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Highlights

Overweight and obesity present a huge health & economic burden
Most treatments are of limited efficacy

Few drug treatments are currently licensed

New drug development targets focus on polytherapies

Need for behavioural as well as molecular sophistication



Abstract

Despite substantial progress in our understanding of the complex bio-machinery involved in the
regulation of appetite and energy homeostasis, few weight loss drugs are currently government-
approved in the USA or Europe. While acknowledging novel drug monotherapies (such as Belvig® &
Saxenda®), this review focuses on the various drug polytherapies that are currently attracting so
much research interest. Unfortunately, however, the dependent variables in these new studies
remain firmly rooted in outcome measures i.e. reduced food intake and bodyweight. Such evidence
is clearly essential, as are physiological data bearing upon potential ‘off-target’ effects of any new
treatment. However, as emphasised by many authors, this profiling has to be matched by
sophisticated behavioural analysis addressing fundamental ‘process’ questions such as how such
reductions in intake and/or bodyweight have been achieved. The value of behavioural analysis is
exemplified, and it is argued that such a process-led approach should optimise the translation from

preclinical to clinical development of candidate drugs, and avoid yet further expensive blind alleys.

Key words: Obesity - Treatment options — Anti-obesity drugs — Novel molecular targets —
Monotherapy vs polytherapy — Appetite suppression - Behavioural selectivity —
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1. Context: the obesity pandemic

Stroll down your high street, or simply observe folk in bus and rail stations, ferry terminals, airports,
swimming pools and on beaches, and you cannot be fail to be disturbed by the sheer bulk of many of
your fellow humans. Your observations will confirm two other facets of modern life; namely, that we
are constantly bombarded with visual and olfactory inticements to consume cheap, energy-dense
foods, preferably in ‘large’ portions, yet do not really have to exert ourselves in order to acquire such
delights. For many of us, there is really only one possible outcome to this imbalance in the energy

equation, i.e. weight gain.

Obesity, the excessive accumulation of body fat, is most frequently diagnosed using the body mass
index or BMI (kg/m?). People with a BMI > 25 are considered overweight, while scores of 25.00-
29.99, > 30, 30.00-34.99, 35.00-39.99, and > 40 define pre-obesity, obesity, and obesity classes I-lll,
respectively (Chugh and Sharma, 2012; Nuffer et al., 2016). It should be noted that there are
potential differences in BMI definition as a function of ethnicity (National Obesity Observatory,
2011), and that more accurate indices of obesity exist (e.g. body composition analysis). With these
caveats in mind, it is generally accepted that obesity has now reached pandemic proportions with
some 1.9 billion adults overweight, more than 600 million adults obese, and over 40 million under-
fives obese (WHO, 2015). Childhood and adolescent obesity is of particular concern in view of the
serious long-term consequences for physical and mental health (Adair, 2008; Franks et al., 2010;
Reilly and Kelly, 2011). Not only can early exposure to unhealthy eating habits lead to a greater risk
of obesity in later life (Anzman et al., 2010), but the ‘developmental origin hypothesis’ (Volkow and
O’Brien, 2007) holds that high-fat or high-sugar exposure in the womb can alter how brain and body
develop in anticipation of future environments, including patterns of nutrient selection (e.g. Ong and
Muhlhausler, 2011; Teegarden et al., 2009). More intriguingly still, recent research has suggested

that rodent maternal obesity at conception can program brain reward circuitry in offspring by



dramatically altering the expression of opioid peptides and their receptors (Grissom et al., 2014),
while human paternal and grand-paternal obesity may influence metabolic function in future
generations via epigenetic re-modelling of sperm DNA methylation (Cropley et al., 2016; Donkin et
al., 2016). Other important recent developments, the full ramifications of which have yet to be
appreciated, concern (i) the role played by gut microbiota in the regulation of bodyweight and
metabolism (Cryan and Dinan, 2012; Ridaura et al., 2013), with growing evidence that emulsifiers in
processed foods significantly contribute to low-grade intestinal inflammation, obesity and the
metabolic syndrome (e.g. Chassaing et al., 2015), and (ii) the therapeutic potential of
pharmacologically converting potentially harmful white adipose tissue (WAT; energy storage) into
physiologically more beneficial brown adipose tissue (BAT; energy dissipation) (for recent review:

Giordano et al., 2016).

The health consequences of obesity not only impose serious restrictions on quality of life, they can
also be life-threatening. The obese experience day-to-day problems with osteoarthritis, back pain
and mobility (Lean et al., 1998) as well as breathing difficulties caused by fat store-induced
reductions in lung volume (Kopelman, 2007). Furthermore, obesity is a major risk factor in the
development of chronic disorders such as type-2 diabetes, hypertension, heart disease and stroke,
sleep apnea and certain cancers (Kissbeah et al., 1989), and can reduce life expectancy by up to 20
years (Fontaine et al., 2003). In addition to these health costs, obesity is associated with major
economic costs (e.g. Speakman and O’Rahilly, 2012). In the U.K., the annual cost of obesity and its
consequences has been estimated at around £3.5 billion, a figure that doubles when overweight
patients are included in the calculation. As this spend approximates 2.5% of the annual National
Health Service budget (House of Commons, 2004), the clinical need for safe and effective

interventions is obvious.



2. Treatment Options

Although prevention through early education and/or later retraining is a major goal, therapeutic
interventions are essential for those who are currently significantly overweight or obese. Even
modest reductions in bodyweight (e.g. 1-year weight loss of 5kg) can have significant health benefits
including improvements in insulin sensitivity, glycaemic control and blood pressure (e.g. Goldstein,
1992). Current treatment options comprise lifestyle change, surgery and pharmacology (for review:
Wyatt, 2013). Although the focus of the present review is on pharmacotherapy, it is nevertheless
appropriate to briefly comment upon the other approaches - particularly since lifestyle change and

surgery are very relevant to current thinking about optimal drug treatment strategies.

Lifestyle modification, including dietetic, exercise and psychological interventions, are the
cornerstones of successful weight management programmes. This strategy encourages a negative
energy balance, whereby calories are restricted (i.e. dieting) and/or energy expenditure increased
(i.e. exercise), and has repeatedly been shown to reduce obesity and associated risk factors (Brown
et al., 2009; Wadden et al., 2005). However, by itself, lifestyle modification is usually effective only in
the short- to medium-term, with most patients regaining lost weight over longer timeframes
(Anderson et al., 2001). As such, medication is now normally recommended as an adjunct therapy
alongside or following successful lifestyle intervention (e.g. Bray, 2013; Patel, 2015; Wadden et al.,
2005; 2013). Bariatric surgery, such as Roux-en-Y bypass or gastric banding, is much more effective
than non-surgical interventions for weight loss and diabetes remission (Gloy et al., 2013; Stefater et
al., 2013), and is currently recommended for adults with Type 2 diabetes and a BMI > 35 (National
Institute for Health and Care Excellence, 2014). Although this approach is not without significant risk
(e.g. perioperative death, anastomotic leak, infection, need for re-operation; e.g. Puzziferri et al.,

2014), the impact of bariatric surgery on gut hormone release, and the importance of these



biochemical alterations in promoting appetite suppression and weight loss, has instigated an exciting

new era of anti-obesity drug development based on gut peptide combinations (see Section 4).

3. ‘Magic bullets’ in 20" Century

Drug treatment for obesity generally falls into one of three (non-mutually exclusive) categories:
appetite suppressants, inhibitors of fat absorption, and/or agents that increase energy expenditure
and thermogenesis (Li and Cheung, 2009). However, as detailed in many recent reviews (e.g. Adan,
2013; Bray and Greenway, 2007; Colon-Gonzalez et al., 2013; Heal et al., 2012; Jones and Bloom,
2015; Krentz et al., 2016; Rodgers et al., 2012), the record of anti-obesity drug development since
the beginning of the twentieth century (the search for so-called ‘magic bullets’) has for the most part
been far from glorious. Many treatments have been tried, tested, government-approved and
introduced to clinical practice, only to be subsequently withdrawn in the face of significant adverse
(‘off-target’) effects. In brief, agents that succumbed to this rather ignominious fate during C20
include sheep thyroid extract (cardiovascular risk), dinitrophenol (potentially fatal hyperthermia),
dex-amphetamine and closely related compounds (addiction potential & cardiovascular risk),
serotonin releasers such as dex-fenfluramine/Redux® (pulmonary hypertension), and a combination
of fenfluramine and the sympathomimetic drug phentermine, Pondimin® (cardiac valvulopathy). A
similar fate has more recently befallen the cannabinoid CB1 receptor antagonist/inverse agonist
rimonabant/ Acomplia® (psychiatric risk) and the dual noradarenaline/serotonin reuptake inhibitor

sibutramine/ Merida®/Reductil® (cardiovascular risk).

Until very recently, therefore, European clinicians have been left with but a single approved anti-
obesity medication; the pancreatic lipase inhibitor, orlistat (Xenical®). Weight loss with this
compound tends to be modest (circa 3kg in 12 months) but of sufficient magnitude to have

beneficial effects on cardiovascular risk (e.g. Torgerson et al., 2004). Although relatively mild by



comparison with other agents, adverse effects of reduced fat absorption include diarrhoea,
flatulence, bloating, abdominal pain and dyspepsia (Bray and Greenway, 2007). Despite this bleak
state of affairs, major advances in our understanding of the multiplicity of central and peripheral
signaling mechanisms regulating appetite and energy homeostasis (e.g. Broberger, 2005; Sohn et al.,
2013; Stuber and Wise, 2016; Williams and EImquist, 2012) have very recently led to the formal
approval of several new anti-obesity drugs. These include the serotonin 5-HT,c receptor agonist,
lorcaserin (Belvig®), a compound formally approved in the USA by the Food and Drug Administration
(FDA) in 2012 but for which the European marketing application was withdrawn in May 2013 due to
remaining concerns about potential carcinogenic, cardiovascular and psychiatric risk:

http://www.ema.europa.eu/docs/en GB/document library/Medicine QA/2013/05/WC500143811.

pdf . Another compound recently approved both by the FDA (2014) and the European Medicines
Agency (EMA; 2015) is the glucagon-like peptide-1 (GLP-1) receptor agonist, liraglutide (Saxenda®)
(for recent oveview: see Adan, 2013; Colon-Gonzalez et al., 2013; Heal et al., 2012; Huffer et al.,
2016; Jones and Bloom, 2015; Krentz et al., 2016; Patel, 2015). However, it is noticeable that new
approved drug monotherapies have actually been rather thin on the ground in recent times. One
explanation is that single agents, effective in producing weight loss in the short-term, are unable to
counter metabolic adaptations in order for that weight loss to be maintained (e.g. Roth et al., 2010).
Another significant factor here is that novel single target drugs are more likely to have unsuspected
off-target effects than combinations of existing treatments where there already is substantial clinical

experience with the constituent agents.

4. The modern era: drug combinations

The historically poor clinical track-record of drug monotherapies has led to growing interest in the
potential advantages of drug combinations (a.k.a. combination therapy or drug polytherapy). This

approach, which is designed to simultaneously engage multiple molecular targets in CNS and/or


http://www.ema.europa.eu/docs/en_GB/document_library/Medicine_QA/2013/05/WC500143811.pdf
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periphery, may ultimately prove more effective in maintaining weight loss and improvements in
comorbidities (Rodgers et al., 2012). The potential advantages of polytherapy include the use of
lower drug doses, fewer and less serious unwanted (or ‘off-target’) effects, additive if not synergistic
weight loss, and reduced potential for counter-regulation (Finan et al., 2015b; Roth et al., 2010). As
reviewed below, combination therapy is already beginning to yield successes at both preclinical and
clinical level (Field et al., 2009; Heal et al., 2012; Jones and Bloom, 2015). In this context, it is very
interesting to note that, in drug development programmes, polytherapies currently have a
substantially higher ‘transition probability’ than monotherapies (40% vs 4.74%), i.e. the probability
of moving from Phase | to Phase Il testing, or from Phase Il to Phase Il testing (Hussain et al., 2015).
Nevertheless, it should be emphasised that not all low-dose anorectic drug combinations produce
additive effects (e.g. GLP-1 + cholecystokinin-33 (CCK-33), Gutzwiller et al., 2004; pancreatic
polypeptide (PP) + peptide YY3-36 (PYY;s.36), Neary et al., 2008; rimonbant + sibutramine, Tallett et
al., 2010a), with some even producing sub-additive effects (e.g. naloxone + sibutramine, Tallett et
al., 2010b; topiramate + metformin, Toplak et al., 2007). And, in view of the nature of commerce and
of scientific publication, there are probably many other ineffective combinations that have not
reached the light of day. Therefore, no matter how well founded, assumptions about the potential

efficacy of treatment combinations cannot and must not replace careful empirical research.

Tables 1-4

With this important caveat in mind, Tables 1-4 list treatment combinations that have been shown to
exert additive or synergistic suppressant effects on food intake and/or bodyweight in preclinical
and/or early clinical research. Some have also shown improvements in comorbidities such as insulin

sensitivity, glycaemic control, dyslipidaemia and/or hypertension. Following a scheme initially
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presented by Roth and colleagues (2010), combination treatments can involve: small molecule
combinations (Table 1), small molecule-peptide combinations (Table 2), or small molecule-leptin,
peptide-leptin or peptide-peptide combinations (Table 3). Furthermore, as summarised in Table 4,
exciting recent advances have resulted in the creation of chemically-linked peptides (‘phybrids’) with
a dual action, as well as novel single molecules (‘chimeras’) acting either as co-agonists or tri-

agonists at two or three independent targets, respectively (Finan et al., 2015a; Tschop et al., 2016).

It is clearly beyond the scope of this review to provide detailed profiles for all listed treatments; such
information can be readily obtained from the primary sources given in Tables 1-4 and/or a host of
excellent reviews published over the last decade (Adan, 2013; Bray and Greenway, 2007; Chugh and
Sharma, 2012; Colon-Gonzalez et al., 2013; Field et al., 2009; Halford et al., 2010; Harrold et al.,
2012; Heal et al, 2012; Jones and Bloom, 2015; Kennett and Clifton, 2010; Krentz et al., 2016: Li and
Cheung, 2009; Manning et al., 2014; Nuffer et al., 2016; Patel, 2015; Rodgers et al., 2012). However,
it is worth noting that the specific rationales underlying polytherapies have rapidly evolved in a short
space of time - from almost pure pragmatism to physiological sophistication. For example, some
combinations seem to have involved simply putting together low doses of two established anorectic
agents, while others have combined agents believed to exert their effects by, for example,
simultaneously targeting receptor populations involved in satiety signalling to the brain as well as
forebrain reward-related mechanisms. More sophisticated still is the thinking behind the
development of ‘leptin sensitisers’, Contrave®/Mysimba®, and the more recently developed peptide

phybrids and chimeras.

It has long been recognised that the phenomenon of leptin resistance in the obese renders this
molecule per se an ineffective therapy for weight loss. However, researchers have recently begun to

use ‘sensitising pharmacology’ to unleash the weight-lowering properties of leptin. As summarised
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by Quarta and colleagues (2016), compounds that appear to reinstate leptin sensitivity include
amylin, exendin-4, GLP-1/glucagon, PYY;.3s, and CCK (see also Table 3). In addition to this potentially
valuable development, both the FDA and EMA have recently (2014) given formal approval to the
combination of bupropion (an atypical antidepressant) and naltrexone (an opioid receptor
antagonist) as a treatment for obesity: in the USA, this combination is known as Contrave® and, in
Europe, as Mysimba®. The rationale underlying this particular drug combination is based on the
argument (Greenway et al., 2009, 2010; Wadden et al., 2011) that the limited anorectic/weight loss
effect of bupropion is the result of a negative feedback loop whereby bupropion-induced activation
of hypothalamic pro-opiomelanocortin (POMC) neurons results in a p-opioid receptor-mediated
inhibition of these very same neurons. As confirmed in electrophysiological and behavioural
experiments, this negative feedback loop is inactivated by the addition of naltrexone (a broad
spectrum opioid receptor antagonist), leading to a disinhibition of POMC neurons and a stronger

anorectic response to bupropion.

The development of peptide phybrids and chimeras is particularly exciting for at least two reasons.
Firstly, the sometimes intense nausea associated with anorectic dose levels of individual peptides
(such as PYY;.36, CCK, pramlintide, oxyntomodulin, exenatide and liraglutide) limits their clinical
usefulness due to narrow therapeutic windows (Field et al., 2009). And, secondly, research showing
that bariatric surgery (such as Roux-en-Y bypass), widely acknowledged as the most effective
treatment for obesity (Stefater et al., 2013), alters the secretion pattern of several gut hormones
(Kellum et al., 1990; Le Roux et al., 2006; Moringo et al., 2006). As this altered pattern of peptide
secretion is thought to be largely responsible for the surgically-induced weight loss, simultaneous
treatment with (lower doses of) two or more gut peptides is an entirely logical development. To
exemplify the thinking behind peptide chimeras, Day and colleagues (2009) have reported on a novel

peptide with dual agonism at glucagon and GLP-1 receptors (see also Pocai et al., 2009). The
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pancreatic hormone, glucagon, has well-established thermogenic, anorectic, and weight loss effects
in animals, whereas GLP-1 receptor agonists (such as exenatide & liraglutide) are known to improve
glycaemic control and weight loss in humans with type 2 diabetes. Day et al. (2009) reasoned, and
subsequently confirmed, that the antihyperglycaemic effect of GLP-1 receptor agonism could
minimise any diabetogenic risk of excessive glucagon agonism, and further argued that the lipophilic
and thermogenic propreties of glucagon as well as the satiating effects of GLP-1 agonism provide a
very strong scientific basis for the development of a synergistic co-agonist peptide. A similar
rationale underlies the very recent development of a peptide tri-agonist which simultaneously
stimulates glucagon, GLP-1 and gastric inhibitory polypeptide (GIP) receptors (Finan et al., 2015b;

Tschop et al., 2016).

5. The importance of behaviour

Despite these encouraging recent developments, it must not be forgotten that behaviour is the
interface between the organism and its environment. Whether rodent or human, behaviour is the
means whereby food is located and ingested; and feeding behaviour can be suppressed by a host of
factors, some specific but many much less so. Thus, in addition to vitally important controls for
cardiovascular, teratological and carcinogenic risk, anti-obesity drug development programs should
(but rarely do) include a variety of preclinical tests to assess potential adverse behavioural effects of
treatment. Such negative ‘off-target’ effects could offer more parsimonious interpretations of
reductions in food intake and bodyweight through, for example, pain, nausea, sedation, or response
competition. Early recognition of such indirect forms of appetite suppression could save both time
and money which could, in turn, be invested in more promising candidate molecules (e.g. Rodgers et
al., 2010, 2012). However, despite repeated calls over the past 30 years for much more research
attention to behaviours (ingestive and non-ingestive) displayed during feeding tests, the field as a

whole remains somewhat ‘hard of hearing’ (e.g. Blundell et al., 1985; Halford et al., 1998, 2010;
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Higgs et al., 2016; Rodgers et al., 2010, 2012; Vickers et al., 2011; Vickers and Clifton, 2012). With
apologies for mixed metaphors, such tunnel vision undoubtedly contributed to the premature
approval of the CB1 receptor antagonist/inverse agonist Acomplia®as an anti-obesity treatment in
Europe, its subsequent withdrawal from the market, and the cessation (or at least moth-balling) of
several related drug development programs (MclLaughlin, 2012; Vickers et al., 2011). The major
problem here was that of psychiatric risk linked to an unacceptably high incidence of anxious and
depressive symptomatology. However, had sufficient attention been paid to the broader
behavioural pharmacology of CB1 receptor ligands, including known effects in animal tests of anxiety

and cognition, this particular debacle could surely have been avoided.

Krentz et al (2016) have recently commented that limitations in the translation of the
pharmacological effects of anti-obesity drugs from animals to humans have historically been evident
for both efficacy (e.g. species differences in metabolic regulation) and toxicity (e.g. valvulopathy). In
response to such issues, new FDA approvals must now include a risk evaluation and mitigation
strategy (REMS), stipulation of post-marketing safety trials (e.g. cardiovascular risk), and clear rules
for the discontinuation of treatment. A vitally important related issue concerns the behavioural
specificity of new (and, indeed, existing) treatments. As reviewed in some depth by Vickers and
colleagues (Vickers and Clifton, 2012; Vickers et al., 2011), animal models actually have excellent
predictive validity in appetite research whereby drug-induced weight loss in rodents subsequently
translates into weight loss in humans. In this context, numerous animal tests have been developed
to explore short- and long-term treatment effects on food intake in lean and (genetic or diet-
induced) obese rodents. Such tests range from the simple study of food intake per se, through
analyses of meal patterning and microstructure (i.e. meal size, meal frequency, inter-meal intervals),
to the detailed study of the various behaviours displayed during feeding tests and control

experiments for drug-induced malaise and aversion (i.e. tests of conditioned taste aversion, pica,
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and taste reactivity). Of course, one of the most salient questions about drug-induced appetite
suppression concerns behavioural specificity. As noted many years ago by Blundell and McArthur
(1981), with their concept of ‘behavioural flux’, feeding behaviour does not exist in isolation but
rather is embedded in a constellation of related behaviours. One obvious way to at least get an
initial handle on the question of the behavioural specificity of anorectic drug action is to assess
treatment effects not just on the target behaviour (feeding) but also on all the other behaviours
displayed during the feeding test, such as drinking, grooming, sniffing, locomotion, rearing and
resting. Such comprehensive behavioural profiling, when used in conjunction with dose-response
analysis and videorecording, greatly facilitates the assessment of behavioural selectivity.
Furthermore, this approach also permits detailed study of the normal structure of feeding behaviour
itself by focusing on the temporal transition from feeding through grooming to resting, a pattern
most commonly referred to as the behavioural satiety sequence (BSS; Antin et al., 1975; Blundell et

al., 1985; Montgomery and Willner, 1988).

In brief (see comprehensive reviews by Halford et al., 1998; Rodgers et al., 2010), several parametric
calibration studies have shown that natural influences on appetite temporally advance (preloading)
or delay (fasting) the BSS without altering its basic structure. In contrast, manipulations that either
induce nausea (lithium) or adulterate the taste of food (quinine) disrupt the basic structure of the
sequence as well as its temporal profile. These behavioural ‘signatures’ of selectivity and non-
selectivity, respectively, can in turn be used both to profile established anorectics and to assess the
effects of agents in development (Vickers and Clifton, 2012; Vickers et al., 2011). Rodgers and
colleagues (2010) detail the results of studies to have employed this methodology between 1975
and 2010. Although the vast bulk of that review concerned drug monotherapies, it did touch upon
some of the then very recent data on the effects of certain drug combinations. Suffice it to say that,

in the interim, and despite its obvious advantages in helping to differentiate selective and non-
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selective anorectic drug action (‘separating the wheat from the chaff’; Rodgers et al., 2010), only a
handful of studies have employed BSS methodology (or indeed, any detailed behavioural

methodology) to examine the effects of novel drug combinations.

The following section summarises recent work in the Leeds laboratory that has looked at the acute

effects of various drug combinations on food intake, ingestive behaviour and a variety of non-

ingestive behaviours in well-habituated adult male hooded rats presented with palatable mash. The

basic methodology is detailed in Rodgers et al. (2010), with compound- and combination- specific
information given in the individual publications cited below. In brief, to accommodate well-known
individual variation in intake and behaviour, our studies almost always employ a within-subjects
design with treatment-appropriate washout periods between successive tests. In view of the
rationale for combination therapy (see Section 4 above), drug doses are carefully selected on the
basis of initial in-house dose-response studies with each of the agents to be tested. The finally
selected doses are specifically chosen on the basis of their individually sub-anorectic and/or sub-
maximally anorectic profiles. All experimental feeding sessions tests are videorecorded and
subsequently analysed (continuous observation) by an observer blind to treatment condition.

Treatment codes are broken only after all video materials have been fully analysed.

6. Effects of drug combinations on intake, ingestive and non-ingestive
behaviour, and the BSS

Over the past decade, we have assessed in detail the behavioural effects of the following the
anorectic agents, both on their own and in combination: the broad-spectrum opioid receptor
antagonists naloxone and naltrexone; the cannabinoid CB1 receptor antagonist/inverse agonists
rimonabant and AM251; the noradrenaline/ serotonin reuptake inhibitor sibutramine; the

noradrenaline/dopamine reuptake inhibitor bupropion; the 5-HT,¢/15 receptor agonist m-
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chlorophenylpiperazine (mCPP); and the glucagon-like peptide-1 (GLP-1) receptor agonist, exendin-
4. Interested readers are referred to the cited publications for detailed literature reviews on each
agent and/or combination of agents. However, a brief summary of the acute intrinsic dose-response

profiles of all compounds is warranted prior to a discussion of our drug combination studies.

6.1 Initial acute dose-response studies

In our laboratory, the opioid receptor antagonists naloxone (1.0-5.0 mg/kg IP; Tallett et al., 2008a)
and naltrexone (0.1-3.0 mg/kg IP; Wright and Rodgers, 2013a) dose-dependently suppressed food
intake and feeding behaviour and accelerated, but did not disrupt, the BSS. In other words, the
inhibitory effects of opioid receptor antagonists on intake appear to be behaviourally-selective.
Somewhat similarly, ethological analysis revealed few behavioural effects of the dual noradrenaline
and serotonin reuptake inbititor sibutramine (0.5-3.0 mg/kg IP; Tallett et al., 2009a), except for
dose-dependent reductions in food intake, time spent feeding and post-treatment weight gain. This
profile of behavioural selectivity was supported by timebin analysis which confirmed the structural
integrity the BSS but also its temporal acceleration. In contrast to these profiles, the CB1 receptor
antagonist/inverse agonists rimonabant (1.5-3.0 mg/kg IP; Tallett et al., 2007a) and AM-251 (1.5-3.0
mg/kg IP; Tallett et al., 2007b) not only dose-dependently suppressed food intake and feeding
behaviour, but also markedly and dose-dependently stimulated scratching and grooming. Indeed, at
the higher dose level of each compound, compulsive grooming so dominated the behavioural
repertoire as to completely disrupt the BSS - suggesting that the anorectic action may be indirectly

mediated via response competition (grooming/scratching syndrome).

With recent FDA and/or EMA approvals, considerable interest is currently focused on the 5-HT,¢
receptor agonist lorcaserin (Belvig®), the combination of bupropion and naltrexone (Contrave®/

Mysimba®), and the GLP-1 receptor agonist liraglutide (Saxenda®). Early research with 5-HT,¢/15
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agonists, such as 1-(3-chlorophenyl) piperazine (mCPP), was essential in paving the way for the more
selective 5-HT,c receptor agonist, lorcaserin. However, those early studies had not only reported
dose-dependent suppressions of food intake and weight gain but had also raised doubts about
behavioural selectivity - with evidence of excessive grooming, nausea, anxiety and hypoactivity.
Work in our laboratory (0.1-3.0 mg/kg IP; Wright and Rodgers, 2014a) confirmed the anorectic
efficacy of mCPP with robust effects on intake and feeding-related measures at the highest dose
tested. However, this dose also significantly increased grooming, inhibited locomotion and sniffing,
and disrupted the BSS. Similar problems may occur at anorectic dose levels of more selective 5-HT ¢

receptor agonists, including lorcaserin (e.g. Higgins et al., 2012; 2013; Serafine et al., 2015).

Structurally related to amphetamine, bupropion acts primarily as a dual noradrenaline and
dopamine reuptake inhibitor and, in clinical studies on depression, has been found to induce weight
loss. In our hands (10-40 mg/kg IP; Wright and Rodgers, 2013a), bupropion produced a very modest
reduction in food intake and time spent feeding at the highest dose tested (40mg/kg), an effect
associated with substantial psychomotor stimulation. The latter resulted in complete disruption of
the BSS leading to the conclusion that the mild anorectic response to this agent may also be
secondary to ‘response competition’ (general behavioural stimulation). Finally, a burgeoning
literature exists concerning the anti-diabetic, anorectic and weight loss efffects of glucagon-like
peptide 1 (GLP-1) receptor agonists. While GLP-1 itself is metabolically unstable, more recently
developed agents, such as liraglutide and exenatide (exendin-4), have longer biological half-lives and
have proven to be more clinically valuable in the management of diabetes. In our laboratory, we
have assessed the behavioural effects of exendin-4 (0.025-2.5 pg/kg IP; Wright and Rodgers, 2014b)
in tests of palatable food consumption. Although we were able to confirm a dose-dependent

suppression of intake and feeding behaviour, these effects occurred at dose levels that inhibited all

18



active behaviours and which disrupted the BSS. As for many of the agents we have examined over

the past decade, the behavioural signature of exendin-4 is suggestive of behavioural non-specificity.

6.2 Drug combination studies

The above summary of our dose-response analyses raises significant doubts about the behavioural
selectivity of the anorectic response to the vast majority of compounds tested. Indeed, the only
drugs for which no real doubt exists are the opioid receptor antagonists naloxone and naltrexone,
and the dual noradrenaline/serotonin reuptake inhibitor sibutramine. In view of these findings, and
consistent with the philosophy of drug combination therapy (see Section 4), we have since
conducted a series of studies in which we have looked in detail at the behavioural effects of co-
treatment with low (sub-anorectic and/or submaximally anorectic) doses of many of these
compounds. Would such combinations result in statistically-significant additive or synergistic effects
on food intake and feeding behaviour and, if so, would they be devoid of adverse ‘off-target’
effects? In confirmation of the need for empirical investigation in this field, not all of these studies
revealed clinically-relevant positive interactions (section 4 above). Other drug combinations,
however, revealed some intriguing patterns of interaction which, in view of their potential clinical

implications, are discussed in more detail below.

CB1 and opioid receptor antagonist co-treatment

Our initial work in this area stemmed from concern about the compulsive grooming and scratching
syndrome seen with anorectic doses of CB1 receptor antagonist/inverse agonists, an off-target
effect also commonly reported in human studies (e.g. Addy et al., 2008). We hoped to minimise this
syndrome, yet achieve a significant reduction in food intake and feeding behaviour, by combining
low doses of these agents with a low doses of the opioid receptor antagonist naloxone. Our results

confirmed that, when given alone, lower doses of rimonabant (0.25, 0.75 mg/kg; Tallett et al.,2008b)
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and AM-251 (0.5, 1.0 mg/kg; Tallett et al., 2009b) failed to significantly suppress appetite and
induced a lower intensity grooming/scratching response to that seen with higher doses of these
drugs. To our pleasant surprise, not only did the addition of low dose naloxone (0.1 mg/kg) to CB1
antagonist treatment result in a significant additive effect on food intake and feeding behaviour, it
also significantly attenuated the compulsive grooming and scratching syndrome. In a more recent
study (Wright and Rodgers ,2013b), we used the anti-pruritic efficacy of naloxone to directly test the
‘response competition” hypothesis of rimonabant-induced anorexia (section 6.1). More specifically,
we argued that if the anorectic response to rimonabant (1.5mg/kg) were due to response
competition from grooming and scratching, then blocking the latter with low dose naloxone should
attenuate if not eliminate the former. In the event, our findings unequivocally rejected the response
competition hypothesis in that naloxone completely blocked the pruritic, but not the anorectic,
response to rimonabant. It would therefore appear that the suppression of food intake and the
induction of grooming/scratching, while concurrent, are actually independent effects of CB1

receptor antagonist/inverse agonists.

Bupropion and naltrexone co-treatment

The novel anti-obesity agent Contrave® (a.k.a. Mysimba®) is a combination of the atypical
antidepressant bupropion and the opioid receptor antagonist naltrexone. The scientific rationale for
this specific combination is discussed in Section 4 above, with proof-of-concept demonstrated in
both animal and human studies (Greenway et al., 2009, 2010; Wadden et al., 2011). However, as
seen so many times before, research on this treatment has focused almost entirely upon food
intake and weight gain with little attention to behaviour. Of particular concern was the significant
psychomotor stimulation observed in rodents treated with bupropion alone (Section 6.1), an off-
target effect consistent with the agitation and insomnia observed with this uptake blocker in

humans (British National Formulary, 2013). We have recently employed BSS methodology to
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examine the effects of acute co-treatment with a sub-maximally anorectic dose of bupropion (20
mg/kg) and either a sub-anorectic (0.1 mg/kg) or a sub-maximally anorectic (1.0 mg/kg) dose of
naltrexone (Wright and Rodgers, 2013a). Co-administration of these agents not only produced an
additive anorectic profile, but the addition of the opioid receptor antagonist also attenuated the
psychomotor stimulant response to bupropion as well as its disruptive effects on the BSS. These
findings not only confirm existing reports of a positive anorectic interaction between these two
agents but also provide evidence that co-treatment with naltrexone may counter the ‘off-target’

psychostimulant effects of bupropion.

Exendin-4 and naltrexone co-treatment

As reviewed in section 6.1 above, the GLP-1 receptor agonist, exendin-4, dose-dependently
suppressed food intake and feeding behaviour in male rats. However, these effects (& especially
those seen at the highest dose tested, 2.5 pg/kg) were accompanied by significant reductions in all
active behaviours. In view of the above encouraging results with opioid receptor antagonist co-
treatment, we sought to determine the behavioural effects of combining a sub-maximally anorectic
dose of naltrexone (0.1 mg/kg) with either a sub-anorectic (0.025 ug/kg) or a sub-maximally
anorectic (0.25 pg/kg) dose of exendin-4 (Wright and Rodgers, 2014b). However, our results showed
that, while naltrexone and the higher dose of exendin-4 each produced a significant suppression of
intake and feeding behaviour (plus an acceleration in the BSS), co-treatment failed to produce

stronger effects than those seen in response to either treatment alone.

This lack of anorectic interaction between naltrexone and exendin-4 contrasts with our other
negative combination treatments (Tallett et al., 2010a, 2010b; Wright and Rodgers, 2014a) in that
the latter only included sub-anorectic doses of each agent. In the Rodgers and Wright (2014b) study,

however, even the combination of (albeit sub-maximally) anorectic doses of naltrexone and exendin-
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4 failed to produce an effect greater than either agent alone. Of relevance in this context is a report
by Liang and colleagues (2013) in which an additive anorectic profile for (similar doses of) naltrexone
and exendin-4 was described. As ever, there were are large number of methodological differences
between the studies that may have accounted for the differing outcomes. However, perhaps the
most salient difference concerned the method of drug administration. Thus, whereas we
administered the agents as two injections spaced 15min apart, Liang et al (2013) gave the two
agents as a single injection. Our spaced injection methodology may therefore have inadvertently
resulted in an unpredictable interaction whereby the agent injected first (exendin-4) somehow
interefered with the pharmacokinetics and/or pharmacodynamics of the agent given second
(naltrexone). This working hypothesis remains to be empirically tested. Nevertheless, as Liang et al
(2013) reported that the co-treatment not only produced an additive anorectic response but also
intensified the aversive effects of exendin-4 (assessed by conditioned taste aversion), neither their

results nor ours would support this drug combination in the clinical management of obesity.

7. Conclusions and future directions

‘Bench to bedside in appetite research: lost in translation?’ is so entitled in order to emphasise the
quite marked discrepancy between our detailed understanding of the neurobiology of appetite and
the paucity of drugs currently licensed for the treatment of obesity. This discrepancy is not,
however, due to a lack of preclinical research on the behavioural pharmacology of appetite. Rather,
it is to a significant degree due to the inadequacy of that research base. In other words, there is a
world of a difference between describing an anorectic drug effect in terms of reduced food intake
and/or bodyweight (outcome) and understanding how such effects have been produced (process).
Of course, in some cases, the process involves a reduction in nutrient absorption; in other cases, it
entails increases in energy expenditure. However, in the vast majority of cases, process involves

changes in some aspect of behaviour. It is our contention that, at the preclinical level at least, such
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changes can only be characterised through detailed behavioural analysis. This article has
concentrated on just one such approach, a detailed analysis of behaviours (non-ingestive as well as
ingestive) displayed during tests of food intake, including the BSS. Other forms of behavioural
analysis are of course available and, in many cases, essential as follow-ups to BSS analysis, e.g.
analysis of meal patterning, conditioned taste aversion, taste reactivity, and progressive ratio
responding. Similarly, more detailed pharmacological studies (e.g. isobolographic analyses; Roth et

al., 2010) would be essential in order to define optimum dose ratios for any combination therapy.

Of the 8 drugs reviewed above, only three (naloxone, naltrexone, sibutramine) suppressed appetite
and feeding behaviour without concurrently compromising other behaviours and/or disrupting the
BSS. Initial dose-response studies parsimoniously suggested that the anorectic efficacy of CB1
receptor antagonists (rimonabant; AM-251) was due to response competition from excessive
grooming and scratching while that of the atypical antidepressant bupropion was due to response
competition from psychomotor stimulation. However, in the event, neither hypothesis was
supported in follow-up co-treatment studies with opioid receptor antagonists. Those experiments
were designed to assess whether sub-anorectic dose combinations would interact to produce a
significant suppression of appetite. This was indeed achieved for rimonabant + naloxone, AM-251 +
naloxone, and bupropion + naltrexone. The unexpected bonus, and as further evidence of the value
of behavioural analyses, was the finding that the addition of an opioid receptor antagonist markedly
reduced ‘off-target’ effects of both the CB1 receptor antagonist/inverse agonists (i.e. pruritus) and
bupropion (i.e. psychomotor stimulation). The former result would suggest that any pruritic activity
of CB1 receptor ligands still in development could be attenuated by opioid receptor antagonists,
whereas an additional benefit of adding naltrexone to bupropion (as in Contrave®) might be the

attenuation of any tendency of the latter to induce psychomotor stimulation. These insights would
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not have been possible without detailed behavioural analysis - which is precisely what is missing

(lost) in the attempted translation from bench to bedside in appetite research.

As commented by Jones and Bloom (2015), we have very recently witnessed the introduction of the
first novel anti-obesity agents for more than a decade. However, tempering current enthusiasm
surrounding such developments, they go on to argue that knowledge of the off-target effects of
many of these agents remains incomplete. The latter of course is of crucial importance to the
eventual status of the new kids on the block, and must surely incorporate the type of behavioural
analyses advocated in the current article. This message, although obvious and straightforward,
needs to be repeatedly emphasised. Otherwise, this field will continue to experience problems in the

journey from bench to bedside.

Acknowledgements
The author wishes to thank John Blundell and several generations of graduate students (Yuko Ishii,
Amy Tallett, Trish Holch and Fiona Wright), all of whom contributed significantly to the Leeds-based

research reviewed in this article.

24



References

Adair, L.S., 2008. Child and adolescent obesity: epidemiology and developmental perspectives.
Physiol. Behav. 94, 8-16.

Adan, R.A.H., 2013. Mechanisms underlying current and future anti-obesity drugs. Trends Neurosci.
36, 133-140.

Addy, C., Wright, H.,Van Laere, K., Gantz, |., Erondu, N., Musser, B.J., Lu, K., Yuan, J., Sanabria
Bohdrquez, S.M., Stoch, A., Stevens, C., Fong, T.M., De Lepeleire, 1., Cilissen, C., Cote, J., Rosko, K.,
Gendrano, I.N., Nguyen, A.M., Gumbiner, B., Rothenberg, P., de Hoon, J., Bormans, G., Depré, M.,
Eng, W-si, Ravussin, E., Klein, S., Blundell, J., Herman, G.A,, Burns, H.D., Hargreaves, R.J., Wagner, J.,
Gottesdiener, K., Amatruda, J.M., Heymsfield, S.B., 2008. The Acyclic CB1R Inverse Agonist
Taranabant Mediates Weight Loss by Increasing Energy Expenditure and Decreasing Caloric Intake.
Cell Metab 7, 68-78.

Anderson, J., Konz, E., Frederich, R., Wood, C., 2001. Long term weight-loss maintenance: a meta-
analysis of US studies. Am. J. Clin. Nutr. 74, 579-584.

Antin,J)., Gibbs, J., Holt, J., Young, R.C., Smith, G.P., 1975. Cholecystokinin elicits the complete
behavioral sequence of satiety in rats. J. Comp. Physiol. Psychol. 89, 784-790.

Anzman, S.L., Rollins, B.Y., Birch, L.L., 2010. Parental influence on children’s early eating
environments and obesity risk: implications for prevention. Int. J. Obesity 34, 1116-1124.

Aronne, M., Halseth, A.E., Burns, C.M., Miller, S., Shen, L.Z., 2010. Enhanced weight loss following
coadministration of pramlintide with sibutramine or phentermine in a multicenter trial. Obesity 18,
1739-1746.

Bello, N.T., Kemm, M.H., Ofeldt, E.M., Moran, T.H., 2010. Dose combinations of exendin-4 and
salmon calcitonin produce additive and synergistic reductions in food intake in non-human primates.
Am. J. Physiol Regul. Integ. Comp. Physiol. 299, R945-R952.

Bhavsar, S., Watkins, J., Young, A., 1998. Synergy between amylin and cholecystokinin for inhibition
of food intake in mice. Physiol. Behav. 64, 557-561.

Billes, S.K., Sinnayah, P., Cowley, M.A., 2014. Naltrexone/bupropion for obesity: an investigational
pharmacotherapy for weight loss. Pharmacol. Res. 84, 1-11.

Blundell, J.E., McArthur, R.A., 1981. Behavioural flux and feeding: continuous monitoring of food
intake and food selection, and the video-recording of appetitive and satiety sequences for the
analysis of drug action. In: Garattini S, Samanin R, editors. Anorectic Agents: Mechanisms of Action
and Tolerance. New York: Raven Press, p19-43.

Blundell, J.E., Rogers, P.J., Hill, AJ., 1985. Behavioural structure and mechanisms of anorexia:
calibration of natural and abnormal inhibition of eating. Brain Res. Bull. 15, 371-376.

Bojanowska, E., Nowak, A., 2007. Interactions between leptin and exendin-4, a glucagon-like
peptide-1 agonist, in the regulation of food intake in the rat. J. Physiol. Pharmacol. 58, 349-360.

25



Bojanowska, E., Radziszewska, E., 2011. Combined stimulation of glucagon-like peptide-1 receptor
and inhibition of cannabinoid CB1 receptor act synergistically to reduce food intake and body
weight in the rat. J. Physiol. Pharmacol. 62, 395-402.

Boozer, C.N., Leibel, R.L., Love, R.J., Cha, M.C., Aronne, L.J., 2001. Synergy of sibutramine and low
dose leptin in treatment of diet-induced obesity in mice. Metabolism 50, 889-893.

Boustany-Kari, C.M., Jackson, V.M., Gibbons, C.P., Swick, A.G., 2011. Leptin potentiates the anti-
obesity effects of rimonabant. Eur. J. Pharmacol. 658, 270-276.

Bray, G.A., 2013. Why do we need drugs to treat the patient with obesity? Obesity (Silver Spring) 21,
893-899.

Bray, G.A., Greenway, F.L., 2007. Pharmacological treatment of the overweight patient. Pharmacol.
Revs. 59, 151-184.

Broberger, C., 2005. Brain regulation of food intake and appetite: molecules and networks. J. Int.
Med. 258, 301-327.

Brown, T., Avenell, A., Edmunds, L.D., Moore, H., Whittaker, V., Avery, L., Summerbell, C., Team, P.,
2009. Systematic review of long-term lifestyle interventions to prevent weight gain and morbidity in
adults. Obesity Rev. 143, 4265-4270.

Chassaing, B., Koren, O, Goodrich, J.K., Poole, A.C., Srinivasan, S., Ley, R.E., Gerwitz, A.T., 2015.
Dietary emulsifiers impact the mouse gut microbiota promoting colitis and metabolic syndrome.
Nature 519, 92-96.

Chen, R.Z., Huang, R.R.C., Shen, C.P., MacNeil, D.J., Fong, T.M., 2004. Synergistic effects of
cannabinoid inverse agonist AM251 and opioid antagonist nalmefene on food intake in mice. Brain
Res. 999, 227-230.

Chugh, P.K., Sharma, S., 2012. Recent advances in the pathophysiology and pharmacological
treatment of obesity. J. Clin. Pharm. Ther. 37, 525-535.

Clapper, J.R., Athanacio J., Wittmer, C., Griffin, P.S., D’Souza, L., Parkes, D.G., Roth, J.D., 2013. Effects
of amylin and bupropion/naltrexone on food intake and body weight are interactive in rodent
models. Eur. J. Pharmacol. 698,292-298.

Clemmensen, C., Chabenne J., Finan, B., Sullivan, L., Fischer, K., Kuechler, D., Sehrer, L., Ograjsek, T.,
Hofmann, S,M., Schriever, S.C., Pfluger, P.T., Pinkstaff, J., Tschép, M.H., DiMarchi, R., Muller, T.D.,
2015. GLP-1/Glucagon coagonism restores leptin responsiveness in obese mice chronically
maintained on an obesogenic diet. Diabetes 63, 1422-1427.

Clemmensen, C., Finan, B., Fischer, K., Tom, B.Z., Legutko, B., Seher, L., Heine, D., Grassi, N., Meyer,
C.W., Henderson, B., Hofman, S.M., Tschop, M.H., Ven der Ploeg, L.H.T., Muller, T.D., 2014. Dual
melancortin-4 receptor and GLP-1 receptor agonism amplified metabolic benefits in diet-induced
obese mice. EMBO Mol. Med. 7, 288-298.

Colon-Gonzalez, F., Kim, G.W,, Lin, J.E., Valentino, M.A., 2013. Obesity pharmacotherapy: what next?

26



Mol. Aspects Med. 34, 71-83.

Cropley, J.E., Eaton, S.A., Aiken, A., Young, P.E., Giannoulatou, E., Ho, J.W.K., Buckland, M.E., Keam,
S.P., Hutvagner, G., Humphreys, D.T., Langley, K.G., Henstridge, D.C., Martin, D.I.K., Febbraio, M.A.,
Suter, C.M., 2016. Male-lineage transmission of an acquired metabolic phenotype induced by grand-
paternal obesity. Molec. Metab. 5, 699-708.

Cryan, J.C., Dinan, T.G., 2012, Mind-altering microorganisms: the impact of gut microbiota on brain
and behaviour. Nat. Rev. Neurosci. 13, 701-712.

Day, J.W., Ottaway, N., Patterson, J.T., Gelfanov, V., Smiley, D., Gidda, J., Findeisen, H., Bruemmer,
D., Drucker, D.J., Chaudhary, N., Holland, J., Hembree, J., Abplanap, W., Grant, E., Ruehl, J., Wilson,
H., Kirchner, H., Lockie, S.H., Hofman, S., Woods, S.C., Nogueiras, R., Pfluger, P.T., Perez-Tilve, D.,
DiMarchi, R., Tschép, M.H., 2009. A new glucagon and GLP-1 co-agonist eliminates obesity in
rodents. Nat. Chem. Biol. 5, 749-757.

Donkin, 1., Versteyhe, S., Ingerslev, L.R., Qian, K., Mechta, M., Nordkap, L., Mortensen, B., Appel,
E.V.R,, Jorgenssen, N., Kristiansen, V.B., Hansen, T., Workman, C.T., Zierath, J.R., Barres, R., 2016.
Obesity and bariatric surgery drive epigenetic variation of spermatozoa in humans. Cell Metab. 23,
1-10.

Emond, M., Schwartz, G.J., Ladenheim, E.E., Moran, T.H., 1999. Central leptin modulates behavioral
and neural responsivity to CCK. Am. J. Physiol. Regul. Integ. Comp. Physiol. 276, R1545-R1549.

Fernandez-Tome, Mp.G.Y., Del Rio, J., 1988. Interaction between opioid agonists or naloxone and 5-
HTP on feeding behavior in food-deprived rats. Pharmacol.Biochem. Behav. 29, 387-392.

Field, B.C.T., Chaudhri, O.B., Bloom, S.R., 2009. Obesity treatment: novel peripheral targets. Br. J.
Clin. Pharmacol. 68, 830-843.

Finan, B., Clemmensen, C., Muller, T.D., 2015a. Emerging opportunities for the treatment of
metabolic diseases: Glucagon-like peptide-1 based multi-agonists. Molec. Cell. Endocr. 418, 42-54.

Finan, B., Ma, T., Ottaway, N., Muller, T.D., Habegger, K.M., Heppner, K.M., Kirchner, H., Holland, J.,
Hembree, J., Raver, C., Lockie, S.H., Smiley, D.L., Gelfanov, V., Yang, B., Hofmann, S., Bruemmer, D.,
Drucker, D.J., Pfluger, P.T., Perez-Tilve, D., Gidda, J., Vignati, L., Zhang, L., Hauptman, J.B., Lau, M.,
Brecheisen, M., Uhles, S., Riboulet, W., Hainaut, E., Sebokova, E., Conde-Knape, K., Konkar, A.,
DiMarchi, R.D., Tschop, M.H., 2013. Unimolecular dual incretins maximize metabolic benefits in
rodents, monkeys and humans. Science Translational Medicine 5, 209ra151.

Finan, B., Yang, B., Ottaway, N., Smiley, D.L., Ma, T., Clemmensen, C., Chabenne J., Zhang, L.,
Habegger, .M., Fischer, K., Campbell, J.E., Sandoval, D., Seeley, R.J., Bleicher K., Uhles, S., Riboulet,
W., Funk, J., Hertel, C., Belli, S., Sebokova, E., Conde-Knape, K., Konkar, A., Drucker, D.J., Gelfanov, V.,
Pfluger, P.T., Muller, T.D., Perez-Tilve, D., DiMarchi, R.D., Tschop, M.H., 2015b. A rationally designed
monomeric peptide triagonist corrects obesity and diabetes in rodents. Nature Medicine 21, 27-36.

Finan, B., Yang, B., Ottaway, N., Stemmer, K., Muller, T.D., Yi, C-X., Habegger, K., Schriever, S.C.,
Garcia-Caceres, C., Kabra, D.G., Hembree, J., Holland, J., Raver, C., Seeley, R.J., Hans, W., Irmler, M.,
Beckers, J., Habre de Angelis, M., Tiano, J.P., Perez-Tilve, D., Pfluger, P., Zhang, L., Gelfanov, V.,
DiMarchi, R.D., Tschop, M.H., 2012. Targeted estrogen delivery reverses the metabolic syndrome.

27



Nature Medicine 18, 1847-1856.

Fontaine, K.R., Redden, D.T., Wang, C., Westfall, A.J., Allison, D.B., 2003. Years of life lost due to
obesity. JAMA 298, 187-193.

Franks, P.W., Hanson, R.L., Knowler, W.C., Sievers, M.L., Bennett, P.H., Looker, H.C., 2010. Childhood
obesity, other cardiovascular risk factors, and premature death. New Eng. J. Med. 363, 485-493.

Giordano, A., Frontini, A., Cinti, S., 2016. Convertible visceral fat as a therapeutic target to curb
obestity. Nature Drug Discov. 11 March 2016, doi: 10.1038/nrd.2016.31

Gloy, V.L., Briel, M., Bhatt, D.L., Kashyap, S.R., Schauer, P.R., Mingrone G., Bucher, H.C., Nordmann,
A.J., 2013. Bariatric surgery versus non-surgical treatment for obesity: a systematic review and meta
-analysis of randomised controlled trials. BMJ 347, f5934.

Goldstein, D.J., 1992. Beneficial health effects of modest weight loss. Int. J. Obes. Relat. Metab.
Disord. 16, 397-415.

Greenway, F.L., Fujioka, K, Plodowski, R.A., 2010. Effect of naltrexone plus bupropion on weight
loss in overweight and obese adults (COR-1): a multi-centre, randomised, double-blind, placebo-
controlled, phase 3 trial. Lancet 376, 595-605.

Greenway, F.L., Whitehouse, M.J., Guttadauria, M., Anderson, J.W., Atkinson, R.L., Fujioka, K.,
Gadde, K.M., Gupta, A.K., O’Neill, P., Schumacher, D., Smith, D., Dunayevich, E., Tollefson, G.D.,
Weber, E., Cowley, M.A., 2009. Rational design of a combination medication for the treatment of
obesity. Obesity 17, 30-39.

Grissom, N.M,, Lyde, R., Christ, L., Sasson, I.E., Carlin, J., Vitins, A.P., Simmons, R.A., Reyes, T.M.,
2014. Obesity at conception programs the opioid system in the offspring brain.
Neuropsychopharmacology 39, 801-810.

Grottick, A.J., Whelan, K., Sanabria, EK, Behan, D.P., Morgan, M., Sage, C., 2015. Investigating
interactions between phentermine, dexfenfluramine, and 5-HT,¢ agonists, on food intake in the rat.
Psychopharmacology 232, 1973-1982.

Gutzwiller, J.P., Degen, L., Matzinger, D., Prestin, S., Beglinger, C., 2004. Interaction between GLP-1
and CCK-33 in inhibiting food intake and appetite in men. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 287, R562-R567.

Hagan, M.M., Holguin, F.D., Cabello, C.E., Hanscom, D.R., Moss, D.E., 1997. Combined naloxone and
fluoxetine on deprivation-induced binge eating of palatable foods in rats. Pharmacol. Biochem.
Behav. 58, 1103-1107.

Halford, J.C.G., Boyland, E.J., Blundell, J.E., Kirkham, T.C., Harrold, J.A., 2010. Pharmacological
management of appetite expression in obesity. Nat. Revs. Endocrinol. 6, 255-269.

Halford, J.C.G., Wanninayake, S.C.D., Blundell, J.E., 1998. Behavioural satiety sequence (BSS) for the
diagnosis of drug action on food intake. Pharmacol. Biochem. Behav. 61, 159-168.

Hansen, H.H., Hansen, G., Paulsen, S., Vrang, N., Mark, M., Jelsing, J., Klein, T., 2014. The DPP-IV

28



inhibitor linagliptin and GLP-1 induce synergistic effects on body weight loss and appetite
suppression in the diet-induced obese rats. Eur. J. Pharmacol. 741, 254-263.

Harrold, J.A., Dovey, T.M., Blundell, J.E., Halford, J.C.G., 2012. CNS regulation of appetite.
Neuropharmacology 63, 3-17.

Heal, D.J., Gosden, J., Smith, S.L., 2012. What is the prognosis for new centrally-acting anti-obesity
drugs? Neuropharmacology 63, 132-146.

Higgins, G.A., Silenieks, L.B., Lau, W., de Lannoy, |.A.M., Lee, D.K.H., Izhakova, J., Coen, K., Le, A.D.,
Fletcher, P.J., 2013. Evaluation of chemically diverse 5-HT,c receptor agonists on behaviours
motivated by food and nicotine and on side effect profiles. Psychopharmacology 226, 475-490.

Higgins, G.A., Silenieks, L.B., RoBmann, A., Rizos, Z., Noble, K., Soko, A.D., Flectcher, P.J., 2012. The 5-
HT,c receptor agonist lorcaserin reduces nicotine self-administration, discrimination, and
reinstatement: relationship to feeding behavior and impulse control. Neuropsychopharmacology 37,
1177-1191.

Higgs, S., Cooper, A.J.,, Barnes, N.M., 2016. The 5-HT, receptor agonist, lorcaserin, and the 5-HTg
receptor antagonist, SB-742457, promote satiety: a microstructural analysis of feeding behaviour.
Psychopharmacology 233, 417-424.

Hinton, V., Rosofsky, M., Granger, J, Geary, N., 1986. Combined injection potentiates the satiety
effects of pancreatic glucagon, cholecystokinin and bombesin. Brain Res. Bull. 17, 615-619.

House of Commons, 2004. Health — Third Report.
http://www.publications.parliament.uk/Pa/Cm200304/Cmselect/Cmhealth/23/2302.htm

Hussain, H.T., Parker, J.L., Sharma, A,M., 2015. Clinical trial success rates of anti-obesity agents: the
importance of combination therapies. Obesity Rev. 16, 707-714.

Irwin, N., Hunter, K., Flatt, P.R., 2008. Comparison of independent and combined chronic metabolic
effects of GIP and CB1 receptor blockade in high-fat fed mice. Peptides 29, 1036-1041.

Irwin, N., Pathak, V., Flatt, P.R., 2015. A novel CCK-8/GLP-1 hybrid peptide exhibiting prominent
insulinotropic, glucose-lowering, and satiety actions with significant therapeutic potential in high-fat-
fed mice. Diabetes 64, 2996-3009.

Joint Formulary Committee, 2013. British National Formulary (BNF). 65" edition. Pharmaceutical
Press. London:UK

Jones, B.J., Bloom, S.R., 2015. The new era of drug therapy for obesity: the evidence and
expectations. Drugs 75, 935-945.

Kanowski, S.E., Ong, Z.Y., Fortin, S.M., Schlessinger, E.S., Grill, H.J., 2015. Liraglutide, leptin and their
combined effects on feeding: additive intake reduction through common intracellular signalling
mechanisms. Diabetes. Obes. Metab. 17, 285-295.

Kellum, J.M., Kuemmerle, J.F., O’Dorsio, T.M., Rayford, P., Martin, D., Engle, K., Wolf, L., Sugerman,
H.J., 1990. Gastrointestinal hormone responses to meals before and after gastric bypass and vertical

29


http://www.publications.parliament.uk/Pa/Cm200304/Cmselect/Cmhealth/23/2302.htm

banded gastroplasty. Ann Surg 211, 763-770.

Kennett, G.A., Clifton, P.G., 2010. New approaches to the pharmacological treatment of obesity: can
they break through the efficacy barrier? Pharmacol. Biochem. Behav. 97, 63-83.

Kirkham, T.C., Williams, C.M., 2001. Synergistic effects of opioid and cannabinoid antagonists on
food intake. Psychopharmacology 153, 267-270.

Kissbeah, A.H., Freedman, D.S., Perris, A.N., 1989. Health risks of obesity. Med.Clin. North Am. 73,
111-138.

Kopelman, P., 2007. Health risks associated with overweight and obesity. Obesity Rev. 8, 13-17.

Krentz, A.J., Fujioka, K., Hompesch, M., 2016. Evolution of pharmacological obesity treatments: focus
on adverse side-effect profiles. Diabetes Obes. Metab. 18: 558-570.

LalLonde, J., Samson, P., Poulin S., Deshaies, Y., Richard, D., 2004. Additive effects of leptin and
topiramate in reducing fat deposition in lean and obese Ob/Ob mice. Physiol. Behav. 80, 415-420.

Lean, M.E.J., Han, T.S., Seidell, J.C., 1998. Impairment of health and quality of life in people with
large waist circumference. Lancet 351, 853-856.

Le Roux, C.W., Aylwin, S.J.B., Batterham, R.L., Borg, C.M., Coyle, F., Prasad, V., Shurey, S., Ghatei,
M.A., Patel, A.G., Bloom, S.R., 2006. Gut hormone profiles following bariatric surgery favour an
anorectic state, facilitate weight loss, and improve metabolic parameters. Ann. Surg. 243, 108-114.

Li, M., Cheung, B.M.Y., 2009. Pharmacotherapy for obesity. Br. J. Clin. Pharmacol. 68, 804-810.

Liang, N.C., Bello, N.T., Moran, T.H., 2013. Additive feeding inhibitory and aversive effects of
naltrexone and exendin-4 combinations. Int. J. Obesity 37, 272-278.

Lockie, S.H., Czyzyk, T.A., Chaudhary, N., Perez-Tilve, D., Woods, S.C., Oldfield, B.J., Statnick, M.A.,
Tschop, M.H., 2011. CNS opioid signaling separates cannabinoid receptor 1-mediated effects on
body weight abd mood-related behavior in mice. Endocrinol. 152, 3661-3667.

Lockie, S.H., Stefanidis, A., Tschop.M.H., Oldfield, B.J., 2015. Combination cannabinoid and opioid
receptor antagonists improves metabolic outcomes in obese mice. Molec. Cell. Endocr. 417, 10-19.

Manning, S., Pucci. A., Finer, N., 2014. Pharmacotherapy for obesity: novel agents and paradigms.
Ther. Adv. Chronic Dis. 5, 135-148.

Mashiko, S., Moriya, R., Ishihara, A., Gomori, A., Matsushita, H., Egashira, S., Iwaasa, H., Takahashi,
T., Hagan, Y., Fukami, T, Kanatani, A., 2009. Synergistic interaction between neuropeptide Y(1) and
Y(5) receptor pathways in regulation of energy homeostasis. Eur. J. Pharmacol. 615, 113-117.

McLaughlin, P., 2012. Reports of the death of CB1 antagonists have been greatly exaggerated: recent

preclinical findings predict improved safety in the treatment of obesity. Behav. Pharmacol. 23, 537-
550.

30



Montgomery, A.M.J., Willner, P., 1988. Fenfluramine disrupts the behavioural satiety sequence in
rats. Psychopharmacology 94, 397-401.

Moringo, R., Moize, V., Musri, M., Lacy, A,M., Navarro, S, Marin, J.L., Delgado, S., Casamitjana, R.,
Vidal, J., 2006. Glucagon-like peptide-1, peptide YY, hunger and satiety after gastric bypass surgery in
morbidly obese subjects. J. Clin.Endocrinol. Metab. 91, 1735-1740.

National Institute for Health and Care Excellence, 2014. Obesity: identification, assessment and
management. https://www.nice.org.uk/guidance/cg189

National Obesity Observatory, 2011. Obesity and ethnicity.
https://www.noo.org.uk/uploads/doc/vid 9444 Obesity and ethnicity 270111.pdf

Neary, N.M., McGowan, B.M., Monteiro, M.P., Jesudason, D.R., Ghatei, M.A., Bloom, S.R., 2008. No
evidence of an additive inhibitory feeding effect following PP and PYY 3-36 administration. Int. J.
Obesity (Lond) 32, 1438-1440.

Neary, N.M., Small, C.J., Druce, M.R., Park, A.J., Ellis, S.M., Semjonous, N.M., Dakin, C.L., Filipsson, K.,
Wang, F., Kent, A.S., Frost, G.S., Ghatei, M.A., Bloom, S.R., 2005. Peptide YY3-36 and glucagon-like
peptide (7-36) inhibit food intake additively. Endocrinology 146, 5120-5127.

Nuffer, W., Trujilli, J.M., Megyeri, J., 2016. A comparison of new pharmacological agents for the
treatment of obesity. Ann. Pharmacother. DOI: 10.1177/1060028016634351

Ong, Z.Y.,,Muhlhausler, B.S., 2011. Chronic intake of a cafeteria diet and subsequent abstinence. Sex-
specific effects on gene expression in the mesolimbic reward system. Appetite 65, 189-199.

Orexigen Therapeutics, 2009. Orexigen® Therapeutics Phase 2(b) trial for Empatic™ meets
primary efficacy endpoint demonstrating significantly greater weight loss versus comparators in
obese patients. Retrieved 11" September 2013 from
http://Ir.Orexigen.com/Phoenix.ZhtmI?C=2070348&P=Irol-newsarticle&|d=1336796

Patel, D., 2015. Pharmacotherapy for the management of obesity. J. Metabol. 64: 1376-1385.

Patel, K.N., Joharapurkar A.A., Patel, V., Kshirsagar, S.G., Bahekar, R, Srivastava, B.K., Jain, M.R.,
2014. Cannabinoid receptor 1 antagonist treatment induces glucagon release and shows an additive
therapeutic effects with GLP-1 agonist in diet-induced obese mice. Can. J. Physiol. Pharmacol. 92,
975-983.

Paulik, M., Hamilton,B., Hommel, J., Holt, L., Herring, C., Stroup, A.E., Mebrahtu, M., Elangbam, C.,
Danger, D., Way, J.M., Weng, S., Roller, S., Al-Barazaniji, K., Becherer, D., Jespers, L., Feldman, P.,
2011. A combination of a long-acting PYY and Exendin causes synergistic weight loss, glucose
lowering, and normalisation of metabolic parameters in obese and diabetic mice. Obesity 19, S156.

Pocai, A., Carrington, P.E., Adames, J.R., Wright, M., Eiermann, G., Zhu, L., Du, X., Petrov, A., Lassman,
M.E., Jiang G,, Liu, F., Miller, C., Tota, L.M., Zhou, G., Zhang, X., Sountis, M.M., Santoprete, A.,
Capito, E., Chicchi, G.G., Thornberry, N., Bianchi, E., Pessi, A., Marsh, D.J., SinhaRoy, R., 2009.
Glucagon-like peptidel/glucagon receptor dual agonism reverses obesity in mice. Diabetes 58, 2258
-2266.

31


https://www.nice.org.uk/guidance/cg189
https://www.noo.org.uk/uploads/doc/vid_9444_Obesity_and_ethnicity_270111.pdf
http://ir.orexigen.com/Phoenix.Zhtml?C=207034&P=Irol-newsarticle&Id=1336796

Puzziferri, N., Roshek, T.B., Mayo, H.G., Gallagher, R., Belle, S.H., Livingston, E.H., 2014. Long-term
follow-up after bariatric surgery: a systematic review. JAMA 312, 934-942.

Quarta, C., Sanchez-Garrido, M.A., Tschép, M.H., Clemmensen, C., 2016. Renaissance of leptin for
obesity therapy. Diabetologia 59: 920-927.

Radziszewksa, E., Wolak, M., Bojanowska, E., 2014. Concurrent pharmacological modification of
cannabinoid-1 and glucagon-like peptide-1 receptor activity affects feeding behavior and body
weight in rats fed a free choice, high carbohydrate diet. Behav. Pharmacol. 25, 53-60.

Ravussin, E., Smith, S.R., Mitchell, J.A., Shringapure, R., Shan, K., Maier, H., Koda, J.E., Weyer, C,,
2009. Enhanced weight loss with pramlintide/metreleptin: an integrated neurohumoral approach to
obesity pharmacotherapy. Obesity (Silver Spring) 17, 1736-1743.

Reidelberger, R., Haver, A., Apenteng, B., Anders, K., Steenson S., 2011a. Effects of leptin
replacement alone and in combination with exendin-4 on food intake and body weight in weight
reduced diet-induced obese rats. Obesity 10, S178.

Reidelberger, R., Haver, A.C., Apenteng, B.A., Anders, K.L., Steenson, S.M., 2011b. Effects of exendin-
4 alone and with peptide YY3-36 on food intake and body weight in diet-induced obese rats. Obesity
19, 121-127.

Reilly, J.J., Kelly, J., 2011. Long-term impact of overweight and obesity in childhood and adolescence
on morbidity and premature mortality in adulthood: systematic review. Int. J. Obesity 35, 891-898.

Ridaura, V.K., Faith, J.J., Rey, F.E., Cheng, J., Duncan, A.E., Kau, A.L., Griffin, N.W., LOmbard, V.,
Henrissat, B., Bain, J.R., Muehlbauer, M.J., Ilkayeva, O., Semenkovich, C.F., Funai, K., Hayashi, D.K.,
Lyle, B.J., Martini, M.C., Ursell, L.K., Clemente, J.C., Van Treuren, W., Walters, W.A., Knight, R.,
Newgard, C.B., Heath, A.C., Gordon, J.I., 2013. Gut microbiota from twins discordant for obesity
modulate metabolism in mice. Science 341, 1241214, DOI:10.1126/science.1241214.

Rodgers, R.J., Holch, P., Tallett, A.J., 2010. Behavioural Satiety Sequence (BSS): separating the wheat
from the chaff in the behavioural pharmacology of appetite. Pharmacol. Biochem. Behav. 97, 3-14.

Rodgers, R.J., Tschop, M.H., Wilding, J.P.H., 2012. Anti-obesity drugs: past, present and future. Dis.
Model. Mech. 5, 621-626.

Roth, J.D., Coffey, T., Jodka, C.M., Maier, H., Athanacio, J.R., Mack, C.MN., Weyer, C., Parkes, D.G.,
2007. Combination therapy with amylin and peptide YY 3-36 in obese rodents: anorexigenic synergy
and weight loss additivity. Endocrinology 148, 6054-6061.

Roth, J.D., Erickson, M.R., Chen, S., Parkes, D.G., 2012. GLP-1R and amylin agonism in metabolic
disease: complementary mechanisms and future opportunities. Br. J. Pharmacol. 166, 121-136.

Roth, J.D., Rowland, B.L., Cole, R.L., Trevaskis, J.L., Weyer, C., Koda, J.E., Anderson, C.M., Parkes,
D.G., Baron, A.D., 2008a. Leptin responsiveness restored by amylin agonism in diet-induced obesity:
evidence for nonclinical and clinical studies. Proc. Natl. Sci. USA 105, 7257-7262.

Roth, J.D., Rowland, N.E., 1999. Anorectic efficacy of the fenfluramine/phentermine combination in
rats: additivity or synergy? Eur. J. Pharmacol. 373, 127-134.

32



Roth, J.D., Trevaskis, J.L., Turek, V.F., Parkes, D.G., 2010. ‘Weighing in’ on synergy: preclinical
research on neurohumoral anti-obesity combinations. Brain Res. 1350, 86-94.

Roth, J.D., Trevaskis, J.L., Wilson, J., Lei, C., Athanacio, J., Mack., C., Kesty, N.C., Coffey, T., Weyer, C.,
Parkes, D.G., 2008b. Antiobesity effects of the beta-cell hormone amylin in combination with
phentermine or sibutramine in diet-induced obese rats. Int. J. Obes. (Lond.) 32, 1201-1210.

Rowland, N.E., Mukherjee, M., Robertson, K., 2001. Effects of the cannabinoid receptor antagonist
SR 14176, alone and in combination with dexfenfluramine or naloxone, on food intake in rats.
Psychopharmacology (Berl.) 159, 111-116.

Serafine, K.M., Rice, K.C., France, C.P., 2015. Directly observable behavioral effects of lorcaserin in
rats. J. Pharmacol. Exp. Ther. 355, 381-385.

Shulka, A.P., Kumar, R.B., Aronne, L.J., 2015. Lorcaserin HCl for the treatment of obesity. Expert
Opin. Pharmacother. 16: 2531-2538.

Sohn, J-W., Elmquist, J.K., Williams, K.W., 2013. Neuronal circuits that regulate feeding behavior and
metabolism. Trends Neurosci. 36, 504-512.

Speakman, J.R., O’Rahilly, S., 2012. Fat: an evolving issue. Dis. Model. Mech. 5, 569-573.

Stefater, M.A,, Kohli, R., Inge, T.H., 2013. Advances in the surgical treatment of morbid obesity. Mol.
Aspects Med. 34, 84-94.

Steinert, R.E., Poller, B., Castelli, M.C., Drewe, J., Beglinger, C., 2010. Oral administration of glucagon-
like peptide 1 or peptide YY3-36 affects food intake in healthy subjects. Am. J. Clin, Nutr. 92, 810-
817.

Stuber, G.D., Wise, R.A., 2016. Lateral hypothalamic circuits for feeding and reward. Nature
Neurosci. 19, 198-205.

Tallett, A.J., Blundell, J.E., Rodgers, R.J., 2007a. Grooming, scratching & feeding: role of response
competition in acute anorectic response to rimonabant in male rats. Psychopharmacology 195, 27-39.

Tallett, A.J.,, Blundell, J.E., Rodgers, R.J., 2007b. Acute anorectic response to cannabinoid CB1 receptor
antagonist/inverse agonist AM 251 in rats: indirect behavioural mediation. Behav. Pharmacol. 18, 591-
600.

Tallett, A.J., Blundell, J.E., Rodgers R.J., 2008a. Behaviourally-selective hypophagic effects of
naloxone in non-deprived male rats presented with palatable food. Behav. Brain Res. 187,

417-427.

Tallett, A.J. Blundell, J.E., Rodgers, R.J., 2008b. Endogenous opioids and cannabinoids: system
interactions in the regulation of appetite. Physiol. Behav. 94, 422-431.

Tallett, A.J., Blundell, J.E., Rodgers, R.J., 2009a. Sibutramine-induced anorexia: potent, dose-dependent
and behaviourally-selective profile in male rats. Behav. Brain Res. 198, 359-365.

33



Tallett, A.J. Blundell, J.E., Rodgers, R.J., 2009b. Effects of acute low-dose combined treatment with
naloxone and AM-251 on food intake, feeding behaviour and weight gain in rats. Pharmacol.
Biochem. Behav. 91, 358-366.

Tallett, A.J. Blundell, J.E., Rodgers, R.J., 2010a. Effects of acute low-dose combined treatment with
rimonabant and sibutramine on appetite and weight gain in rats. Pharmacol. Biochem. Behav. 97,
92-100.

Tallett, A.J. Blundell, J.E., Rodgers, R.J., 2010b. Sibutramine and naloxone: infra-additive interaction
in the regulation of appetite? Behav. Brain Res. 207, 174-181.

Talsania, T., Anini, Y., Siu, S., Drucker, D.J., Brubaker, P.L., 2005. Peripheral exendin-4 and peptide
YY3-36 synergistically reduce food intake through different mechanisms in mice. Endocrinology 146,
3748-3756.

Teegarden, S.L., Scott, A,N., Bale, T.L., 2009. Early life exposure to a high fat diet promotes long-term
changes in dietary preferences and central reward signaling. Neuroscience 162, 924-932.

Toplak, H., Hamann, A., Moore, R., Masson, E., Gorska, M., Vercruysse, F., Sun,X., Fitchet, M., Grp, O-
S., 2007. Efficacy and safety of topiramate in combination with metformin in the treatment of obese
subjects with Type 2 diabetes: a randomized, double-blind, placebo-controlled study. Int. J. Obesity
31, 138-146.

Torgerson, J.S., Hauptman, J., Boldrin, M.N., Sjostrom, L., 2004. Xenical in the prevention of diabetes
in obese subjects (XENDOS) study: a randomised study of orlistat as an adjunct to lifestyle changes
for the prevention of type 2 diabetes in obese pateinets. Diabetes Care 27, 155-161.

Trevaskis, J., Lei, C, Coffey, T, Baron, A., Parkes, D., Roth, J., 2008. Triple peptide administration of
amylin, leptin and PYY3-36 in diet induced obese rats: magnitude and mechanism of weight loss.
Diabetes 57, A57.

Trevaskis, J.L., Mack, C.M., Sun, C., Soares, C.J., D’Souza, L.J., Levy, O.E., Lewis, D.Y., Jodka, C.M.,
Tatarkiewicz, K., Gedulin, B., Gupta, S., Wittmer, C., Hanley, M., Forood, B., Parkes, D.G., Ghosh, S.S.,
2013. Improved glucose control and reduced body weight in rodents with dual mechanism of action
peptide hybrids. PLoS One 8, e78154.

Trevaskis, J.L., Turek, V.F., Griffin, P.S., Wittmer, C., Parkes, D.G., Roth, J.D., 2010. Multi-hormonal
weight loss combinations in diety-induced obese rats: therapeutic potential of cholecystokinin?
Physiol. Behav. 100, 187-195.

Tschép, M.H., Finan, B., Clemmensen, C., Gelfanov, V., Perez-Tilve, D., Muller, T.D., DiMarchi, R.D.,
2016. Unimolecular polypharmacy for treatment of diabetes and obesity. Cell Metab. In press.
http://dx.doi.org/10.1016/j.cmet.2016.06.021

Verty, A.N.A., Lockie, S.H., Stefanidis, A., Oldfield, B.J., 2013. Anti-obesity effects of the combined
administration of CB1 receptor antagonist rimonabant and melanin-concentrating hormone
antagonist Snap-94847 in diet-induced obese mice. Int. J. Obesity 37, 279-287.

Vickers, S.P., Clifton, P.G., 2012. Animal models to explore the effects of CNS drugs on food intake
and eneregy expendeiture. Neuropharmacology 63, 124-131.

34



Vickers, S.P., Jackson, H.C., Cheetham, S.C., 2011. The utility of animal models to evaluate novel anti-
obesity agents. Br. J. Pharmacol. 164, 1248-1262.

Vivus, 2010. FDA issues complete response letter to Vivus regarding new drug application for
Qnexa®. http://ir.vivus.com/releasedetail.cfm?ReleaselD=524576

Volkow, N.D., O’Brien, C.P., 2007. Issues for DSM-V: should obesity be included as a brain disorder?
Am. J. Psychiat. 164, 708-710.

Wadden, T.A., Berkowitz, R.l., Womble, L.G., Sarwer, D.B., Phelan, S., Cato, R.K., Hesson, L.A., Osei,
S.Y., Kaplan, R., Stunkard, A.J., 2005. Randomized trial of lifestyle modification and pharmacotherapy
for obesity. N. Engl. J. Med. 353, 2111-2120.

Wadden, T., Foreyt, J.P., Foster, G.D., Hill, J.0., Klein, S., O’Neil, P.M., Perri, M.G., Pi-Sunyer, F.X.,
Rock, C.L., Erickson, J.S., Maier, H.N., Kim, D.D., Dunayevich, E., 2011. Weight loss with naltrexone
SR/Bupropion SR combination therapy as an adjunct to behavior modification: the COR Bmod Trial.
Obesity 19, 110120.

Wadden, T., Hollander, P., Klein, S., Niswender, K., Woo, V., Hale, P., Aronne, L., 2013. Weight
maintenance and additional weight loss with liraglutide after low-calorie-diet-induced weight loss:
the SCALE maintenance randomized study. Int. J. Obesity (Lond) 37, 1443-1451.

Ward, S.J., Lefever, T.W., Jackson, C., Tallarida, R.J., Walker, E.A., 2008. Effects of a cannabinoid(1)
receptor antagonist and serotonin(2C) receptor agonist alone and in combination on motivation for
palatable food: a dose addition analysis study. J. Pharmacol. Exp. Ther. 325, 567-576.

Weintraub, M., Sundaresan, P.R., Madan,,M., Schuster, B., Balder, A., Lasagna, L., Cox, C., 1992.
Long-term weight control study, 1 (weeks 0-34) — the enhancement of behavior modification , caloric
restriction, and exercise by fenfluramine plus phetermine. Clin. Pharmacol. Ther. 51, 586-594.

Wierucka-Rybak, M., Wolak, M., Bojanowska, E., 2014. The effects of leptin in combination with a
cannabinoid receptor 1 antagonist AM251, or cannabidol on food intake and body weight in rats
fed a high-fat or free-choice high sugar diet. J. Physiol. Pharmacol. 65, 487-496.

Williams, K.W., EImquist, J.K., 2012. From neuroanatomy to behavior: central integration of
peripheral signals regulating feeding behavior. Nature Neurosci. 15, 1350-1355.

World Health Organisation, 2015. World Health Statistics 2015.
http://apps.who.int/iris/bitstream/10665/170250/1/9789240694439 eng.pdf

Wright, F.L., Rodgers, R.J., 2013a. Acute behavioural effects of bupropion and naltrexone, alone and
in combination, in non-deprived male rats presented with palatable mash. Psychopharmacology
228, 291-307.

Wright, F.L., Rodgers, R.J., 2013b. Low dose naloxone attenuates the pruritic but not anorectic
response to rimonabant in male rats. Psychopharmacology 226, 415-431.

Wright, F.L., Rodgers, R.J., 2014a. On the behavioural specificity of hypophagia induced in male rats
by mCPP, naltrexone, and their combination. Psychopharmacology 231, 787-800.

35


http://ir.vivus.com/releasedetail.cfm?ReleaseID=524576
http://apps.who.int/iris/bitstream/10665/170250/1/9789240694439_eng.pdf

Wright, F.L., Rodgers, R.J., 2014b. Behavioural profile of exendin-4/naltrexone dose combinations in
male rats during tests of palatable food consumption. Psychopharmacology 231, 3729-3744.

Wyatt, H.R., 2013. Update on treatment strategies for obesity. J. Clin. Endocrinol. Metab. 98, 1299-
1306.

36



Table 1 Small molecule combinations that exert additive or synergistic suppressant effects on food intake and/or bodyweight. The table is not intended as

an exhaustive listing. See text for detail.

Combination

Principal effect of each component

References

Bupropion/naltrexone
(Contrave®; Mysimba®)1
Bupropion/zonisamide
(Empatic®)?

Phentermine/d-fenfluramine
(Pondimin®)?

Phentermine/lorcaserin or AR630
Rimonabant or AM251/naloxone or naltrexone
Rimonabant/mCPP

Rimonabant/d-fenfluramine
Rimonabant/Snap-94847

Naloxone/5-hydroxytrptophan (5-HTP)
Naloxone/fluoxetine

Topiramate/phentermine
(Qsymia®; Qnexa®; Qsiva®)4
Topiramate/mCPP

Experimental compounds

Linagliptin/GLP-1

NA & DA reuptake blocker/opioid receptor antagonist

NA & DA reuptake blocker/anticonvulsant

Sympathomimetic/serotonin releaser

Sympathomimetic/5-HT2C receptor agonist

Cannabinoid CB1 receptor antagonist/ opioid receptor
antagonist

CB1 receptor antagonist/ 5-HT,¢/1s receptor agonist

CB1 receptor antagonist/5-HT releaser

CB1 receptor antagonist/Melanin Concentrating Hormone
antagonist

Opioid receptor antagonist/5-HT precursor

Opioid receptor antagonist/5-HT reuptake blocker (SSRI)

Anticonvulsant/sympathomimetic

Anticonvulsant/5-HT,c/1s receptor agonist
NPY1 receptor antagonist/NPY5 receptor antagonist

DPP-1V inhibitor/GLP-1 receptor agonist

Greenway et al (2009, 2010); Wadden et al (2011);
Billes et al (2014); Wright & Rodgers (2013a)
Orexigen Therapeutics (2009)

Grottick et al (2015); Roth & Rowland (1999); Weintraub et al (1992)

Grottick et al (2015)

Chen et al, (2004); Kirkham & Williams (2001); Lockie et al (2011); Lockie et al (2015); Rowland et
al (2001); Tallett et al (2008b; 2009b); Wright & Rodgers (2013b)

Ward et al (2008)

Rowland et al (2001)
Verty et al (2013)

Fernandez-Tome et al (1988)
Hagan et al (1997)

Vivus 2010

Ward et al (2008)
Mashiko et al (2009)

Hansen et al (2014)

DA = dopamine; DPP-IV = dipeptidyl peptidase IV; GLP-1 = glucagon-like peptidel ; 5-HT = 5-hydroxytryptamine; NA = noradrenaline; NPY = neuropeptide Y;
SSRI = serotonin selective reuptake inhibitor
'FDA/EMA approved 2014; %phase Il planning 2016; 3withdrawn 1997; *FDA (but not EMA) approved 2012

37




Table 2 Small molecule-peptide combinations that exert additive or synergistic suppressant effects on food intake and/or bodyweight. The table is
not intended as an exhaustive listing. See text for detail.

Combination

Principal effect of each component

References

Phentermine/amylin or pramlintide
Sibutramine/amylin or pramlintide
Topiramate/amylin

Rimonabant/amylin
Bupropion+naltrexone/amylin
Rimonabant or AM251/ GLP-1 analogues
Rimonabant or AM251/GIP antagonist
Naltrexone/GLP-1 analogues
RM-493/liraglutide

GLP-1 analogue/steroid hormone (conjugate)

Sympathomimetic/pancreatic hormone or analogue

NA & 5-HT reuptake blocker/pancreatic hormone/analogue
Anticonvulsant/pancreatic hormone or analogue

Cannabinoid CB1 receptor antagonist/pancreatic hormone or analogue

NA & DA reuptake blocker + opioid receptor antagonist/pancreatic
hormone or analogue

Cannabinoid receptor antagonist/GLP1 receptor agonists
CB1 receptor antagonist/ gastric inhibitory polypeptide antagonist

Opioid receptor antagonist/GLP1 receptor agonists
Melanocortin-4 receptor agonist/GLP-1 receptor agonist

GLP-1 receptor agonist/oestrogen

Aronne et al (2010); Roth et al (2008b)

Aronne et al (2010); Roth et al (2008b)

Lalonde et al (2004)

Boustany-Kari et al (2011)

Clapper et al (2013)

Bojanowska & Radziszewska(2011); Patel et al (2014); Radziszewska et al (2014)
Irwin et al (2008)

Liang et al (2013); but see Wright & Rodgers (2014b)

Clemmensen et al (2015)

Finan et al (2012)

DA = dopamine; GIP = gastric inhibitory polypeptide; GLP-1 = glucagon-like peptidel ; 5-HT = 5-hydroxytryptamine; NA = noradrenaline
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Table 3 Other combined treatments (small molecule/leptin; peptide/leptin; peptide/peptide*) that exert additive or synergistic suppressant
effects on food intake and/or bodyweight. The table is not intended as an exhaustive listing. * see also Table 4 for novel peptidergic
phybrid and chimeric compounds. See text for detail.

Combination Principal effect of each component References

Small molecule/leptin

Rimonabant or AM-251/leptin
Sibutramine/leptin
Topiramate/leptin
Liraglutide/leptin

Cannabinoid CB1 receptor antagonists/adiposity signal
NA & 5-HT reuptake blocker/adiposity signal
Anticonvulsant/adiposity signal

GLP1 receptor agonist/adiposity signal

Boustany-Kari et al (2011); Wierucka-Rybak et al.(2014)
Boozer et al (2001)

Lalonde et al (2004)

Kanowski et al (2015)

Peptide/leptin

Amylin/leptin
Pramlintide/leptin
PYY;.s6/leptin

GLP-1 analogues/leptin
CCK/leptin

Pancreatic hormone/adiposity signal

Amylin analogue/adiposity signal

Gut peptide/adiposity signal

Glucagon-like peptide 1 receptor agonists/adiposity signal
Original gut satiety peptide/adiposity signal

Roth et al (2008a)

Ravussin et al (2009)

Trevaskis et al (2008)

Bojanowska & Nowak (2007); Reidelberger et al (2011a)
Emond et al (1999); Trevaskis et al (2010)

Peptide/peptide

CCK/bombesin & glucagon
CCK/amylin

Amylin/PYY3.3¢
Amylin/GLP analogues

GLP-1 analogues/calcitonin
GLP-1 analogues/PYY; .35

Original gut satiety peptide/gut peptide & pancreatic hormone
Original gut satiety peptide/pancreatic hormone

Pancreatic hormone/gut peptide
Pancreatic hormone/GLP-1 receptor agonists

GLP1 receptor agonists/thyroid hormone
GLP1 receptor agonists/gut peptide

Hinton et al (1986)
Bhavsar et al (1998)

Roth et al (2007)
Roth et al (2012)

Bello et al (2010)
Neary et al (2005); Paulik et al (2011); Reidelberger et al (2011b);
Talsania et al (2005); Steinert et al (2010)

CCK = cholecystokinin; GLP-1 = glucagon-like peptidel ; 5-HT = 5-hydroxytryptamine; NA = noradrenaline; PYY;.35 = peptide YY3.36
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Table 4 Novel phybrid and chimeric combinations that exert additive or synergistic suppressant effects on food intake and/or bodyweight. The
table is not intended as an exhaustive listing. See text for detail.

Combination Principal effect of each component References

Phybrids ! linked peptides)

Amylin/PYY3-36 Pancreatic hormones/gut peptide Roth et al (2010)
Exenatide/davalintide GLP-1 receptor agonist/amylin analogue Trevaskis et al (2013)
CCK-8/GLP-1 analogue Original gut satiety peptide/GLP-1 receptor agonist Irwin et al (2015)
Chimeras
Single molecules with co-agonism at: GLP-1 and glucagon receptors Paulik et al (2011); Reidelberger et al (2011b);Day et al (2009);
Pocai et al (2009); Clemmensen et al (2014)
GLP-1 and GIP receptors Finan et al (2013)
Single molecule with tri-agonism at: GLP-1, GIP and glucagon receptors Finan et al (2015b)

CCK = cholecystokinin; GIP = gastric inhibitory polypeptide; GLP-1 = glucagon-like peptidel ; PYY3.35 = peptide YY3 3¢
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