 0.01 compared with the vehicle group by one-way analysis of variance.

#p < 0.05, ##p < 0.01 compared ENT-03 with pair-fed by t-test.

Abbreviations: ALT, alanine aminotransferase; WT, wild-type.
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F IGURE 4 ENT-03 reduces hepatic steatosis. (A) Mean liver weight post necropsy. *p < 0.5; **p < 0.01, experimental groups versus vehicle,
by t-test; ***p < 0.001, wild-type (WT) versus ob/ob, both untreated. (B) Representative micrographs. Top row: hematoxylin and eosin (H&E)-
stained tissue; bottom row: oil red O-stained. Left column: vehicle; middle column, ENT-03-treated; right column: vehicle treated, pair-fed to
ENT-03 cohort (100�; 200 μm bar).

F IGURE 5 Effect of intracerebroventricular (i.c.v.) administration of a single dose of ENT-03 on weight gain and food intake in lean rats.
(A) Weight. (B) Food intake. ENT-03, or vehicle, was administered i.c.v. on Day 0 to male SD rats (200–250 g, N = 3–4/group) at 60 μg and
120 μg. *p < 0.05; **p < 0.01, vehicle versus treated animals (t-test). Data are means ±standard error.
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intravenously to ad libitum-fed male Sprague–Dawley rats. The brain

was perfused with saline prior to euthanasia at 2, 6, 24 and 72 h to

clear radioactivity within the blood stream from the tissues. The distri-

bution of radioactivity within the brain was determined by autoradi-

ography of brain slices. Appreciable amounts of ENT-03 in the brain

were limited to the region encompassing the arcuate nucleus of the

hypothalamus, the choroid plexus and the CSF (Figure 6 and Table 3).

Although blood levels of ENT-03 fell over the course of the 72-h

study (Table 3), concentrations of ENT-03 increased progressively

within the arcuate nucleus and the choroid plexus. By 72 h, the high-

est concentration of ENT-03 was localized to the arcuate nucleus.

3.5 | ENT-03 inhibits PTP1b and induces
phosphorylation of STAT3 in the hypothalamus and
choroid plexus

Trodusquemine inhibits human protein tyrosine phosphatase PTP1B

by binding to two allosteric sites.5 ENT-03 was assayed for

PTP1B inhibitory activity using either intact F11 neuronal cells or

whole cell lysates (Data S1). The observed concentration required to

inhibit PTP1B by 50% for ENT-03 against PTP1B assayed with intact

cells was approximately 1 � 10�8 M, and approximately 5 � 10�7 M

when assayed against cellular lysates, similar to the activity of trodus-

quemine (Figure S2).

PTP1B is known to downregulate the activity of both the insulin

and leptin signalling pathways.17 Inhibition of PTP1B activity, as a

consequence, increases insulin and leptin signalling. PTP1B depresses

insulin signalling by the dephosphorylation of the activated insulin

receptor as well as downstream targets.18 To determine whether

ENT-03 could alter insulin signalling, serum-starved F11 neuronal cells

were exposed to vehicle or ENT-03 (10 or 100 nM) for 30 min, fol-

lowed by a 5-min incubation in the presence or absence of insulin.

ENT-03 treatment increased the relative abundance of the insulin-

dependent phosphorylated receptor (pIRb/IRb) more than threefold at

both concentrations of ENT-03 (Figure S2). Interestingly, significant

ENT-03-dependent phosphorylation of the insulin receptor was also

observed in the absence of exogenous insulin.

Since ENT-03 can inhibit PTP1B in the context of intact neuronal

cells, we investigated whether the presence of ENT-03 within the

arcuate nucleus and the choroid plexus exhibited the anticipated

action with respect to either the PI3K-AKT or JAK–STAT3 pathways

within these sites. We initially visualized effects on these

pathways within the whole brain to avoid missing areas not captured

by the autoradiographic procedure. Mice received a dose of ENT-03

(10 mg/kg) by i.p. administration and were euthanized 2 h later. We

examined the distribution of both phosphorylated AKT (pAKT) and

STAT3 (pSTAT3) by immunofluorescence of the intact mouse brain,

visualizing the localization of antibody with light sheet microscopy

and three-dimensional reconstruction.

Of the two target proteins, pSTAT3 demonstrated the most

robust signal (Figure 7A and Movie S1). The choroid plexus was the

most intensely stained of the brain structures at this time point, sug-

gesting that JAK–STAT3 signalling pathways within the choroid

plexus are responsive to ENT-03. Furthermore, ENT-03 that accesses

the choroid plexus appears to be secreted into the CSF, based on the

autoradiographic study. A few scattered pSTAT3+ neurons within

the arcuate could be identified (Movie S1, pSTAT3).

F IGURE 6 Autoradiographic localization of systemically administered 3H-ENT-03. Individual rats were euthanized at noted times after
dosing. Coronal sections through the arcuate nucleus are shown. The choroid plexus within the third and lateral ventricles appears at 24 h.

TABLE 3 Distribution of 3H-ENT-03 in rat brain and cardiac
blood by quantitative autoradiography.

2 h 6 h 24 h 72 h

Arcuate nucleus 0.538 0.789 2.20 3.37

Brain whole BLQ 0.012 BLQ BLQ

Brain olfactory bulb BLQ BLQ 0.014 BLQ

Brain cerebral cortex BLQ 0.035 BLQ BLQ

Brain cerebellum BLQ 0.021 BLQ 0.013

Brain hypothalamus BLQ 0.016 BLQ BLQ

Choroid plexus 0.382 0.529 0.907 1.95

Cerebrospinal fluid 0.153 0.116 0.118 0.133

Cardiac blood 9.40 4.60 2.99 0.67

Note: Concentration values are expressed in terms of μg equivalents of

test compound/g tissue. The lower limit of quantification was 0.009 μg
equivalents/g. Tissues containing visible radioactivity below this limit are

designated ‘BLQ’ (below limit of accurate quantification).
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We next explored the effect of a longer period of ENT-03 dos-

ing on the pSTAT3 signal within the medial basal hypothalamus.

Male C57bl/6j mice fed normal laboratory chow were administered

ENT-03 by the i.p. route (10 mg/kg, twice weekly, for 3 weeks). The

hypothalamic tissues were then immune-stained for pSTAT3 to iden-

tify cells in which JAK-STAT pathways were activated. Neuropeptide

Y (NPY) was also visualized to identify the arcuate nucleus. The

pSTAT3 signal within the arcuate nucleus was markedly increased in

ENT-03-treated animals compared with controls (Figure 9; lower

panel). Its localization lateral to the cluster of NPY-expressing cells,

places the pSTAT3 signal within the region containing neurons with

the highest concentration of leptin receptors.19,20 We also observed

an intense pSTAT3 signal within cells located within the subventricu-

lar zone of the third ventricle (Figure 7B), compared with untreated

animals, possibly a result of stimulation by ENT-03 present in

the CSF.

3.6 | ENT-03 upregulates cFos activation in brain
regions involved in satiety and appetite regulation

Three-dimensional cFos imaging was utilized to obtain a whole brain

view of the neurons activated following systemic administration of

ENT-03. The expression of cFos, a transcription factor, is induced rap-

idly in neurons following a stimulus and thus serves as a widely used

marker for neuronal activation and activity. Lean C57bl/6jR mice

received a single i.p. injection of vehicle or ENT-03 and were

euthanized 2 h later. Isolated brains were stained for cFos and imaged

at single-cell resolution using light sheet microscopy. cFos data from

individual brains were mapped onto an average mouse brain atlas

template and the number of cFos-labelled cells was quantified in

286 brain regions, using previously described methods.21 Olfactory

bulbs were not analysed.

Over 40 anatomical sites were stimulated at high significance

(p < 0.001; see Data S1) in comparison to the vehicle-treated animals

(Figures 8 and 9, Movie S2 cFos). An acute parenteral dose of ENT-03

led to strong cFos activation in multiple hypothalamic areas involved

in appetite suppression, food entrained circadian rhythmicity, auto-

nomic function, and growth: the proopiomelanocortin region of the

arcuate nucleus, the tuberal nucleus, the parastrial nucleus, the lateral

preoptic nucleus, the dorsomedial nucleus, the ventral premammilary

nuclei, and the paraventricular nucleus and its periventricular area

(paraventricular hypothalamic nucleus [PVH]; Figure 9 and Movie S2,

cFos). ENT-03 also activated multiple brainstem nuclei, which enable

responses to stress, such as the level of alertness (various reticular

nuclei), posture (red nuclei), muscle tone (caudal pontine reticular

nuclei), processing of delayed reward (dorsal raphe nucleus), locomo-

tor activity (periaqueductal grey), midbrain reticular nucleus, peduncu-

lopontine nuclei, inhibition of pain (nucleus raphe magnus), control of

respiration, (parapyramidal nuclei), sympathetic activation (locus coer-

uleus), and visceral autonomic responses (Barrington's nucleus,

nucleus ambiguous, nucleus tractus solitarius, the dorsal motor

nucleus of the vagus, the area postrema, the parabrachial nucleus, and

the parasubthalamic nucleus).

F IGURE 7 Distribution of immune-stained phosphorylated STAT3 (pSTAT3) following systemic administration of ENT-03. (A) Whole-brain
three-dimensional reconstruction of pSTAT3 staining. Mice were euthanized 2 h following intraperitoneal administration of either vehicle or ENT-
03 (10 mg/kg; N = 2/cohort), and the brain subsequently processed as described in the Methods. The signals from the vehicle-treated mice are
imaged in magenta, the signals from the ENT-03-treated mice, in green. The data from all four animals have been superimposed to create the
composite image. The choroid plexus within the third ventricle is highlighted. See Movie S1 for a more detailed view. (B) Mice were treated with
either vehicle or ENT-03 for 3 weeks and the brains immune-stained for pSTAT3. Sections through (A, B) arcuate nucleus and (C, D)
subventricular zone (SVZ) at the third ventricle from mice treated with ENT-03 (A, C) or vehicle (B, D) were stained for pSTAT3 (in red) and
neuropeptide Y (NPY; in green) and nuclei were counterstained with DAPI. Scale bar, 50 μm.
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4 | DISCUSSION

The results of studies conducted with ENT-03 demonstrate that this

molecule reduces food intake and body weight in the mouse and rat,

with the anticipated metabolic consequences. In obese, leptin-

deficient diabetic mice, ENT-03 acutely (within 24 h) normalized fast-

ing blood glucose prior to significant weight loss. This pharmacological

property of ENT-03 is also observed in diabetic, diet-induced obese

mice.22 Abnormal metabolic parameters characteristic of the ob/ob

mouse model, such as non-fasting hyperglycaemia, fatty liver, abnor-

mal liver function, elevated insulin and ghrelin, diminished growth

hormone, excessive food intake and weight gain were either normal-

ized or significantly improved over the course of 2 weeks’ exposure
to ENT-03. The data also demonstrate that the metabolic conse-

quences of ENT-03 administration do not result solely from reduced

food intake or weight loss. Ob/ob mice receiving ENT-03 achieved

normoglycaemia and mobilized more lipid from adipose tissue and

liver than untreated cohorts that were fed the same amount of food

as that consumed by the ENT-03-treated mice.

The reduction in plasma ghrelin concentrations observed in the

ENT-03-treated mice is similar to the response observed in rodents

and humans after bariatric surgery.23 Procedures such as Roux-en-Y

F IGURE 8 Whole-brain cFos activation map following ENT-03 administration. Left, cFos heat map (vehicle subtracted) determined 2 h
following 10 mg/kg (intraperitoneal), with brain regions annotated. Right, fold increase of cFos-positive neurons above vehicle (n = 8 mice per
treatment group). Only regions with p < 0.001 are presented. AMB, nucleus ambiguous; AP, area postrema; ARH, arcuate hypothalamic nucleus;

AUD, auditory areas; AVPV, anteroventral periventricular nucleus; B, Barrington's nucleus; CLI, central linear nucleus raphe; CUN, cuneiform
nucleus; DMH, dorsomedial hypothalamic nucleus; DMX, dorsal motor nucleus of the vagus nerve; DR, dorsal nucleus raphe; IMD,
intermediodorsal nucleus of the thalamus; IRN, intermediate reticular nucleus; LC, locus coeruleus; LPO, lateral preoptic area; LRNm, lateral
reticular nucleus, magnocellular part; MD, mediodorsal nucleus of thalamus; MDRNd, medullary reticular nucleus, dorsal part; MEV, midbrain
trigeminal nucleus; MRN, midbrain reticular nucleus; MT, medial terminal nucleus of the accessory optic tract; NTS, nucleus of the solitary tract;
P5, peritrigeminal zone; PARN, parvicellular reticular nucleus; PAS, parasolitary nucleus; PB, parabrachial nucleus; PCG, pontine central grey;
PGRNI, paragigantocellular reticular nucleus, lateral part; PMv, ventral premammillary nucleus; PPN, pedunculopontine nucleus; PPY,
parapyramidal nucleus; PRNc, pontine reticular nucleus, caudal part; PRNr, pontine reticular nucleus; PS, parastrial nucleus; PSTN,
parasubthalamic nucleus; PT, parataenial nucleus; PVH, paraventricular hypothalamic nucleus; PVa, periventricular hypothalamic nucleus, anterior
part; PVp, periventricular hypothalamic nucleus, posterior part; PVpo, periventricular hypothalamic nucleus, preoptic part; PVT, paraventricular
thalamic nucleus; RN, red nucleus; RR, midbrain reticular nucleus, retrorubral area; RM, nucleus raphe magnus; SLC, subceruleus nucleus; SLD,
sublaterodorsal nucleus; SUT, supratrigeminal nucleus; VTA, ventral tegmental area.
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gastric bypass, gastric sleeve surgery, and ileal bile duct diversion24 all

increase circulating bile acid levels, leading to the speculation that the

metabolic benefits that accrue from these procedures might involve

their impact on bile acids.24 It is possible that alteration in bile acid

metabolism effected by bariatric surgery influences the levels of

endogenous ENT-03, itself a product of the bile acid pathway.

Treatment of lean mice with ENT-03 over a 2-month period

reduced glycaemic excursion following a glucose challenge, reduced

body weight, and increased lipid catabolism, as measured by respira-

tory gas exchange, without affecting either the magnitude or circadian

rhythm of locomotor activity or body temperature.

Since intracerebroventricular administration of ENT-03 to the

lean rat resulted in reduced food intake and loss of body weight at

doses far below what is required to achieve a comparable effect by

systemic administration, the brain is the apparent site of action. This

effect could result from either the release of hormones directed by

the brain, the activation of neural pathways between the brain and

liver/muscle, or both pathways. Considerable data, however, suggest

a role for direct neural regulation of metabolic homeostasis.25 For

example, ENT-03 shares certain pharmacological properties with lep-

tin. Leptin, like ENT-03, acutely corrects hyperglycaemia in leptin-

deficient ob/ob mice following central administration.26 Leptin

achieves this effect by enhancing the hypothalamic response to

insulin,26 which in turn, improves peripheral insulin sensitivity through

autonomic neural transmission.27

Where in the brain is ENT-03 acting? By administering 3H-ENT-

03 systemically and determining sites of localization of the compound

within the brain, we have established that ENT-03 accumulates in the

microanatomical region of the arcuate nucleus and the choroid plexus.

(The low spatial resolution of the macroscopic autoradiographic

method limited the distinguishable sites of ENT-03 to dense collec-

tions of cells, so it is possible that its presence in smaller collections of

cells were not visualized.) Since tissue concentrations in the arcuate

nucleus and choroid plexus progressively increased and eventually

exceeded the blood concentrations of ENT-03, the compound

appears to be eliminated from the brain at a slower rate than from the

circulation. The persistence of ENT-03 within the brain might explain

the extended pharmacodynamic effect observed following a single

intracerebroventricular injection. The accumulation of ENT-03 within

the choroid plexus and its presence in the CSF suggests that ENT-03

could access all brain tissues bathed by the CSF, including the ependy-

mal lining of the ventricles.

Since ENT-03 inhibits PTP1B, we investigated whether levels of

phosphorylated proteins known to be substrates for this regulatory

F IGURE 9 cFos heat maps of
hypothalamic regions of ENT-03 treated
mice. Vehicle subtracted cFos heat maps
of the ENT-03 mice of coronal sections
through the hypothalamus. DMH,
dorsomedial hypothalamic nucleus; ARH,
arcuate hypothalamic nucleus; LPO,
lateral preoptic area; PMV, ventral
premammillary nucleus; PVH,

paraventricular hypothalamic nucleus;
PVp, periventricular hypothalamic
nucleus; PVpo, periventricular
hypothalamic nucleus, preoptic part; TU,
tuberal nucleus.
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phosphatase were increased following administration of the com-

pound. In particular, both the PI3K-AKT and JAK-STAT3 pathways,

engaged by the insulin and leptin receptors, are regulated by PTP1B17

and are known to function within the arcuate nucleus in the regula-

tion of food intake and adiposity. Indeed, mice fed ad libitum with lab-

oratory chow, treated for 2 weeks with ENT-03 (i.p., 2 mg/kg, twice

weekly) displayed robust immune-staining of pSTAT3 within the arcu-

ate nucleus, lateral to the heavily stained NPY-rich zone in contact

with the third ventricle (Figure 7). Although the increased pSTAT3 sig-

nal falls within the region containing leptin receptor-expressing neu-

rons, STAT3 is also activated by numerous cytokines, such as tumour

necrosis factor-α and ciliary neurotrophic factor,19 both of which can

suppress food intake. The specific intracellular pathways impacted by

ENT-03 remain to be determined.

We also observed intense pSTAT3 immuno-staining of the epen-

dymal lining of the third ventricle above the arcuate nucleus. The

pSTAT3-positive cells were located immediately beneath the ependy-

mal layer, within the subventricular zone, in the position occupied by

tanycytes that play metabolic and neurogenic roles. The specific cell

types within the subventricular zone that ENT-03 targets remain to

be identified.

It should be understood that our data support, but do not con-

firm, that the metabolic effects of ENT-03 result from inhibition of

PTP1B activity within the brain. In further support of this hypothesis,

mice in which neuronal (but not liver or muscle) PTP1B has been

knocked out substantially recapitulate the phenotype of whole-body

PTP1B knockout and do not develop insulin resistance nor obesity on

a high-fat diet,28 similar to observations with ENT-03 administration.

In addition, an analogue of trodusquemine (MSI-1521) that lacks the

sulphate moiety on C-24, has lost both PTP1B inhibitory activity

(Zasloff, unpublished) and effects on food intake, body weight and

metabolic parameters in mice.2

Which neuronal circuits are activated following arrival of ENT-03

within the arcuate nucleus? Since the arcuate nucleus, central to

energy homeostasis, sends projections throughout the subcortical

brain and brainstem we addressed this question by conducting a

whole-brain study capable of both resolving the cFos transcriptional

activity of individual neuronal cells and precisely mapping them to

specific anatomical locations. ENT-03 administration activated over

40 distinct anatomical sites. The principal areas activated lie within

the hypothalamus and brainstem. Signals from various hypothalamic

nuclei converge on the PVH, engaging neurons that control autonomic

output. Distinct neuronal populations within the PVH influence

energy homeostasis, suppressing feeding behaviour, increasing energy

expenditure, or both.29 Polysynaptic pathways relay these directives

to the periphery via the nucleus tractus solitarius, and dorsal motor

nucleus of the vagus, along cholinergic efferent vagal pathways.30

Cholinergic activation increases hepatic glucose uptake, glycogene-

sis31 and lipolysis.32,33 Sympathetic signals originating in the PVH pro-

ject to the intermediolaternal nucleus of the spinal cord and are

carried via adrenergic nerves to the liver.33 Sympathetic stimulation

increases hepatic glycogenolysis, glucose output and lipogenesis.33 By

balancing signals from both limbs of the autonomic pathway, the PVH

can thus modulate pancreatic secretion,34 adipose lipid storage,32

thermogenesis by brown adipose tissue,35 peripheral glucose

uptake,36 and lipolytic activity in the liver.32

Dysregulation of the hypothalamic–hepatic autonomic axis is

emerging as an important factor in the pathology of aging,37 metabolic

syndrome and obesity.38 These conditions are associated with cen-

trally mediated autonomic imbalance, characterized by increased indi-

ces of sympathetic activity and cholinergic underactivity.39,40 High-fat

diets stimulate hepatic sympathetic activity and increase hepatic lipid

burden, whereas surgical or pharmacological ablation of hepatic sym-

pathetic supply ameliorates steatosis.41 Conversely, parasympathetic

activation decreases hepatic lipid content and hepatic vagotomy

worsens diet-induced steatohepatitis42 and induces insulin

resistance.43

In conclusion, ENT-03 acutely corrects hyperglycaemia in diabetic

obese mice independently of weight loss. While ENT-03 causes ani-

mals to eat less and subsequently lose weight, endogenous energy

stores are depleted to a greater extent than can be accounted for by

the reduced food intake. ENT-03 shifts the dependence on exogenous

sources to endogenous stores. The multiplicity of brain regions acti-

vated by ENT-03 reflects the complexity of signalling that must be

integrated to achieve energy homeostasis. The effects of ENT-03 in

individuals with obesity type 2 diabetes are currently being evaluated

in phase 1 clinical trials.
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