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Abstract: 
Being overweight and obese are risk factors for multiple chronic diseases, including 

hypertension, type II diabetes mellitus, and cardiovascular diseases. These factors drive the 

development of new treatments to control obesity. The regulation of food appetite is a critical 

element of energy balance in obese people. Hypothalamic neurons of the brain region play a 

crucial role in balancing hunger and satiety for an individual. The hypothalamus's arcuate 

nucleus (ARC) contains Proopiomelanocortin (POMC) neurons that mediate food satiety 

signalling. They express one of the serotonin receptors called 5HT2cR, which binds to the 

ligand serotonin to activate satiety signalling through the anorexigenic pathway. Hence, the 

5HT2cR is proposed as one of the potential targets for regulating obesity and overeating 

disorders. Several agonists have been developed to increase the functional activity of 5HT2cR 

and further enhance satiety signalling. This satiety signalling is dysregulated in overeating 

diseases like Prader-Willi syndrome and Bardet–Biedl syndrome. Studies have shown that a 

succulent plant, Caralluma fimbriata extract (CFE), can reduce body weight and waist 

circumference. In addition, preliminary data on modified fibroblasts (3T3 cells) showed that 

CFE increased expression of the full-length 5HT2cR mRNA compared to the truncated/non-

functional variant. However, the mechanism through which CFE reduces obesity remains 

undefined. The FDA approved the 5HT2cR-specific agonist Lorcaserin to treat obesity in 2012. 

However, the drug Lorcaserin has limited use for the long-term treatment of obesity due to 

concerns about side effects and it was withdrawn from sale in the USA in 2020. 

 

The current study aims to investigate whether the combination of CFE and a lower dose of 

lorcaserin can increase 5HT2cR activation and reduce diet-induced obesity. The CFE is 

predicted to increase 5HT2cR expression, thereby increasing satiety signalling when activated 

by the specific agonist lorcaserin. The study comprises three phases; the first phase involved 

human SHSY5Y neuroblast cell culture as a model to study 5HT2cR expression studies in 

response to treatment with CFE. The treatment was carried out for 48h and 96h duration with 

different concentrations of CFE. In addition, these SHSY5Y cells can be differentiated from 

fibroblasts to mature neurons. These differentiated neurons retain the property of expressing 

5HT2cR. Therefore, these neurons were treated with CFE for 48h and 96h with different 

concentrations (ranging from 0.1 to 50 µg /mL) of CFE. The treated cells were analysed for 

differential gene expression studies, including full-length (functional) and truncated 5HT2cR 
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expression by quantitative PCR and pilot-scale next-generation sequencing (NGS) for further 

metabolic analysis. The results showed a significant two-fold increase in the expression level 

of the 5HT2cR functional receptor in CFE-treated neurons at 25 µg /mL (1.87-fold at 48h and 

2.41-fold at 96h of CFE treatments with p value 0.01 and 0.03 respectively) and at 50 µg /mL 

(2.84-fold at 48h and 2.54-fold at 96h of treatments with p values <0.001 and 0.02 respectively) 

concentrations, respectively. These results encouraged follow-up of the changes in metabolic 

pathways in the presence of CFE-treated neurons. The whole transcriptome analysis revealed 

anorexigenic genes like PCSK1 and BDNF, and 5HT2cR were upregulated. In contrast, 

orexigenic genes like NPY and NPY2R were down regulated. In addition, the longer (96h) 

CFE treatment showed a greater increase in functional 5HT2cR expression in qPCR and 

transcriptome analysis. 

 

The second phase investigated the effect of combined CFE and Lorcaserin treatment in a high-

fat diet (HFD) -induced obese mouse model. The study measured physiological parameters, 

including food and water intake and body weight changes. Since 5HT2cR activation also 

influences mood and behaviour, the current study included observations of behavioural 

changes in anxiety, depression, and exploration parameters. The six-week-old mice were 

housed at standard facility conditions and fed a HFD for eight weeks to induce obesity. The 

animal groups were divided as control diet, HFD, HFD with CFE (100mg/kg/day) treatment, 

HFD with Lorcaserin (5mg/kg/day), and HFD with CFE and Lorcaserin (combination: 

CFE+LOR) for eight weeks of treatment. The animals were measured weekly for food and 

water intake and body weight. The treatments of hydroethanolic extract of CFE (100mg/kg 

body weight (bwt) /day) and Lorcaserin (5mg/kg bwt/day) were mixed in a jelly form and given 

at a weight below 10% of the daily food intake of the mice. In the CFE+LOR-treated group of 

mice, the results showed a reduction of anxiety and depression parameters to the normal range 

compared to the HFD group. The explorative behaviour in the y-maze test didn't show 

significant variation in any parameters. The food intake was trended down in CFE and 

CFE+LOR groups compared to the HFD group; however, the data was not significant. On the 

other hand, the HFD group significantly decreased water intake compared to CFE+LOR treated 

group.  

 

The animal study also measured energy expenditure by indirect calorimetry and body fat 

composition with EchoMRI for all the groups. The analysis revealed fat content decreased 

significantly in CFE and CFE+LOR treatment groups compared to the HFD group. The 
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Promethion indirect calorimetry and locomotor activity system was used for three days to 

determine energy expenditure. There was a significant increase in the overall energy 

expenditure of treated groups compared to HFD. The sleep cycle and daily walking percentage 

also improved significantly in CFE+LOR-treated mice compared to HFD and LOR-treated 

mice. Overall, CFE and CFE+LOR treatments protected the animals against HFD exposure 

and reduced body weight gain and fat deposition. The water intake during the dark cycle was 

significantly more in CFE and CFE+LOR groups than in HFD mice. Even though the CFE 

treatment group showed reduced weight gain and fat deposition, the CFE+LOR group showed 

better resistance to HFD. On the other hand, the LOR treatment alone did not significantly alter 

weight gain. In addition, obesity-related comorbidities include an increased risk of vascular 

endothelial dysfunction. Functional analysis of the abdominal aortic rings showed that all the 

treatments improved the vasodilatory response in HFD-fed mice.  

 

In conclusion, the study used a novel combination therapy consisting of CFE and a relatively 

low dose of Lorcaserin to reduce food appetite and obesity. The CFE was able to increase the 

functional 5HT2cR expression in SHSY5Y-neurons. In HFD-induced mice, CFE and 

CFE+LOR treatments showed reduced food intake compared to the HFD group. In addition, 

the behavioural data showed reduced anxiety and depression parameters in the presence of 

CFE+LOR treatments compared to individual treatments of CFE or LOR alone. The study 

summarises that CFE alone and CFE with a low dose of Lorcaserin can reduce obesity and 

improve parameters of mood and vascular function in an HFD-induced model of obesity. 

Further research is required to confirm if this combination approach will be a potential therapy 

for obesity and overeating diseases with a lowered risk of possible side effects compared to 

Lorcaserin alone. 
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Obesity is linked to premature mortality and is a severe public health problem, contributing to 

the global non-communicable disease burden, including type 2 diabetes (T2D), cardiovascular 

disease (CVD), hypertension, and certain malignancies (Tabarés Seisdedos, 2017, Grant et al., 

2022). Osteoarthritis and sleep apnoea are two involuntary issues that might arise from gaining 

weight (Parande et al., 2022). Obesity impacts infectious diseases; namely, viral infection has 

lately been highlighted by the finding that more obese people are hospitalised and suffer severe 

sickness from COVID-19 (Sattar and Valabhji, 2021, Aghili et al., 2021). In 2016, nearly 2 

billion persons (39% of the world’s adult population) were predicted to be overweight, with 

671 million (12% of the world’s adult population) having obesity, a threefold increase in 

obesity and overweight since 1975. Obesity is predicted to affect 1 billion adults (almost 20% 

of the world’s population) by 2025 if current trends continue (Keramat et al., 2021).  

 

The global upsurge in obesity among children and adults is particularly concerning; in 2016, 

more than 7% of children and adolescents were obese, compared to less than 1% in 1975. 

According to WHO statistics, Australia’s combined rate of overweight/obesity in adulthood is 

25% and will rise to 35% by 2025, while New Zealand’s overweight rate is 40% with 16% 

obesity (Keramat et al., 2021, Guo et al., 2016). In addition, the death rate numbers with 

obesity-related comorbidities have increased over the last decade throughout the world 

(Montégut et al., 2021a, Geiger et al., 2021, Cominato et al., 2021, Guo et al., 2016). 

Overweight and obesity have become much more of a concern during the previous three 

decades, affecting people of all ages (Keramat et al., 2021). Obesity has traditionally been 

defined based on a body mass index (BMI) of >30 kg/m2, with a BMI of 25 to 29.9 kg/m2 

defined as overweight (shown in Table 1.1). 

 

Table 1.1: Body mass index range for obesity condition(Guo et al., 2016) 

Stage description Body Mass Index (BMI) in kg/m2  
Under weight <18.5 

Normal weight 18.5-24.9 

Overweight 25.0-29.9 

Obese ≥ 30.0 

Obese class I 30.0-34.9 

Obese class II 35.0-39.9 

Obese class III ≥ 40 
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Table 1.2: Obesity staging system adopted from (Bessell et al., 2021) 

Stage Description Suggested management 

S0 

There were no apparent obesity-related risk 

factors (blood pressure, serum lipids, 

fasting glucose, etc. are within the healthy 

range),  

No physical symptoms,  

No psychopathology,  

No functional limits and/or impairment of 

well-being 

Factors that contribute to a rise in body weight are 

identified. Counselling to prevent further weight gain 

by incorporating a healthy diet and increased physical 

exercise into one’s lifestyle. 

S1 

Obesity-related subclinical risk factors  

(e.g., impaired fasting glucose, elevated 

liver enzymes, borderline hypertension, 

etc.) are evident, 

Mild physical symptoms (e.g., dyspnoea on 

moderate exertion, occasional aches and 

pains, fatigue, etc.),  

Mild psychopathology,  

Mild functional limitations,  

Mild impairment of well-being  

Investigation for other (non-weight-related) 

contributors to risk factors. More intense lifestyle 

interventions, including diet and exercise, prevent 

further weight gain. Monitoring of risk factors and 

health status 

S2 

Presence of established obesity-related 

chronic disease (e.g., hypertension, T2D, 

sleep apnoea, osteoarthritis, reflux disease, 

polycystic ovary syndrome, anxiety 

disorder, etc.), moderate limitations in 

activities of daily living and/or well-being 

Initiation of obesity treatments, including 

considerations of all behavioural, pharmacological, 

and surgical treatment options. Close monitoring and 

management of comorbidities as indicated 

S3 

Established end-organ damage such as 

myocardial infarction, heart failure, 

diabetic complications, incapacitating 

osteoarthritis, significant psychopathology, 

significant functional limitations and/or 

impairment of well-being 

More intensive obesity treatment, including 

consideration of all behavioural, pharmacological, 

and surgical treatment options. Aggressive 

management of comorbidities as indicated 

S4 

Severe (potentially end-stage) disabilities 

from obesity-related chronic diseases, 

severe disabling psychopathology, severe 

functional limitations and/or severe 

impairment of well-being 

Aggressive obesity management as deemed feasible. 

Palliative measures, including pain management, 

occupational therapy, and psychosocial support 
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While increased BMI does increase the risk of various complications, this is not always linear, 

and the threshold at which this appears is variable. For example, certain ethnic groups develop 

complications associated with increased adiposity at a lower BMI (Marti and Martinez, 2004). 

Thus, an alternative definition of obesity as a condition in which increased adiposity impairs 

mental and physical health has been proposed (Shi and Burn, 2004). The Edmonton Obesity 

Staging System (EOSS) considers the degree of physical and psychological impairment when 

recommending treatment and is a stronger predictor of mortality than BMI (Table 1.2)  (Sarma 

et al., 2021). Obesity is caused by complex interactions between hereditary and environmental 

variables, just like other chronic disorders like hypertension and T2D (Sarma et al., 2021). 

 

Obesity can be classified into two categories, monogenic obesity, which is inherited in a 

genetic pattern, typically rare, early-onset, and severe, and involves small or large 

chromosomal deletions or single-gene defects; and polygenic obesity (also known as common 

obesity); which is caused by hundreds of polymorphisms, each of which has a minor effect 

(Tabarés Seisdedos, 2017, Stamm et al., 2017, Loos and Yeo, 2021) (described in Figure 1.1). 

Polygenic obesity has a heritability pattern like other complex characteristics and disorders. 

Gene discovery investigations of monogenic and polygenic obesity have converged on similar 

underlying biology, even though they are often thought to be two distinct kinds (Must et al., 

1999, Fontaine and Barofsky, 2001).  

 

 
Figure 1.1: Schematic representation of fundamental differences in Monogenic and Polygenic 

Obesity classification inspired from (Loos and Yeo, 2021) 

 

For both monogenic and polygenic obesity, the central nervous system (CNS) and neuronal 

pathways that control behavioural elements of food intake have emerged as essential drivers of 
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body weight (Crowley et al., 2002, Quarta et al., 2021). In addition, some of the neuroendocrine 

peptides like agouti-related protein (AgRP) and proopiomelanocortin (POMC) variation in the 

central nervous system change adipose deposition and contribute to the divergence of (Ehrhart 

et al., 2018, Brandt et al., 2018, Guillemot-Legris and Muccioli, 2017). Furthermore, 

preliminary data suggest that the manifestation of monogenic obesity-causing mutations may 

be impacted, at least in part, by an individual’s polygenic obesity susceptibility. Bardet–Biedl 

syndrome and Prader–Willi syndrome are two examples of syndromic obesity(Hall et al., 2022, 

Tran et al., 2022b). However, it is becoming apparent that monogenic and polygenic obesity 

are not two different things. Instead, they exist on a range and, at least in part, share biology. 

For example, the MC4R, BDNF, SH2B1, POMC, LEP, LEPR, NPY, SIM1, NTRK2, PCSK1, 

and KSR2 genes that are identified initially for excessive and early-onset obesity in human and 

animal models (Lindberg and Fricker, 2021, Loos and Yeo, 2021, Wallace and Fordahl, 2021). 

In obesity, most of the genes implicated in the leptin-melanocortin and BDNF–TrkB signalling 

pathways are linked to hunger and satiety regulation (Theilade et al., 2021). While hereditary 

impairment of these pathways causes extreme obesity, genetic polymorphisms in or near these 

genes that have a more subtle effect on their expression can affect where an individual falls in 

the typical BMI distribution(Organization, 2020, Parande et al., 2022). 

1.1. Genetic modulators and Obesity: 
Excessive caloric intake, partly explained by the weakening of satiation following meal intake, 

is the primary reason for the lack of long-term weight loss in overweight or obese patients 

(Keramat et al., 2021, Montégut et al., 2021b). Many regions of the central nervous system 

(CNS) respond to sensory (smell, hearing, sight), endocrine (gastrointestinal hormones, leptin, 

insulin, etc.) and neurological (vagal afferents) inputs to control food intake (Kwon et al., 2022, 

Lama et al., 2022a, Li et al., 2022). Homeostatic control is mediated by specific brain areas 

such as the hypothalamus and the brainstem (in response to calorie deficit). Other regions (the 

ventral tegmental area (VTA), the nucleus accumbens (NAc), the striatum, etc.) are more 

engaged in non-homeostatic control of food intake, responding to motivational or reward inputs 

(Lindberg and Fricker, 2021, Loos and Yeo, 2021, Theilade et al., 2021). The methods used to 

find genes connected to obesity vary according to the type of obesity and the genotyping 

technology available. Advances in high-throughput genome-wide genotyping and sequencing 

technology and a deep understanding of the human genetic architecture have enabled a 

hypothesis-generating strategy to interrogate genetic variants throughout the entire genome for 

their function in body-weight control (Perreault, 2018). The leptin-melanocortin pathway is a 
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vital appetite regulation circuit, and genes expressed in the brain and CNS play a crucial role 

in obesity. 

 

1.2. Leptin-Melanocortin pathway 
Obesity and impaired glucose tolerance are becoming increasingly prevalent worldwide. The 

brain, which coordinates feeding behaviours, is home to a complex network of networks that 

regulate energy balance (Sainsbury et al., 1997, Hwa et al., 1999). Leptin is a 146-amino-acid 

protein that aids in body weight maintenance. Human white adipose tissue produces the leptin 

hormone. Its gene sequence is found on chromosome 7 in humans, and a lack of leptin causes 

obesity (Spanswick et al., 1997, Brennan and Mantzoros, 2006). As a result, blood leptin levels 

are proportional to body fat. This implies that blood leptin levels are proportional to body fat 

(Friedman and Halaas, 1998). When the leptin hormone is absent or fails to work, the brain's 

hypothalamus signals that fat-stored energy is being used up, causing an increase in energy 

consumption. Leptin works as a negative signal to manage body weight by reducing food intake 

and increasing energy expenditure (Khansari et al., 2020). Dexamethasone and insulin, the two 

main molecules implicated in the production of stored leptin, generate a twofold increase in 

leptin levels in the blood (Quarta et al., 2021, Friedman and Halaas, 1998). Fasted mice are 

given leptin, which eliminates many of the neuroendocrine effects of starvation, implying that 

leptin's natural biological role is to begin the starvation response (Vohra et al., 2021, Bradley 

and Cheatham, 1999).  

 

Leptin receptors (LEPR) are also known as CD295and are encoded by the LEPR gene. Obesity 

is caused by variations in these receptors, expressed in five different forms: Ob-Ra, Ob-Rb, 

Ob-Rc, Ob-Rd, and Ob-Re (Friedman and Halaas, 1998). The cytokine receptor family 

includes LEPR, which is a single transmembrane domain. The Ob-Ra receptor is primarily 

responsible for assisting leptin trafficking across the blood-brain barrier. The hypothalamic 

receptor Ob-Rb is implicated in signalling pathways that regulate body weight (Mercer et al., 

1996). The LEPRb is found on two types of neurons in the hypothalamic arcuate nucleus 

(ARC), one of which expresses POMC and the other of which expresses agouti-related protein 

(AGRP) (Spanswick et al., 1997). POMC was converted into a variety of physiologically active 

components by prohormone convertases (PCs), including lipotropin, endorphin, melanocortin 

peptides, adrenocorticotropin (ACTH), and α, β, and γ- melanocyte-stimulating hormone 

(MSH) (Mercer et al., 1996, Ollmann et al., 1997). 
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The ARC/POMC neurons regulate melanocortin signalling, which may reduce food intake 

(Hwa et al., 1999). In contrast, AGRP works as an endogenous MC3R antagonist to promote 

food intake. However, because mice with MC3R gene deletions are not obese but have a 

different fat-to-lean mass ratio, MC3R is less likely to be involved in food intake and more 

likely to be involved in nutrient partitioning. According to genetic evidence, mutations in 

essential melanocortin pathway genes cause hyperphagia and extreme obesity. This pathway 

contains many single-gene abnormalities that cause severe early-onset obesity in humans, 

including LEPR, POMC, AGRP, MCR4R, PCSK1, SH2B1, SIM1, PHIP, and MRAP2 

(Heymsfield et al., 2014).  

 

Leptin changes synaptic connections between neurons by stimulating classical neuropeptide 

receptor systems within the brain and regulating downstream functions (Chen et al., 2020). The 

signalling of brain-derived neurotrophic factor (BDNF) to its receptor TrkB (neurotrophic 

receptor tyrosine kinase) is thought to be one of the mechanisms in which this plasticity is 

achieved. In the CNS, BDNF is widely expressed and plays a crucial role in the neuronal 

formation. The BDNF related synaptic plasticity in the hippocampus is associated with learning 

and memory (Parande et al., 2022). Recent studies revealed that BDNF and TrkB are also 

involved in mammalian feeding behaviour and energy balance regulation (Wu et al., 2021). 

Dietary deficiency lowers BDNF production in the hypothalamic ventromedial nucleus 

(VMN), but leptin boosts it. In both humans and animals, genetic disruption of BDNF and 

TrkB causes hyperphagia and severe obesity. The BDNF in VMN is downregulated by caloric 

deprivation and elevated by leptin (Jansson et al., 2018). However, this regulation is indirect 

because only a few VMN BDNF neurons express the LEPR, and some evidence suggests an 

involvement in the melanocortin signalling pathway. The class 3 semaphorins (SEMA3A–G) 

are another set of neuronal proteins crucial in developing neural circuitry and associated with 

energy balancing (Loos and Yeo, 2021). SEMA3 signalling via NRP2 (neuropilin 2) receptors 

appears to drive the development of POMC projections from the ARC to the PVN in mouse 

and zebrafish (Loos and Yeo, 2021).  

 

In a human study, 40 uncommon loss-of-function mutations in SEMA3A–G and its receptors 

(PLXNA1–4, NRP1 and NRP2) were significantly enriched in 982 obese people compared to 

4,449 healthy people (González-Amor et al., 2020, Patel et al., 2020). Insulin, like leptin, is 

thought to operate as an adiposity signal, helping to manage body weight eventually and the 

near term. As a result, a change in plasma leptin or insulin levels is detected as an alteration in 
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energy homeostasis and adiposity. The brain responds by changing food intake to restore the 

basal fat mass level (Marti and Martinez, 2004). These long-term impacts could partly explain 

seasonal variations in weight and fat mass. Approaches that include a co-injection of amylin, 

on the other hand, are effective (Miller, 2005). Peripheral insulin acts in the hypothalamus by 

inhibiting NPY/AgRP/GABA neurons and activating POMC/CART neurons, both of which 

express the insulin receptor (Nogueiras et al., 2008). According to new research, insulin 

activates POMC neurons via transient receptor potential (TRPC) 5 channels. On the other hand, 

insulin inhibits NPY/AgRP/GABA neurons by activating K(ATP) channels, causing 

hyperpolarisation (Lindberg and Fricker, 2021, Montégut et al., 2021b). 

 

There are now two obesity treatments that are genotype specific. The delivery of recombinant 

human leptin to leptin-deficient individuals because of mutations in the LEP gene is the 

paradigm of genotype-informed obesity treatment. Leptin replacement therapy has 

significantly reduced food intake, body weight, fat mass, and normalised endocrine function 

for these individuals (Loos and Yeo, 2021). Setmelanotide, a selective MC4R agonist newly 

approved by the FDA for uncommon monogenic obesity diseases such as LEPR, PCSK1 

deficiency, and POMC deficiency, is the second genotype-informed treatment for obesity 

(Perreault, 2018). The overall genes influencing weight regulation are mentioned in Table 1.3.
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Table 1.3: Genes associated in early-onset and severe obesity modified from (Loos and Yeo, 

2021) 

 

 
 
1.2.1 AgRP and NPY 

Agouti-related peptide (AgRP) is a neuropeptide produced by AgRP/NPY neurons in the 

arcuate nucleus of the brain. This neuropeptide is co-expressed with Neuropeptide Y (NPY). 

Gene description Presence  Role in body-weight regulation  
ADCY3  
(Adenylate cyclase)  
Gene ID: 109  

Primary cilia of cells  Disruption of primary cilia in neurons known to 
influence energy balance; some evidence of a 
specific link to the correct function of MC4R 

AGRP Neurons in the arcuate 
nucleus of the hypothalamus  

The endogenous antagonist of MC4R, to which it 
binds to increase food intake  

BDNF Brain  Probably via its role in regulating neuronal synaptic 
plasticity 

KSR2 (kinase suppressor 
of Ras2) Gene ID: 
283455  

Wide expression throughout 
the body  

Influences both energy intake and expenditure, 
possibly via interaction with AMPK 

LEP (leptin)  
Gene ID: 3952  

Fat  Circulates in proportion to fat mass and turns on the 
neuroendocrine starvation response when circulating 
levels drop below a minimum threshold 

LEPR,  
(Leptin receptor)  
Gene ID: 3953  

The long ‘signalling’ form is 
expressed widely in the brain  

Cognate receptor for leptin, mediating its 
downstream neuroendocrine functions 

MC4R (melanocortin 4 
receptor)  
Gene ID: 4160  

Central nervous system  Binds melanocortin peptides and AGRP to mediate 
appetitive behaviour 
and autonomic output 

MRAP2 (melanocortin 
receptor accessory 
protein 2)  
Gene ID: 112609  

Wide expression throughout 
the body, but highest in the 
brain  

An accessory protein that plays a role in trafficking 
MC4R to the cell surface 

NTRK2 (neurotrophic 
receptor tyrosine kinase 
2)  
Gene ID: 4915  

Brain  Cognate receptor for BDNF, mediating its 
downstream effects on synaptic plasticity 

PCSK1 (proprotein 
convertase subtilisin/ 
Kexin type 1)  
Gene ID: 5122  

Endocrine organs, with the 
highest expression in 
the brain  

Encodes one of the prohormone convertases 
required for processing POMC 

PHIP (pleckstrin 
homology domain 
interacting protein) 
Gene ID: 55023  

Widely expressed  Regulates transcription of POMC 

POMC 
(proopiomelanocortin)  
Gene ID: 5443  

Hypothalamus, Nucleus 
Tractus Solitaris, pituitary, 
skin, adrenal glands, and 
numerous other tissues  

Complex pro-polypeptide that is processed into 
melanocortin peptides that signal to MC4R in the 
brain 

SH2B1, SH2B (adaptor 
protein 1)  

Widely expressed  A signalling molecule downstream of the leptin 
receptor 

SIM1, SIM bHLH 
transcription  
factor 1  
Gene ID: 6492  

Hypothalamus, kidney, and 
fat  

A transcription factor crucial for the proper 
development of the paraventricular nucleus and 
hence the appropriate expression of MC4R, among 
other genes 
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Its key role is to enhance hunger while decreasing energy expenditure, making it one of the 

most influential and long-lasting appetite stimulators (Bäckberg et al., 2004, Inui et al., 2004). 

The AGRP gene encodes the agouti-related peptide in humans. AgRP acts as an antagonist to 

melanocortin receptors, especially MC3R and MC4R. Energy expenditure, metabolism, and 

weight regulation are linked to these receptors. The agouti-related protein inhibits the hormone 

α-MSH from activating these receptors. α-MSH acts on all members of the MCR family except 

MC2R, whereas AGRP is more specific to MC3R and MC4R. AgRP levels are high in fasting 

(Shutter et al., 1997, Spanswick et al., 1997). The critical signalling point for hormones that 

regulate appetite is in the hypothalamus. Specifically, the arcuate nucleus (ARC) is related to 

anorexigenic neuropeptides such as cocaine and amphetamine-regulated transcript (CART) 

and POMC as appetite suppressors. Appetite stimulators include the orexigenic neuropeptides 

AgRP and NPY. These circulatory neurons are essential for energy balance and hunger (Heisler 

et al., 2006). NPY has a significant impact on food intake and body weight. The five distinct 

G-protein coupled receptor subtypes (Y1, Y2, Y4, Y5, and Y6) produced by NPY signals were 

blocked by anorexigenic hormones like insulin and leptin (Lloret Linares et al., 2011). Because 

there are various types of NPY receptors, it is difficult to target all five variants without causing 

unwanted side effects. One of the isoforms targeted to promote weight reduction and 

responsible for the orexigenic effects is the Y5 receptor. It is located on POMC neurons in the 

ARC. Melanin-concentrating hormone (MCH) is another orexigenic neuropeptide (Shi and 

Burn, 2004, Erondu et al., 2007) in hypothalamus. The MCH involved in downstream of leptin 

resistance of the lateral hypothalamic area on food intake.  

 

1.2.2 Ghrelin 

Ghrelin is a 28-amino-acid protein made from the precursor proghrelin. This appetite hormone 

is produced by entero-endocrine cells in the stomach, diffuses into the bloodstream, and 

influences feeding behaviour by blocking neurotransmitter discharge in the brain (Evans et al., 

2004, Inui et al., 2004). Obese people have deficient levels of this hormone. Ghrelin is 

octanylated in the endoplasmic reticulum, particularly on the rough surface, by any enzyme 

GOAT (ghrelin O-acyltransferase), resulting in n-octanoic acid, which aids in the stimulation 

of appetite by raising the activity of NPY/AgRP/GABA neurons (Lall et al., 2001, Larose et 

al., 2001, Crowley et al., 2002). Ghrelin levels are high in persons with anorexia nervosa and 

people with Prader-Will syndrome (PWS). Ghrelin's interaction with GH secretagogue 

receptors (GHSR) or the pituitary gland's anatomical morphology (Valentino, 2012). 
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Individuals with Prader-Willi syndrome (PWS) (Cacciari et al., 1990) and those with EMO 

have reduced their pituitary size (Miller et al., 2008). Compared to sibling controls, functional 

connectivity during fMRI measurement is changed in PWS participants. FMRI imaging has 

revealed regions activated by appetite-regulating hormones such as leptin, PYY, and ghrelin 

food images or even increased hunger due to fasting (Chen et al., 2008, Malik et al., 2008). 

 

1.2.3 Secretin 

Secretin (SCT), a digestive peptide that regulates gastric acidity and motility, has recently been 

recognised as an anorexigenic peptide. Previous research on appetite regulation has yielded 

mixed results: appetite reduction was accomplished in mice after central and peripheral 

injections of SCT, accompanied by enhanced lipolysis (Theilade et al., 2021). However, these 

findings contradict prior findings in rats and lambs (Sekar et al., 2017). SCT-receptor-deficient 

mice did not change their eating habits yet were protected from HFD-induced obesity due to 

defective lipogenesis, which suggested a significant function in lipid metabolism regulation 

(Montégut et al., 2021b). The SCTR-expressing brown adipocytes promote thermogenesis and 

appetite-regulating effects. The effects of SCT-induced brown adipose tissue (BAT) activation 

on appetite and energy regulation in seven human individuals were also validated, paving the 

door for applying adipose tissue-based techniques for food intake reduction (Jimenez-Munoz 

et al., 2021). 

 

1.2.4 FTO (fat mass and obesity-associated) 

The FTO locus, which contains six genes discovered more than a decade ago, is the most 

studied obesity locus. However, the FTO locus gene variants have yet to be identified with 

convincing evidence, and the mechanisms by which the locus influences body weight have yet 

to be thoroughly understood (Tierney, 2001) The DSBH (double-stranded β-helix) folds of 

FTO protein are like those of Fe (II) and 2-oxoglutarate (2OG) oxygenase (Frayling et al., 

2007). FTO localises to the nucleus in transfected cells due to nucleic acid demethylation. 

Intronic FTO single nucleotide polymorphisms are linked to energy homeostasis; this could be 

changed by changing the expression of FTO mRNA (Hess and Brüning, 2014). In mice, FTO 

deficiency causes a lean phenotype, whereas FTO overexpression causes increased body 

weight and is involved in cellular nutrition sensing. FTO binds to brain regions that govern 

ghrelin levels in humans and dopaminergic signalling in mice, affecting appetite, reward 

processing, and reward desire (Hess and Brüning, 2014). The promoter of Irx3, a gene located 
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0.5 Mb downstream of FTO, interacts directly with the FTO locus. Weight reduction and higher 

metabolic rate were observed in Irx3-deficient animals, along with browning of white adipose 

tissue, with no alterations in physical activity or appetite (Frayling et al., 2007, Gerken et al., 

2007, Hess and Brüning, 2014). FTO disrupts the transcriptional repressor ARID5B during 

early adipocyte development, doubling IRX3 and IRX5 expression (Hill et al., 2012, 

Valsamakis et al., 2017).  

 

TMEM18 is a poorly understood transmembrane protein that is highly conserved across species 

and expressed in various tissues, including multiple brain areas. TMEM18 deficiency causes 

mice to gain weight due to increased food intake, but Tmem18 overexpression causes food 

intake to decrease and weight gain to be limited (Loos and Yeo, 2021). A knockdown 

experiment in Drosophila melanogaster reveals that TMEM18 disrupts insulin and glucagon 

signalling, affecting glucose and lipid levels. Apart from these loci, many other loci are 

associated with obesity expressed in the central nervous system association with upstream of 

CADM1, CADM2 alleles, and NEGR1 (Georgescu et al., 2021, Jimenez-Munoz et al., 2021, 

Vohra et al., 2021). Mice lacking CADM1 or CADM2 have reduced body weight and have 

higher insulin sensitivity, glucose tolerance, and energy expenditure without changing their 

diet. Higher CADM1 or CADM2 neuronal expression, on the other hand, is linked to increased 

body weight. In addition, CADM1 is expressed in POMC neurons, and CADM1 loss increases 

the number of excitatory synapses, implying more remarkable synaptic plasticity. Furthermore, 

CADM2 knockout mice have higher locomotor activity and core body temperatures (Loos and 

Yeo, 2021).  

 

1.2.5 NEGR1 

In mice, NEGR1 absence resulted in reduced body weight, owing to a reduction in lean mass, 

mediated by reduced food intake. However, knocking down Negr1 expression in two other 

functional investigations, one in mice and the other in rats, resulted in the reverse outcome of 

weight gain and food intake. While it has been discovered that NEGR1 loss in mice impairs 

vital behaviours, the data and postulated mechanisms have not yet been fully aligned (Lindberg 

and Fricker, 2021, Loos and Yeo, 2021).  
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1.2.6 ADCY3 

The ADCY3 existing loci were the first to be discovered as having a function in severe obesity. 

ADCY3 is an adenylate cyclase that catalyses cAMP's creation, a critical second messenger in 

signal transduction pathways. There is limited evidence that ADCY3 (adenylate cyclase) 

colocalised with MC4R at PVN neurons in cilia. These cilia are essential for energy balance 

and control of MC4R-expressing neurons. ADCY3 or MC4R gene deletion in these neurons 

may influence melanocortin signalling in mice, resulting in hyperphagia and obesity 

(Fernández Vázquez et al., 2018, Jansson et al., 2018, Vohra et al., 2021). 

 

1.2.7 TUB gene 

The hypothalamus has short and long transcripts of TUB gene. Late onset obesity is caused by 

a mutation in the TUB gene (Nies et al., 2018). The mRNA is expressed in the hypothalamus 

with a single base mutation causes a mature mRNA to have an intron, meaning the 44 amino 

acids in the c-terminal end of the protein are replaced with the 24-intron coded amino acids, 

resulting in increased body weight. These aberrant mRNA findings point to tubby obesity being 

induced (Kleyn et al., 1996). 

 

1.2.8 5HT2cR 

Serotonin 2c receptor, is a G-protein coupled receptor that belongs to the seven-transmembrane 

(7-TM) receptor superfamily (GPCRs) (Lee et al., 1999, Pérusse and Bouchard, 2000). GPCRs 

are part of a large integral membrane protein family that has over 1000 members of the human 

genome. The seven subtypes of serotonin receptors, 5HT1 through 5HT7, have a variety of 

biological functions, including modulation of mood, sleep, bowel movement, and appetite 

(Huang et al., 2018). Depression, anxiety, obsessive-compulsive disorder, chronic pains, 

obesity, eating disorders, epilepsy, and erectile dysfunction have all been linked to the 5HT2 

receptor. The 5HT2 receptor family has three subtypes: 5HT2a, 5HT2b, and 5HT2c; all have 

similar sequences and are active in signal transduction pathways (Ryan, 2000, Vaisse et al., 

2000, Tierney, 2001, Price et al., 2002). The 5HT2c receptor, which plays an essential role in 

metabolic processes, appears to be a promising anti-obesity target (Pérusse and Bouchard, 

2000). Food signal regulation occurs through promoting the production of the agonist α--

melanocyte-stimulating hormone (a-MSH) and suppressing the antagonist agouti-related 

peptide by activating the 5HT2c receptor (Heisler et al., 2003, Bäckberg et al., 2004). 
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Further, it may induce satiety by inhibiting the agouti-related peptide (AgRP) associated 

appetite signal. Designing a medication that targets a specific subtype of the 5HT2 receptor has 

proven to be extremely difficult. The therapeutic impact of fenfluramine, D-fenfluramine, and 

sibutramine is to improve 5HT2cR mediated satiety response (Kurebayashi et al., 2013). 

However, due to severe side effects including pulmonary hypertension and heart valve disease 

these drugs with drawn from further assessment. Only 5HT2cR deficient mice exhibit 

hyperphagia and obesity and acquire type 2 diabetes-like features (Garfield et al., 2016).  

 

Furthermore, the 5HT2cR knockout mice study showed more death rate during breeding. As a 

result, developing a compound with high affinity for the 5HT2cRs but low affinity for the 

5HT2bR was a problem throughout the drug discovery process (Miller, 2005, Heisler et al., 

2006). Obesity and diabetes-related characteristics are seen in whole-brain 5HT2cR knockout 

mice (e.g., insulin resistance and impaired glucose tolerance) (Astrup et al., 2008, Garfield et 

al., 2009). These preliminary findings suggest that a 5HT2cR agonist could be used to treat 

obesity and type 2 diabetes and that the melanocortin system mediates both effects. 

 

1.2.9 ADRB3 

The β-3 adrenergic receptor (ADRB3) gene is found on chromosome 8 and is expressed in 

adipose tissue. The adipose tissue is a key component of the neuroendocrine network, and 

overexpression of this gene identified with obesity progression (Valentino, 2012, Misra and 

Verma, 2013). Many other genes, such as appetite-regulating peptides or receptors, a complex 

of reproduction-related genes, and a local autocrine/paracrine regulatory network, were also 

expressed in visceral adipose tissue (Speakman, 2013). Other than neuromodulated genes, 

other peripheral tissue-associated genes are also involved in obesity regulation. Recent meta-

analysis study revealed ADRB3 rs4994 (Trp 64 Arg) associated polymorphism leading to 

overweight/obesity in both adult and children by reduced resting metabolic rate (Xie et al., 

2020). 

 

1.2.10 Pancreatic lipase 

A key enzyme in the breakdown of lipids has emerged as a viable therapeutic target for obesity 

treatment. It is a major pancreatic enzyme that aids in the digestion of total dietary lipids (50–

70%) by breaking them down to monoglycerides and fatty acids (Shi and Burn, 2004). Micelles 

are formed when these end products interact with bile acids, cholesterol, and lysophosphatidic 
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acid. After fat is absorbed by smaller intestine and deposited in adipose tissue, in the form of 

triglycerides. Inhibiting pancreatic lipase prevents triglyceride breakdown and so aids in the 

decrease of excess fat absorption (Crowley et al., 2002, Shi and Burn, 2004). 

 

1.2.11 Adrenoceptor 

The gastrointestinal tract lining contains β-3-A receptors. The protein aids adipocyte 

metabolism, and brown adipose tissue stimulates b3-AR in norepinephrine. In addition, 

activation of this receptor increases lipolysis in response to catecholamines, a class of aromatic 

amines with anti-obesity properties. The prevalent variation linked to reduced lipolytic activity 

is tryptophan replacement by arginine at position 64 (Zhang et al., 2004, Park et al., 2005). 

Lipid builds up in the adipose tissue as a result. 

 

1.2.12 UCP genes 

Uncoupling proteins (UCPs) are a type of carrier protein found in mitochondria's inner 

membrane layers. These proteins are involved in mitochondrial thermogenesis. The different 

members of this family include UCP1, UCP2, and UCP3. UCP1 is usually found in brown 

adipose tissue, UCP2 is found in any tissue, and UCP3 is found in skeletal muscle and brown 

adipose tissue. UCP1 and UCP2 target proton leaks in mitochondria, releasing stored energy 

as heat, affecting energy metabolism. These individuals are thought to be energy metabolism 

regulators. UCP2 and UCP3 are the most studied targets in the treatment of obesity (Zhang et 

al., 2004, Park et al., 2005). 

 

1.2.13 DGAT 

Triacylglycerols are neutral lipid types that are the most usual form of metabolic energy storage 

in eukaryotes. Triacylglycerols are three fatty acids joined by ester bonds to a glycerol 

backbone. The diacylglycerol transferase (DGAT) is a transmembrane protein with a molecular 

mass of 55kda that catalyses the final and committed step in triglyceride production. It is 

expressed in the liver, white adipose tissue, and other organs. The two isoforms of DGAT are 

DGAT1 and DGAT2. In very-low-density lipoprotein (VLDL) assembly, DGAT1 activity is 

seen, while DGAT2 activity is seen in steatosis (Shi and Cheng, 2009). Mice lacking DGAT1 

were having increased sensitivity to insulin and resistant to obesity. The antisense 

oligonucleotide treatment against DGAT2 in diet-induced obese mice showed hyperlipidemia 
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and reduced hepatic lipogenesis and hepatic steatosis Obesity can be treated with a new 

pharmaceutical therapy that inhibits the action of these enzyme.  

 

1.2.14 Amylin 

Pancreatic β- cells express and release amylin, also known as- Islet amyloid polypeptide 

(IAPP). Calcitonin gene-related peptide (CGRP) and amylin are structurally similar. This 

hormone's levels are low during fasting and high after eating. Amylin, through central and 

peripheral processes, reduces food intake directly. Slow stomach emptying can help with food 

intake indirectly (Morley, 1987, Bradley and Cheatham, 1999). Supplementing with the 

peptides CCK (Cholecystokinin), glucagon, and bombesin causes an increase in amylin 

secretion, which reduces food consumption. While NPY neurons express the required 

components of the amylin receptor, it is still unknown what direct effect amylin has on NPY 

neurons (Georgescu et al., 2021). It is possible that it is inhibitory, which would explain why 

it is often neglected in investigations of neuron activation. Multiple factors, however, are 

required to reverse the fasting-induced activation of ARC neurons, implying that these first-

order neurons already integrate a variety of peripheral cues, and that endogenous amylin alone 

may not be sufficient to prevent NPY-driven eating behaviour (Xie et al., 2021). 

 

1.2.15 PPAR 

One of the key targets in obesity treatment, the Peroxisome Proliferator-Activated Receptor 

(PPAR), has attracted attention in developing novel medicines (Zhang et al., 2004). Apart from 

obesity, this nuclear receptor plays an important function in metabolic processes such as fatty 

acid oxidation, hypertension, insulin resistance, and atherogenic dyslipidemia (Costet et al., 

1998). The PPARs are a family of three isoforms encoded by distinct genes: PPAR γ, PPAR α, 

and PPARδ (Berger et al., 2005). These isoforms are ligand-regulated transcription factors 

whose actions are controlled via modifying gene expression. PPAR α and γ are two of the three 

isoforms expressed in adipose tissue that has been targeted for the treatment of obesity (Berger 

et al., 2005). The two major states observed in obesity are increased adipocyte number and 

hypertrophy, which is characterised by an increase in adipocyte volume. PPAR α maintains the 

energy balance in the cell by catabolizing fat. Increased fatty acid oxidation and lower plasma 

triglyceride levels are essential for adipose tissue growth and hyperplasia, which leads to a 

reduction in body weight. This idea was validated by mouse experiments that showed that a 

lack of PPAR α caused anomalies in plasma triglycerides and cholesterol metabolism, 



VBSC THUNUGUNTLA           The CFE with lorcaserin as combination in obesity 

 17 

eventually leading to obesity. Conversely, inhibition of PPAR-γ causes a decrease in the 

number of adipocytes, which leads to a reduction in fat accumulation in obesity regulation 

(Barish et al., 2006, Holst et al., 2009, Kim et al., 2010). The invitro studies of the 

differentiation of 3T3L1 pre-adipocytes to mature adipocytes showed that the 5HT2c receptor 

antagonist SB-242084 inhibited adipocyte differentiation (Yu et al., 2021). Further, 5HT2cR 

mRNA expression is increased with adipocyte differentiation. The obese models, 5HT2cR 

mutant (2-fold), ob/ob (leptin deficient-7 fold) mice and db/db (leptin-receptor deficient-9 fold) 

mice have increased PPAR-γ mRNA expression in liver tissue (Memon et al., 2000). Therefore, 

reduced functioning of the 5HT2c receptor is linked to increased PPAR-γ expression, 

adipogenesis and obesity. 

 

1.3 Obesity- drug development: 
Obesity can be avoided and reversed. Previously, preventative and treatment techniques 

focused on limiting energy intake and raising energy expenditure. However, most attempts and 

programmes have proven ineffective at a population level, necessitating a more comprehensive 

strategy. Rodents were widely used in a recent obesity research investigation. Mice fed a high-

fat diet (HFD) for one week demonstrated altered behavioural responsiveness and molecular 

changes in the hypothalamus in response to leptin administration (Park et al., 2022).  

 

Pramlintide/ Metreleptin reversed HFD-induced leptin resistance in mice (Powell and Khera, 

2010). The metreleptin (MYALEPT) by AstraZeneca was approved by the FDA in 2014 for 

treating leptin deficiency in obese people. Another way to activate leptin is by removing the 

phosphate from the tyrosine activation sites of the leptin receptor, which inhibits PTP-1B and 

so activates leptin activity. A PTP-1B inhibitor, trodusquemine (MSI-1436, Genaera Corp., 

Plymouth Meeting, PA, USA), is currently in phase II clinical studies (Lantz et al., 2010). 

 

The Y-5 antagonist (MK-0557: Whitehouse Station, NJ, USA: Merck & Co., Inc., and 

Shionogi (Osaka, Japan)) was evaluated. Velneperit, a Y-5 antagonist, in conjunction with an 

intestinal lipase inhibitor like orlistat (Erondu et al., 2007).  

 

Elixir Pharmaceuticals, Inc. (Cambridge, MA, USA) has created a ghrelin receptor antagonist 

which is being tested in humans (Baggio and Drucker, 2007). In addition, the enzyme ghrelin 

O-acyltransferase (GOAT) levels are directly or indirectly repressing the GHRL gene the post-
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translational activation is another target (Laferrere et al., 2010, Powell and Khera, 2010, 

Kirchner et al., 2009). 

 

Orlistat (Orlistat, F. Hoffmann-LaRoche, Basel, Switzerland; Alli, GlaxoSmithKline plc, 

Brentford, UK) is a weight-loss medication. It is a lipase inhibitor that prevents triglyceride 

breakdown in the intestine. As a result, fat absorption is reduced (Powell and Khera, 2010). 

Unfortunately, this medication had gastrointestinal side effects after long-term use. Cetilistat, 

a lipase inhibitor (Norgine BV, Amsterdam, The Netherlands, in partnership with Takeda 

Pharmaceutical Co., Ltd., Osaka, Japan), has improved tolerance and is currently undergoing 

phase III clinical studies (Yao and MacKenzie, 2010). 

 

Table 1.4: Weigh loss drugs available for treatment (Daneschvar et al., 2016) 

Drug 
Mechanism of 

action Dosing 
Approving 

bodies 
Weight 

loss Side effects 
Orlistat Pancreatic lipase 

inhibitor 
60–120 mg 

three 
times daily 

FDA 
(1999) 
EMA 
(1998) 

2.9–3.4 kg/ 
year 

Steatorrhea, 
faecal 
urgency 

Phentermine/ 
topiramate 

Sympathomimetic, 
appetite 
suppressant 

3.75/23 mg 
7.5/46 mg 

11.25/69 mg 
15/92 mg once daily 

FDA 
(2012) 

6.6–8.6 kg/ 
year 

Insomnia, 
dizziness, 
paraesthesia 

Lorcaserin 5HT2C receptor 
activation 

10 mg twice daily FDA 
(2012) 

3.2–3.6 kg/ 
year 

Headache, 
nausea, 
dizziness 

Naltrexone/ 
bupropion 

Dopamine and 
noradrenaline 
reuptake inhibitor 
(bupropion); 
Opioid receptor 
antagonist 
(naltrexone) 

32 mg/360 mg 
2-tablets Four 

times daily 

FDA 
(2014) 
EMA 
(2015) 

 
4.8% body 
weight 
per year 

Nausea/ 
vomiting, 
headache, 
dizziness 

Liraglutide GLP-1 receptor 
agonist 

3.0 mg injection 
once daily 

FDA 
(2014) 
EMA 
(2015) 

5.9 kg/year Nausea, 
vomiting, 
pancreatitis 

 

The activity of Δ 9-tetrahydrocannabinoid (9-THC), exogenous cannabinoid leads to the 

development of an endocannabinoid (EC) system, which includes EC ligands, receptors, and 

synthetic and catabolic enzymes (André and Gonthier, 2010). The EC system interacts with the 

hypothalamus circuit, which stimulates energy balance. As a result, the FDA rejected 

Rimonabant (Sanofi-Aventis, Paris, France), a CB1 receptor antagonist that caused weight 

reduction and reduced consumption due to psychiatric side effects (Cota et al., 2009, Holst et 

al., 2009). The drugs approved for weight loss in obesity were mentioned in Table 1.4. 
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The proglucagon gene produces an incretin hormone in the intestinal mucosa in response to 

meal consumption (Baggio and Drucker, 2007). The posttranslational proteolytic products of 

this hormone include glucagon-like peptide-1 (GLP-1) and glucose dependent insulinotropic 

polypeptide (GIP) (Holst et al., 2009). Dipeptidyl peptidase IV rapidly inactivates GLP-1 in 

the bloodstream (DPP-4). The GLP-1 analogues resistant to DPP-4 are exenatide (Amylin 

Pharmaceuticals, San Diego, CA and Eli Lilly & Co., Indianapolis, IN, USA) and liraglutide 

(Novo Nordisk, Inc., Princeton, NJ, USA). DPP-4 inhibitors such as sitagliptin (Merck & Co., 

Inc) and saxagliptin (Bristol Myers Squibb, New York, NY, USA) assist in raising endogenous 

incretin levels (Kim et al., 2010). Oxyntomodulin, a product of intestinal mucosa cells, has also 

suppressed appetite. TKS1225, an oxyntomodulin analogue derived from intestinal mucosal 

cells (Thiakis Limited, London, UK), was tested in Phase I clinical studies. Wyeth (Madison, 

NJ, USA), a subsidiary of Pfizer, Inc., has now bought this (New York, NY, USA) (Suzuki et 

al., 2010, Laferrere et al., 2010). 

 

The FDA rejected Qnexa, a combination of phentermine and the anticonvulsant topiramate 

developed by Vivus, Inc. (Mountain View, CA, USA). Contrave (Orexigenic Therapeutics, 

Inc., La Jolla, CA, USA) is an opiate antagonist that combines naltrexone with bupropion 

(Greenway et al., 2009), a catecholamine reuptake inhibitor and nicotinic antagonist that targets 

both hypothalamic POMC neurons and the midbrain dopamine neuron reward circuit (Billes 

and Greenway, 2011). Empatic (Orexigen Therapeutics), a combination treatment of bupropion 

and the anticonvulsant zonisamide, in phase II clinical trials (Coleman and Renger, 2010, Cox 

et al., 2010). On the other hand, Transtech Pharma, Inc. (High Point, NC, USA) has completed 

phase II clinical trials with an AgRP antagonist (Yao and MacKenzie, 2010). 

 

The combination of fenfluramine and phentermine, which releases serotonin and 

catecholamines, has proven to be an efficient weight-loss medication. However, Fen-Phen was 

taken off the market due to its adverse side effects including hypertension and cardiovascular 

dysfunction. Sibutramine (Abbott Laboratories), a nonselective 5HT and noradrenergic 

inhibitor, has been found to help people lose weight (James et al., 2010). However, this 

medicine has been taken off the European market due to its numerous adverse effects, the most 

common of which is cardiovascular disease (Yao and MacKenzie, 2010). 
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Tesofensine, a serotonergic reuptake inhibitor currently in phase III clinical trials (NeuroSearch 

A/S, Ballerup, DK), has shown efficacy in animal studies (Astrup et al., 2008). Another novel 

agonist, lorcaserin (Arena Pharmaceuticals, Inc., San Diego, CA, USA), has been identified to 

have specific agonist of 5HT2cR in obese or overweight patients with no cardiovascular issues 

(Pollack, 2010). Neurons expressing MCH or orexins are numerous in the hypothalamic 

location. The injection of an MCH-1 receptor antagonist resulted in a reduction in body weight 

and increased energy output. AMRI (Albany molecular research Inc, CURIA NY: recently 

renamed as CURIA in 2021) has started a Phase I clinical trial for an MCH-1 receptor 

antagonist (ALB-127158) for anti-obesity therapy (Chee et al., 2011). Actelion 

Pharmaceuticals, Ltd (San Francisco, CA, USA) and GlaxoSmithKline plc (Brentford, UK) 

completed Phase III clinical trials to treat sleeping disorders using Almorexant, an orexin-

receptor antagonist. MK-4305, an orexin receptor antagonist produced by Merck & Co., Inc., 

targets sleep disturbances and anti-appetite effects (Cox et al., 2010, Coleman and Renger, 

2010). A list of other drugs targeting satiety or appetite regulation is described in Table 1.5. 

 

Table 1.5: Potential compounds for obesity treatment that can regulate appetite through AgRP 

and POMC neurons. The data has been modified from Vohra 2022 (Muhammad Sufyan Vohra 

2022). where ↑- indicates increase and ↓- indicates decreased activity. 

Name Description Mechanism Comments 
S-2367 and S-234462 Novel NPY-Y5 

antagonist 
↓ Body weight 
↓ Food intake 

S-234462 showed higher 
efficacy 

Phenethyl 
isothiocyanate (PEITC) 

Isothiocyanate 
compound found in 
vegetables 

↑ Leptin signalling 
↑ JAK-2 
↑STAT-3 
↑ POMC 
↓ Food intake 
↓ AgRP/NPY 

PEITC prevents and 
improves obesity conditions 

Flaxseed 
polysaccharide (FP) 

Non-starch 
polysaccharides 

↓ Body weight 
↓ NPY 
↑ GLP-1 
↓ LR 
↑ AMPK signalling 

FP shows promising anti-
obesity effects by enhancing 
lipolysis, FAO, and 
suppressing lipogenesis 

2,4-dinitrophenol 
(DNP) 

Organic compound 
for uncoupling 
oxidative 
phosphorylation 

↓ Food intake 
↓ NPY 
↑ POMC 
↑ Weight loss 
↑ BAT and WAT browning 

DNP displays central anti-
obesity action and highlights 
the potential role in targeting 
metabolic disorders 

Bisphenol A (BPA) Endocrine-disrupting 
agent 

↑ AgRP 
↑ ATF3 

BPA dysregulated AgRP via 
involving ATF3 mechanism 
CBD shows anorexigenic role 

Cannabidiol (CBD) and 
cannabigerol (CBG) 

Terpenophenol 
isolates of Cannabis 
sativa 

↑ ATF3 
↓ POMC 
↓ NPY 
↓ Dopamine (DA) release 

  
LPS suppresses feeding 
activity 
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↓ Norepinephrine (NE) 
synthesis 

Lipopolysaccharide 
(LPS) 

Gram-negative 
bacteria membrane 

↓ NPY 
↓ AgRP 
  

  

Long chain fatty acids 
(LCFAs) 

  ↓ POMC 
↑ NPY 

LCFAs in the cerebrospinal 
fluid exert an orexigenic role 
to regulate energy 
homeostasis 

Saponin extract of 
Korean Red Ginseng 
(Rb1, Rd, Rg1, or Re) 

Supplemental drug 
for physical and 
mental voiding 
symptoms 

↓ Body 
↓ Leptin 
↓ Nitric oxide (NO) 
↓ NPY 
↑ CCK 

  
Ginsenoside Rb1 displays an 
anti-obesity effect 

Lorcaserin 5-HT2C receptor 
agonist drug 

↓ NPY 
↓ AgRP 
↑ MC3/4 
↑ POMC 
↑ CART 

Lorcaserin approved as an 
anti-obesity drug 

Naltrexone/bupropion Opioid 
antagonist/anti-
depressant drug 

↓ NPY 
↓ AgRP 
↑ MC3/4 
↑ POMC 
↑ CART 

Approved anti-obesity drugs 

α-2 adrenergic agonist 
clonidine (CLO) 

Adrenergic agonists 
agent 

↑ C-fos in ARC and PVN 
↑ POMC 
↑ Non-POMC 

CLO impacts neuronal 
activity in ARC and induces 
homeostatic response via 
food intake 

Baclofen Muscle relaxer and 
an antispasmodic 
drug 

↓ Body weight 
↓ Food intake 
↓ WAT 
↑ Adiponectin 
↓ Blood glucose and HbA1c 
↓ NPY 
↑ POMC 

  
Baclofen identified as a new 
therapeutic agent against 
obesity 

Peanut skin extract 
(PSE) 

Herbal medicine to 
treat conditions 
including 
haemophilia and 
hepatic haemorrhage 

↓ Body weight 
↓ Food intake 
↓ SREBP-1c 
↓ Fatty acid synthase (FAS) 
↓ AgRP/NPY 
↑ Leptin signalling 

PSE can be developed as 
functional medical food to 
treat metabolic associated 
disorders 

Whole grain-like 
structural form 
(WGLSF) 

  
Dietary fibre 

↓ Body weight 
↓ WAT 
↓ SREBP-1C 
↓ FAS 
↑ AMPK signalling 
↑ POMC 
↓ NPY 

WGLSF may increase EE and 
reduce body weight gain 

Phloretin Agent found in 
apples, pears, and 
other fruits 

↑ Food intake Phloretin 
↑ Ghrelin 
↓ miR-488 and miR-103 
↑ AgRP 
↑ NPY 
↓ POMC 

Phloretin increases feeding 
via ghrelin signalling 

Grape-seed PAC 
extract (GSPE) 

Bioactive food 
compound extract 
found in fruits and 
vegetables 

↓ Food intake 
↑ STAT-3 
↑ POMC 
↓ Leptin resistance 
↓ Hypothalamic 
inflammation 

GSPE exerts anti-obesity 
effects. 
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↑ SIRT-1 
Cinnamaldehyde (CIN) Compound found in 

commonly used spice 
used in cooking 

↓ Food intake 
↑ TRPA1 and InsR 
↓ Body weight 
↑ Glucose tolerance 
↑ FAO 

CIN shows anti-
hyperglycaemic and anti-
obesity effects 

Orange juice extract 
(OJe) 

Flavonoid-rich 
extract of Citrus 
sinensis 

↓ Body weight 
↓ BMI 
↓ Adipocytes cell size 
↑ POMC 
↓ NPY 

OJe reduces obesity via 
lipolytic action and central 
signalling 

Red grapes or cherries 
extract 

Polyphenol-rich fruits 
extract 

↓ Food intake 
↑ EE 
↑ POMC 
↓ AgRP 
↓ PTP1B 
↑ leptin signalling 

Consumption of seasonal 
fruits influences energy 
homeostasis and obesity 

Green tea polyphenols 
(GTP) 

  ↓ Body weight 
↓ Food intake 
↓ Nr3c1 
↓ AgRP 
↓ IL-1β _and Ins1 

GTP exerts anti-obesity 
effects 

Evodiamine (Evo) Alkaloidal 
component extract of 
Evodiae fructus fruit 

↓ Food intake 
↓ Body weight 
↓ NPY 
↓ AgRP 

  
Evo shows anti-obesity 
actions 

Anthocyanins Secondary metabolite 
of flavonoids 

↓ Body weight 
↓ Food intake 
↓ AT size 
↓ NPY 
↑ GABAB1 receptor 

Anthocyanins have an anti-
obesity effect 

Ciliary neurotrophic 
factor (CNTF) 

Interleukin-6 
cytokine protein 

↓ Food intake 
↑ Leptin signalling 
↑ JAK-2-STAT-3 pathway 
↓ NPY 

CNTF shows anti-obesity 
effects via exerting leptin-like 
action 

RVD-hemopressin-α N-terminally 
extended form of 
haemoglobin α 
_chain-derived 
peptide 

↓ Food intake 
↑ Locomotor activity 
↓ POMC 
↓ AgRP 

RVD-hp-α _treatment shows 
an anorexigenic action 

Liver kinase B1 
(LKB1) 

Serine/threonine 
kinase 

↑ Food intake 
↑ Obesity phenotype 
↑ LR 
↑ hypothalamic 
inflammation 
↓ POMC 

LKB1 displays significant 
action in regulating energy 
homeostasis 

C1q/TNF-related 
protein-4 (CTRP4) 

Unique secreted 
protein belongs to 
C1q adipocytokine 
superfamily 

↓ Food intake 
↑ POMC 
↓ NPY 
↑ STAT-3 pathway 

CTRP4 may help in 
preventing obesity by 
attenuating feeding 

Amyloid-beta (Aβ) 
peptides 

Peptide found in 
Alzheimer’s disease 
(AD) 

↓ Leptin signalling 
↑ Allosteric binding to LepR 
↑ Inhibitory effects of leptin 
binding via STAT-3, AKT 
and ERK 
↓ POMC 

Preventing interaction of Aβ 
_with LepR shows 
improvement in both 
metabolic and cognitive 
dysfunctions in the AD 
condition 

Liraglutide Analogue of 
glucagon-like 

↑ POMC 
↓ AgRP/NPY 
↓ AMPK signalling 

Liraglutide found as a critical 
regulator of energy balance 
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peptide- 1 (GLP-1) 
hormone 

Exendin-4 (EX-4) GLP-1 receptor 
agonist 

↓ Food intake 
↓ Body weight 
↑ POMC 
↑ PI3K-AKT 
↑ IRS-1 activity 

EX-4 shows anti-obesity 
effects via insulin and PI3K 
signalling in the ARC 

Mothers against 
decapentaplegic 
homolog 7 (Smad7) 

SMAD family of 
TGFβ _superfamily 
of ligands 

↑ POMC 
↓ AKT 
↓ Insulin signalling 

Smad7 disrupts glucose 
balance in POMC neurons by 
reducing insulin signalling 

Des-fluoro-sitagliptin 
(DFS) 

Dipeptidyl peptidase 
(DPP)-4 inhibitor 

↓ Body weight 
↓ WAT 
↑ BAT 
↑ PPAR-α, PGC-1, and UCP 
↑ POMC 

DFS shows anti-obesity 
activity 

Fluoxetine (FLX) Serotonin reuptake 
inhibitor (SSRI) 
protein 

↑ POMC 
↓ AgRP/NPY 

FLX treatment results in 
improved energy balance 
  

FAM19A5 
  

Cytokine-like protein ↑ Anorexia 
↓ Body weight 
↑ C-fos expression 
↑ POMC 
↑ Inflammatory factors 

FAM19A5 found as a critical 
regulator in hypothalamic 
inflammatory responses 

α7nAChR α7 subunit of the 
nicotinic 
acetylcholine 
receptor 

↓ Food intake 
↑ POMC 
↓ AgRP 
↓ NPY 
↑ p-AMPK 
↑ JAK-2-STAT-3 

α7nAChR exerts anti-obesity 
effects via suppressing 
orexigenic markers AgRP 
and NPY and increasing 
expression of anoorexigenic 
markers like POMC 

Corticotropin-releasing 
factor (CRF) 

  
Neuropeptide of 
hypothalamic-
pituitary-adrenal 
system 

↓ Food intake 
↑ C-fos in ARC, DMN, 
VMN, PVN 
↓ NPY-R1 
↓ NPY 
↓ AgRP 
↑ CRF Receptor-2 

CRF shows an anorexigenic 
effect 

Spexin (SPX) Novel endogenous 
neuropeptide 

↓ Food intake 
↓ Body weight 
↑ p-CaMK2 
↑ c-Fos expression 
↓ NPY 

  
SPX treatment reveals anti-
obesity effects 

Agmatine Endogenous biogenic 
amine 
neurotransmitter 

↓ Food intake 
↑ Insulin level 
↑ IRS-2 
↑ MC4R 
↓ AgRP 
↓ NPY 

  
Agmatine displays 
anorexigenic effects in fish 

NNC0165-1273 Modified analogue of 
PYY3-36 gut 
produced hormone 

↓ Ghrelin-induced feeding 
↓ Food intake 
↓ Body weight 
↓ AgRP/NPY 
↑ NPY-Y2 

Modification of PYY3-36 
may be useful for the 
treatment of obesity 

Melatonin Circadian hormone 
secreted by pineal 
gland 

↓ Food intake 
↓ Body weight 
↓ Visceral and subcutaneous 
AT 
↑ POMC 
↑ EE 
↓ Ghrelin signalling 

administration of melatonin 
through gelatin capsules in 
water showed reduced food 
intake in zebra fish 
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↓ NPY 

Calcitonin receptor 
(Calcr) 

Hormone produced 
by parafollicular cells 
of thyroid gland 

↑ Food intake 
↑ Hyperphagic obesity 
↑ NPY 
↑ AgRP 
↑ GABA 

Calcr plays a crucial role in 
control of feeding and energy 
balance via leptin  

Obestatin Peripheral hormone 
synthesized in GIT 
tract 

↑ NPY/AgRP in MBH 
↓ NPY in ARC and PVN 
↑ POMC/CART in MBH 
↑ GPR-39 

Obestatin transmits 
nutritional signals to 
hypothalamic neuronal 
network for appetite 
regulation by antagonistic-
anorexigenic effect 
  

Irisin Muscle-derived 
hormone acts in 
different organs and 
tissues to improve 
energy homeostasis 

↑ CART 
↑ POMC 
↑ NPY 
↑ BDNF 

Irisin may have ability to 
increase the expression of 
anorexigenic and 
neurotrophic genes 

Amylin Pancreas-derived 
hormone co-secreted 
in response to a meal 
together with insulin 

↑ POMC 
↓ NPY 

Amylin may act directly on 
POMC and NPY neurons to 
affect energy homeostasis 

Chemerin Recently identified 
adipokine 

↓ Body weight 
↓ AgRP 
↓ Orexin A 
↑ CART 
↑ NPY 
↓ Food intake 
↑ Serotonin synthesis and 
release 

Chemerin displays an 
anorexigenic effect by 
increasing 5-HT synthesis 
and release in hypothalamus 

Vaspin Visceral AT-derived 
serpin 

↓ Food intake 
↓ AgRP 
↓ NPY 
↑ POMC 

Vaspin shows an 
anorexigenic effect  

vBLOC® _Therapy Intra-abdominal 
electrical device 

↑ CCK 
↑ Somatostatin 
↑ Tyrosine hydroxylase 
↑ AgRP/NPY 
↓ CCK 
↓ MC4R 
↓ Insulin receptor 

vBLOC therapy induces 
satiety via vagal signalling, 
and reduces food intake and 
body weight 

Auricular electric 
stimulation (AES) 
therapy 

Electric stimulation at 
exterior margin of the 
auricle 

↑ Food intake 
↑ POMC 
↑ EE 
↑ UCP-1 
↑ Tyrosine hydroxylase 
↓ AgRP/NPY 

AES therapy reduces weight 
loss via inducing WAT 
browning and suppressing 
appetite 

 

1.4 Obesity and energy expenditure: 
Energy is used to run biological functions in the human body. Total energy consumption is 

divided into three categories: (a) resting energy expenditure (REE), which is used for 

ventilation, circulation, cell syntheses, and other biological activities; (b) activity-related 

energy expenditure, which is used for physical exercise and non-exercise thermogenesis; and 
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(c) diet-induced thermogenesis, which is caused by the digestion and processing of 

macronutrients (Theilade et al., 2021). The principal regulator of metabolic rate is thyroid 

hormone signalling, which is regulated by a thyroid-stimulating hormone from the pituitary 

gland and affects energy expenditure through central and peripheral channels (McAninch and 

Bianco, 2014). The thyroid hormone active form T# exerts its effects on various tissues after 

attaching to the thyroid hormone receptor, with the hypothalamus coordinating the NPY 

neurons to stimulate AgRP mediated appetite signalling  (Apfelbaum et al., 1971). The REE 

accounts for 60% to 70% of total energy expenditure, with the remaining 30% to 40% going 

to activity related energy expenditure and diet-induced thermogenesis (Quatela et al., 2016). 

Diet-induced thermogenesis increases with caloric content and relies on macronutrient 

composition, whereas physical exercise increases energy expenditure and overall energy 

consumption (Theilade et al., 2021).  

 

Energy storage is dependent on the difference between total energy intake and total energy 

expenditure. Humans have considerable variability in total energy consumption and REE, 

which may be due to intra-individual differences and changes in the complex neuroendocrine 

system that regulates food intake, eating behaviour, and metabolism (McAninch and Bianco, 

2014). Heritable factors account for a substantial portion of individual adiposity variation, and 

genome-wide association studies have revealed over 100 loci linked to high BMI and 

abdominal adiposity (Silventoinen et al., 2016). However, these genetic regions only account 

for around 20% of the variation in BMI among individuals, highlighting the relevance of 

environmental factors in influencing eating habits and physical activity levels, significant in 

developing obesity (Aasbrenn et al., 2019). The relationship has been observed between 

environmental and genetic influences in humans, but how they interact and modify one another 

is still poorly understood.  

 

Energy expenditure as a strategy to combat obesity is important since it does not obstruct the 

absorption of key nutrients such as vitamins and minerals. It can be active alone or in 

combination with caloric restriction measures (Jimenez-Munoz et al., 2021).  
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Figure 1.2: Different systemic factors influencing energy homeostasis (Theilade et al., 2021) 

Different metabolic processes limit energy preservation in the body as shown in Figure 1.2. the 

energy is lost as heat and results in weight loss. When there is a significant energy loss, the 

process is uncoupled (UC) (Tseng et al., 2010). Due to cation leakage along concentration 

gradients, thermogenesis is possible in most tissues due to uncoupled mitochondrial activities. 

Increased ATP hydrolysis results from cation leakage, and heat is generated due to this action 

(Betz and Enerbäck, 2018). For instance, calcium cycling is involved in non-shivering 

thermogenesis in muscle. During muscle relaxation, the sarcoplasmic reticulum Ca2+-ATPase 

(SERCA) is a calcium pump found in the sarcoplasmic reticulum and brown adipose tissue 

(BAT) (Kazak et al., 2015). Sarcolipin therapy decouples ATP hydrolysis from calcium cation 

transportation, resulting in a heat producing Ca2+ cycle (Harper et al., 2008). The creatine cycle 

has recently been identified as a novel process linked to thermogenesis in beige adipocytes 

(Nakamura and Nakamura, 2018). 

 

Small compounds called protonophores or chemical uncouplers (like 2,4-dinitrophenol) can 

uncouple oxidative phosphorylation, compelling the TCA cycle to run faster and produce heat, 

like uncoupling protein 1 (UCP1). Protonophore therapy causes an increase in energy 

expenditure that can be prolonged without resistance (Tseng et al., 2010). The central nervous 

system regulates thermogenesis, and when it is stimulated, it can cause UCP1 overexpression. 

The melanocortin-4 receptor (MC4R) in the dorsomedial hypothalamus has a role in the 

regulation of thermogenesis. An increase in BAT- UCP1 mRNA is found after the injection of 

an MC4R agonist (Jimenez-Munoz et al., 2021). Moreover, thermogenesis is influenced by 

hormonal control in the hypothalamus. Leptin promotes sympathetic nerve activity, which 
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increases energy expenditure in interscapular brown adipose tissue and regulates appetite 

(Chellappa et al., 2019). Leptin resistance can contribute to obesity, although leptin restoration 

may help to restore leptin sensitivity and help people lose weight.  

 

Gut-derived hormones are linked to eating behaviour, energy consumption, and glucose 

homeostasis in humans. The interruption of some of these endocrine pathway systems has been 

considered pathogenetically involved in the development of obesity (Farooqi and O’Rahilly, 

2009). The gastrointestinal system consists of many enteroendocrine cells, which emit more 

than 50 distinct hormones, some of which have been linked to regulation of food intake. They 

usually circulate through the bloodstream to their target organs/tissues and act on specific G 

protein-coupled receptors. Many gut-derived hormones linked to appetite regulation interact 

with specific receptors in the brain's appetite-regulating centres (Jimenez-Munoz et al., 2021). 

In human trial investigations, antagonists of the receptors that some of these hormones operate 

on (e.g. glucagon, glucose-dependent insulinotropic polypeptide (GIP), glucagon-like peptide1 

(GLP-1) and cholecystokinin (CCK)) have been used to determine the effects of endogenous 

hormones (Neseliler et al., 2017). However, the interpretation of research using receptor 

antagonists to delineate appetite regulation is complicated by problems such as the duration of 

receptor antagonization, insufficient receptors affinity and specificity, and unknown biological 

compensatory or counter-regulatory processes. 

 

To manage eating behaviour and body weight homeostasis, various signals from nutrients, 

hormones, neuropeptides, and autonomic afferent nerves converge in the brain. These signals 

influence several neuronal circuits in the brain that have developed to sense the hedonic, 

motivational, and metabolic qualities of foods and regulate eating behaviour (Hall et al., 2022). 

The reward system functions as a key neural stimulus integrator. Typically, the reward system 

encourages desires, resulting in fitness-related behaviour, such as increased food intake. As a 

result, the reward system's neuronal circuit identifies and combines motivation, desire, and 

pleasure (Sarma et al., 2021). The reward system communicates via glutamatergic, 

dopaminergic, and orexinergic neurotransmitters between the prefrontal cortex, basal ganglia, 

brainstem, hippocampus, hypothalamus, and amygdala (Vohra et al., 2021). Oxytocin and 

melanocortin are two important neurotransmitters that regulate metabolism and eating 

behaviour, and the vagal nerve connects the gut to the reward centre (Klement et al., 2017). 

Adipokines like leptin and adiponectin regulate long-term body weight homeostasis, whereas 

short-term satiety signals from several gut hormones drive meal-to-meal appetite regulation 
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(McCormack et al., 2020). Human fMRI research has discovered an appetite network in which 

neural activity in response to visual or olfactory food signals represents hunger and energy 

balance (Zhang et al., 2013). The anterior, tuberal, and mammillary hypothalamic areas are key 

anatomical regions of the hypothalamus involved in energy homeostasis (Yuan et al., 2020). 

The hypothalamus-tuberal region includes the ARC, the ventromedial nucleus (VMN), the 

paraventricular nucleus (PVN), the dorsomedial nucleus (DMN), and the lateral hypothalamus 

(LH). According to recent research, the hypothalamic ARC nuclei and their neurons are the 

cornerstones of neural circuits that oversee the body's energy needs (Blevins et al., 2016). The 

ARC aids in the identification of the melanocortin system, which is known as the first-order 

centre in energy homeostasis and is involved in the mechanism of energy balance (Lawson et 

al., 2020). 

 

Oxytocin is a neurohormone produced by the pituitary gland, with receptors found throughout 

the human body. The oxytocin also stimulates β-cell function, and exogenous oxytocin have 

been demonstrated to reduce food intake and body weight in obese people (Stock et al., 1989). 

Exogenous oxytocin enhances thermogenesis and decreases food intake in rodents, resulting in 

weight loss. Oxytocin levels are higher in fat people than lean people, and oxytocin levels drop 

after the Roux-en-Y gastric bypass technique (RYGB) (Stock et al., 1989). Synthetic oxytocin 

is frequently used to induce uterine contractions during labour and postpartum bleeding. The 

effects of oxytocin are being studied in obese adults and adolescents with hypothalamic obesity 

(NCT03043053) (McCormack et al., 2020). However, oxytocin-based drugs are not available 

commercially to treat obesity. In response to insulin and leptin, the pituitary prohormone 

POMC is converted to MSH, also known as melanocortins. The melanocortins bind to 

melanocortin receptors (MCRs) in the hypothalamus in the brain (Varela and Horvath, 2012). 

MSH reduces AgRP synthesis, raises REE, and decreases food intake when it binds to 

hypothalamic MCRs. AgRP, on the other hand, serves as an antagonist to the MCRs released 

by NPY neurons, increasing food intake, and decreasing REE (Blevins et al., 2016). 

Neurotensin is another neuropeptide discovered in the central nervous system. Neurotensin is 

considered as an anorexigenic neuropeptide based on findings from animal studies; when 

injected directly into the rodent brain, it accelerates stomach emptying and decreases food 

intake in rats (Ratner et al., 2016). The peptide neurotensin is released by enteroendocrine N 

cells in response to food intake, but it may also be secreted by a subset of L cells together with 

GLP-1 and PYY. Although the precise metabolic role of neurotensin in humans is unknown, 

neurotensin analogues are being produced to treat obesity (Ratner et al., 2019). In humans, 
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postprandial levels of neurotensin rise following RYGB, like L cell-derived hormones, but the 

metabolic significance is unknown (Ratner et al., 2016). 

 

The expression of POMC is abundant in the pituitary, where its products are secreted into the 

bloodstream, and the hypothalamus, where POMC-derived peptides operate as neuropeptides 

(Tran et al., 2022b). Endorphins like endorphin, corticotropins like adrenocorticotropin 

(ACTH), and melanotropins such as, MSH are among the biologically active POMC products 

(Lama et al., 2022a). Many of these peptides come in different forms, such as the truncated and 

variably acetylated versions of endorphin (Ehrhart et al., 2018). The ACTH-derived peptides 

MSH and corticotropin-like intermediate lobe peptide (CLIP) are predominant in the 

hypothalamus and intermediate pituitary, respectively. POMC-expressing neurons are not 

uniform and exhibit a wide range of characteristics. While many POMC-processing events are 

conserved in mammals, there are some processing variations among species (Vohra et al., 

2021). β-MSH, for example, is a key human product that is expected to be produced in various 

other animals, including rodents (e.g., guinea pigs, rabbits, chinchillas). However, not all 

rodents have β- MSH because the Lys-Lys cleavage site is absent in some species (e.g., mice, 

rats, and hamsters) (Sarma et al., 2021).  

 

POMC-derived peptides primarily exert their effects through the actions of two types of 

receptors: MCRs and endorphin/opioid receptors. There are five different melanocortin 

receptors, each with its own set of functions and tissue distribution (Quarta et al., 2021). Except 

for MC2R, which is expressed primarily on the adrenal medulla and binds exclusively to 

ACTH, all other MCRs bind to (α- and β-) MSH peptides and ACTH, with minor affinity 

differences (Zhang et al., 2004). Only MC3R and MC4R are highly expressed in the brain, 

with MC4R being particularly abundant in hypothalamic areas linked to food and weight 

management (Lindberg and Fricker, 2021). In addition to ACTH and α- MSH, the version of 

MSH that lacks the acetyl group (des-acetyl MSH) has a high affinity for MC4R. POMC 

knockout mice develop adult-onset obesity due to increased eating and metabolic alterations 

that lower energy expenditure (Guillemot-Legris and Muccioli, 2017). Mutations in the human 

POMC is causing defects in formation of α- and β- MSH. Further, this condition leading to 

alternations in satiety signalling and triggering weight gain (Parande et al., 2022). While α- 

MSH plays a significant part in body weight management in mice and rats, β- MSH has a more 

considerable function in humans and other animals. 
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On the other hand, many animal (mice and rat) models have shown POMC gene and protein 

expression elevation, resulting in physiological compensation and increased quantities of 

bioactive melanocortin and/or prolonged precursors (Parande et al., 2022). It is also worth 

noting that some research focuses on pituitary α-MSH, while other research looks more broadly 

at hypothalamic α- MSH. A third complication is that commercial radio-immunoassays may 

not discriminate between extended versions of α- MSH and α- MSH (Kirwan et al., 2018). 

However, recent developments like peptidomics can detect both forms of MSH (e.g., des-

acetyl-MSH, C-terminally-extended MSH). Finally, the energy condition of the body 

influences the activity of POMC neurons (Fricker et al., 2021). Indeed, as systemic energy 

levels drop (fasting), POMC messenger RNA (mRNA) expression, and POMC peptide release, 

were decreased. The use of fibre photometry (by optical canula insertion) and Optetrode 

electrophysiology (muti channel electrode array insertion) in real-time have shown spiking 

AgRP neural activity in conscious mice within 1–2 h after the stimulus (Harno et al., 2018). 

After displaying ordinary chow or palatable food to POMC-ChR2 mice, but before the meal is 

ingested, rapid activation is identified with food-related sensory cues. Several hours of POMC 

neural stimulation did not affect food consumption. Persistent neural stimulation (from 24 h to 

multiple days) is necessary to see the classic appetite-reducing effect (Lindberg and Fricker, 

2021).  

 

Insulin, leptin, and serotonin (among others) are extracellular messengers that may impact 

overall energy balance by acting on various POMC neuronal subpopulations (illustrated in 

Figure 1.3). POMC cells that express the leptin receptor (LepR) form a molecularly different 

cluster compared to POMC neurons that express the serotonin receptor 5HT2cR or the insulin 

receptor, according to single-cell transcriptome data. Systemic glucose control and systemic 

leptin production are also affected in mice with postnatal LepR ablation. Postnatal deletion of 

the 5HT2cR protein product in POMC neurons, on the other hand, stimulates hyperphagia, 

increases glucagon release, and favours diet-induced obesity (DIO) (Quarta et al., 2021). 

 

POMC neuronal activity can alter behavioural and physiological responses related to survival, 

such as stress, pain, fear, and movement. According to POMC neuronal heterogeneity, different 

POMC neuronal clusters may have evolved to override potential anxiogenic sensations and 

painful or even fearful situations that limit locomotion and undermine food acquisition 

(Lindberg and Fricker, 2021). POMC-ARC neurons are activated by chronic restraint stress or 

an acute injection of a vehicle solution in mice, which inhibits dopamine neurons in the ventral 
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tegmental region. In persistently stressed mice, photo-inhibition of the POMC-ARC–ventral 

tegmental region circuit improves body weight and food intake while lowering depression-like 

behaviours and anhedonia (a deficit in the ability to experience pleasure) (Quarta et al., 2021).  

 
Figure 1.3: Conceptual representation of hypothalamic circuits in energy balance 

The LepR-deficient animals do not respond to leptin's hypertensive and sympathomimetic 

effects. These LepR-positive POMC cells may elevate blood pressure and heart rate via top-

down mechanisms (presynaptic neuron stimulus) in response to leptin action (Shi et al., 2020). 

On the other hand, other subpopulations might have the opposite effect on the heart, as 

continuous chemo-genetic activation of POMC neurons lowers blood pressure (Hall et al., 

2022). As a result, numerous subsets and diverse processes may be able to integrate emotional, 

cardiovascular, and behavioural outcomes related to food foraging. This evidence shows that 

POMC neurons may have been programmed to coordinate a more extensive range of biological 

responses than energy balancing during mammalian evolution (Wu et al., 2021). Genetic 

attempts to treat POMC neuronal dysfunction in DIO mice have resulted in phenotypic 

differences. DIO triggers inflammatory biological pathways that may impair neural function 

(Quarta et al., 2021). IkB kinase-β (IKK-β: a proinflammatory nuclear factor activator) ablation 

in POMC neuronal cells does not prevent DIO but reduces obesity-induced hypertension 

(Purkayastha et al., 2011); the specific POMC subsets have been linked to cardiovascular 

system modulation. Physical activity, energy expenditure, and DIO sensitivity vary between 
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mice, influenced by subpopulations of POMC neurons that express 5HT2cRs (Jais and 

Brüning, 2017).  

 
Figure 1.4: Functional aspects of AgRP and POMC neurons involved (Heksch et al., 2017) 

Early research focused on the ablation and silencing of AgRP/NPY neurons to determine their 

involvement in eating behaviour. The ablation of AgRP/NPY neuron in adults caused ablation, 

whereas in neonates had minimal effect on feeding (Luquet et al., 2005). Ablation or silencing 

of AgRP/NPY neurons can result in anorexia and rapid weight loss (Vohra et al., 2021). In 

other investigations, sustained AgRP/NPY neuronal stimulation resulted in a significant rise in 

AgRP neuronal peptide expression in transgenic obese mice. Food foraging, food hoarding, 

and food intake were all increased when central AgRP and/or NPY were administered (van 

Galen et al., 2021). As a result, AgRP/NPY neuropeptides appear to be accountable for and 

engaged in developing obesity-related symptoms (Vlaardingerbroek et al., 2021). External 

activation of AgRP/NPY neurons using a photo-stimulus of channelrhodopsin-2 (ChR2) 

resulted in instantaneous coordination of the neurons and a feeding response within minutes of 

activation. The essential neuronal populations with the closest and most robust relationship 

with feeding behaviours are AgRP and NPY-producing neurons (Baptista-de-Souza et al., 

2022). AgRP is a 50-amino-acid (AA) neuropeptide generated by cleaving a pro-protein after 

it has been translated, releasing mature and disulphide-rich AgRP (Mavanji et al., 2021). 

AgRP-expressing neurons detect signals from the circulating hormones leptin, ghrelin, and 

insulin and respond via axonal projections to numerous various parts of the brain, including 

LH and PVN. GABA and NPY activities block POMC neurons, while AgRP neurons send 

lateral projections to many distinct brain locations that correspond to POMC projections (Jais 

and Brüning, 2021). Recent research has discovered that Syndecans (heparan sulphate 

moieties) are essential to modify AgRP signalling in the central melanocortin system to 

promote orexigenic effects (Vohra et al., 2021). 
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Nonetheless, by modulating the activity of the AgRP neurons, peripheral hormonal signals 

generated by the body play a significant part in controlling hypothalamic activities for energy 

balancing. As a result, AgRP is regarded as critical for the regulation of feeding maintenance 

(Krishnadas et al., 2018). The peptide NPY is a 36-AA NPY, a neurotransmitter that regulates 

energy homeostasis and fat accumulation in the brain. Therefore, potential anti-obesity 

medication targets include NPY (subtype Y5) antagonists. Tamura et al. (2012) discovered that 

oral treatment of an NPY-Y5 antagonist lowered food intake (Tamura et al., 2012), and Tamura 

et al. (2013) found that repeated administration of NPY-Y5 antagonists had anti-obesity effects 

in DIO mice without any abnormal behaviour (Tamura et al., 2013). The Figure 1.4 shows 

basic pathways that are influenced by POMC and AgRP neurons. 

 

 
Figure 1.5: Schematic representation of 5HT2cR localisation and pivotal role in POMC 

neurons, inspired from (Stamm et al., 2017) 

In mice, removing POMC from the hypothalamus but restoring its expression in 5HT2cR-

positive neurons improved energy expenditure (Crino et al., 2018). Serotonin receptor 2C 

(5HT2cR) is a G-protein coupled receptor with seven transmembrane domains that regulate 

essential brain activities such as food intake, anxiety, stress response, and sleep (d'Agostino et 

al., 2018). In human and rat models of obesity, 5HT2cR are deregulated in depression, 

schizophrenia, suicidal behaviour, and spinal cord damage (Brandt et al., 2018). Understanding 

the importance of 5HT2cR in appetite control gave rise to the development of Lorcaserin, an 

FDA-approved medication for the short-term treatment of obesity that increases 5HT2cR 

activity (Tran et al., 2022b). Antipsychotic medicines that treat depression, anxiety, and 

schizophrenia interact with the 5HT2cR, which improves the drug's efficacy but frequently 
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causes weight gain as a side effect. The 5HT2cR activity in POMC neurons is briefly illustrated 

in Figure1.5. When serotonin binds to 5HT2cR, the dissociation of the second intracellular 

loop of 5HT2cR leads to G-protein signal activation. The α- subunit of Gq11 increases the 

phospholipase-C signal upon dissociation. This signal further leads to activation of IP3 

(inositol triphosphate) and diacylglycerol (DAG) expression (Stamm et al., 2017, Pogorelov et 

al., 2017). 

 

Further, PKC causes c-fos to be phosphorylated by activating the extracellular regulated kinase 

(ERK) pathway. POMC synthesis is triggered by c-fos activation. POMC is converted to α--

melanocyte-stimulating hormone (α-MSH), activating neurons in the PVN through 

melanocortin 4 receptors. Satiety, or the cessation of eating, is induced by PVN neuron 

activation. Hyperphagia and obesity are seen in knock-out mice lacking the 5HT2c receptor 

(Valencia-Torres et al., 2017, Stamm et al., 2017, Ge et al., 2017).  

 

In humans, lean mass (fat-free mass plus muscle mass) is a major predictor of basal 

metabolism. The ratio of lean mass to total body weight is 60–70% in women and 70–80% in 

males, according to body size and composition basal metabolic rate and sleeping metabolic 

rate varies; which could explain the role of skeletal muscle metabolism in overall energy 

expenditure (Chen et al., 2020). Skeletal muscle metabolism influences baseline metabolism, 

but it also influences adaptive thermogenesis, such as CIT (Cold induced thermogenesis). 

Similarly, even in mice fed an HFD, the basal metabolic rate (BMR) is more dependent on lean 

mass than fat mass. Androgens can augment skeletal muscle, which is controlled by the 

hypothalamic-pituitary-gonadal axis (Fan et al., 2005). Gonadotropin-releasing hormone 

(GnRH) boosts the release of anterior pituitary gland luteinizing hormone, which stimulates 

testosterone synthesis and secretion in the gonads (Clarke et al., 2019). In mice, the androgen 

receptor in the hypothalamus positively controls fat-free mass, and androgen receptor-null male 

mice have lower energy expenditure, leading to late-onset obesity (Fan et al., 2005). 

Erythropoietin is produced in the hypothalamus and kidney diminishes with age and dietary 

obesity. Central erythropoietin treatment in mice boosts lean mass and muscle function while 

lowering body weight and fat mass (Tran et al., 2022a, Wang et al., 2020).  

 

In mice, fat mass is another important regulator of metabolic rate: obese mice have a greater 

baseline metabolism than thin mice (Tran et al., 2022b). A prior study found that leptin-

deficient ob/ob mice have no fat mass contribution to energy expenditure, which can be 
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reversed by physiological leptin replacement. This finding suggests that fat mass contributes 

to energy expenditure in a leptin-dependent manner (Wang et al., 2020). Despite the relevance 

of skeletal muscle and fat tissue in basal metabolism, more direct data is needed to determine 

whether the hypothalamus regulates basal metabolism through lean and fat mass determination. 

It is difficult to determine the exact relationship between energy expenditure and lean and/or 

fat mass (Clarke et al., 2019); and how far changes in body mass effect basal energy 

metabolism in this way (Tran et al., 2022b).  

 

1.5 Importance of 5HT2cR in satiety: 
The 5HT2cR belongs to a GPCR family, which includes seven subtypes of serotonin receptors, 

ranging from 5HT1 to 5HT7 (described in table 1.6). They play a role in various biological 

processes, including intestinal motility and cognitive functions, as well as mood, appetite, and 

sleep. Because GPCRs of the same subtype have similar binding sites, a single endogenous 

ligand can excite multiple GPCR targets simultaneously (Stasi et al., 2014).  

 

Table 1.6: Functional role of individual serotonin receptors(Stasi et al., 2014) 

 Signaling 
Mechanism 

Distribution Effects 

5HT1a Gi, ↓ cAMP Raphe nuclei, hippocampus Regulates sleep, feeding and 
anxiety 

5HT1b Gi, ↓ cAMP Substantia nigra, globus 
pallidus, basal ganglia 

Neuronal inhibition, behavioral 
changes 

5HT1d Gi, ↓ cAMP Brain Vasoconstriction 
5HT1e Gi, ↓ cAMP Cortex, hippocampus Memory 
5HT1e Gi, ↓ cAMP Globus pallidus, putamen Anxiety, vasoconstriction 
5HT2a Gq, ↑ IP3 Platelets, cerebral cortex Cellular excitation, muscle 

contraction 
5HT2b Gq, ↑ IP3 Stomach Appetite 
5HT2c Gq, ↑ IP3 Hippocampus, hypothalamus, 

substantia nigra 
Mood, Anxiety, Satiety 

5HT3 Na+-K+ ion 
channel 

Area postrema, enteric nerves Vomiting 

5HT4 Gi, ↑ cAMP Cortex, smooth muscle Gut motility 
5HT5a Gi, ↓ cAMP Cortex Locomotion, smell, sleep 
5HT6 Gi, ↑ cAMP Cortex Cognition, learning 
5HT7 Gi, ↑ cAMP Hypothalamus, cortex depression 

 

There are three 5HT2R subtypes among the distinct types of 5HT receptors: 5HT2a, 5HT2b, 

and 5HT2c. 5HT2aR is widely produced in the brain, particularly in the cerebral cortex and 
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has been linked to the hallucinogenic effects of substances like lysergic acid diethylamide 

(LSD) (Fiorino et al., 2017). Schizophrenia and sleeplessness have both been treated with drugs 

that target 5HT2aR. The 5HT2bR is in the cardiovascular system and linked to deadly 

valvulopathy, which certain prescription medicines can cause (Fiorino et al., 2017). Drugs or 

ligand compounds targeting the 5HT2cR have been studied to treat depression, anxiety, 

anorexia, obsessive-compulsive disorder, chronic conditions, obesity, epilepsy, and erectile 

dysfunction. The 5HT2cR has different isoforms due to pre-mRNA editing and post 

transcription modification processes (Pogorelov et al., 2017). The two important forms of 

5HT2cR are differentiated based on cellular location: functional 5HT2cR (5HT2cR-fn) appear 

on the cell membrane, whereas the truncated receptor (5HT2cR-tr) is trapped in the 

endoplasmic reticulum membrane. As a result of alternative splicing and RNA editing, the 

5HT2cR functional activity decreases (Pogorelov et al., 2017). Oligonucleotides can be used 

to change the ratio of truncated to full-length receptors, allowing for targeted control of 5HT2c 

receptor activation (Farooqi and O’Rahilly, 2009, Stamm et al., 2017). The 5HT2cR pre-

mRNA contains exons I–VI, which are subjected to RNA editing and alternative pre-mRNA 

splicing. Alternative exon Vb is defined by a proximal and distal splicing site in exon V. 

Alternative splicing produces two types of RNA: exon Vb free RNA1 and exon Vb containing 

RNA2. Exon Vb is alternatively spliced in addition to being pre-mRNA edited. RNA1 is the 

RNA produced when exon Vb is skipped, which causes a frameshift, and an early stop codon 

in exon VI results in a shortened protein (5HT2c-tr) with three transmembrane domains 

(Stamm et al., 2017, García-Cárceles et al., 2017). The stop codon lies in the last exon, the 

mRNA bypasses nonsense-mediated decay, and an antiserum against the 5HT2c-tr specific C-

terminus can detect the truncated protein from RNA1 in the brain (Reynolds et al., 2003). Exon 

Vb and SNORD115, a neuron-specific C/D box snoRNA, have an 18-nucleotide perfect base 

complementarity (Stamm et al., 2017) 

 

The C/D box snoRNAs (SNORDs) are non-coding RNA that accumulates in the nucleolus and 

is highly expressed (60–300 bp in length). Half of the known SNORDs are involved in rRNA 

processing as a guiding molecule for the methyltransferase fibrillarin to rRNA or to pre-rRNAs' 

cleavage (Stamm et al., 2017). Non-methylating ribonuclear protein complexes containing 

hnRNPs but without the methylase fibrillarin are formed by SNORD115. As a result, when 

SNORD115 binds to exon Vb, it promotes exon Vb inclusion (as illustrated in Figure 1.6) in a 

non-methylating SNORD-complex (Bratkovič et al., 2018). SNORD115 is found in most brain 

parts but not in the choroid plexus, which lines the ventricles and produces cerebrospinal fluid. 
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Exon Vb is also mostly contained in all brain areas but not in the choroid plexus, indicating 

that SNORD115 plays a physiological role in promoting exon Vb inclusion (Ehrhart et al., 

2018). Because of pre-mRNA splicing and editing, the 5HT2c gene produces 25 proteins (24 

full-length and one truncated isoform), 33 mRNAs, and four miRNAs (Stamm et al., 2017). 

From Figure 1.6, exon Vb and intron V generate a dsRNA region that is the substrate for ADAR 

(adenosine deaminase acting on RNA) enzymes, which bind to dsRNA and deaminate 

adenosine residues, converting them to inosine (García-Cárceles et al., 2017). The A, B, E, C, 

and D editing sites in exon Vb were discovered by comparing cDNA to genomic DNA (the E 

site is also known as the C′ site). In comparison to sites C and E, Sites A, B, and D are 

significantly altered (García-Cárceles et al., 2017). 

 

The examination of ADAR mice knockouts suggests that ADAR1 edits sites A and B, ADAR2 

edits sites C and D, and both enzymes edit the E site (Zhang et al., 2016b). In vitro editing tests 

revealed that the loop opposite the SNORD115 binding site is required for ADAR to be 

correctly positioned and hence for the editing sites to be recognised. ADAR2 binds Inositol 

hexa-his-phosphate (IP6) in the enzyme core, essential for ADAR2 activity. Phospholipase C 

and IP3, which can be transformed to IP6, are produced when 5HT2cR binds to a heterotrimeric 

G-protein containing Gq/11. Therefore, a feedback loop may influence 5HT2c activity and 

5HT2c editing (Stamm et al., 2017). Exon Vb inclusion was not affected by transfection 

experiments that investigated various splicing factors for their influence on 5HT2c. However, 

a C/D box snoRNA (SNORD) that binds to the regulated dsRNA structure has been discovered. 

SNORD115, known initially as HBII-52, is a strong exon Vb activator (Bratkovič et al., 2018, 

Martin et al., 2013a). SNORD115 was further described to get insight into the underlying 

process. In humans, there are 47 identical copies of SNORD115. SNORD115, like other C/D 

box snoRNAs, is found in an intron surrounded by two exons. In the C-terminus of all 5HT2c 

full-length receptors, a PDZ (postsynaptic density‐95 (PSD‐95), discs‐large, zona occludens 1 

(ZO‐1): small modular protein entities consisting of 80–110 residues) -ligand motif binds to at 

least seven different PDZ domain-containing proteins (Jang et al., 2012, Bortolin-Cavaille and 

Cavaillé, 2012). Unlike the full-length receptor, the shortened receptor lacks a PDZ-ligand 

sequence, which may explain the discrepancies in membrane attachment and localisation 

between the full-length and truncated receptors. The 5HT2c-tr cannot bind to a G-protein and 

does not trigger phospholipase C (PLC) because it lacks the second transmembrane domain. 

Internal membranes of the endoplasmic reticulum (ER) contain 5HT2c-tr, which is not 

measurable at the plasma membrane (Morabito et al., 2010, Kishore et al., 2010, Dagher, 2010). 
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Figure 1.6: The complementary sequence of SNORD115 binding to 5HT2cR pre-mRNA in 

functional 5HT2cR expression, the absence of SNORD115 binding to pre-mRNA leads to lack 

of exon VI region and forms the truncated 5HT2cR protein (Stamm et al., 2017) 

 

Furthermore, the editing status of full-length receptors is critical for POMC-neurons signalling, 

as overexpression of fully edited receptors causes hyperphagia in mice, implying reduced 

POMC neuron function (Adams et al., 2017, Zhang et al., 2016b). SNORD115 stimulates the 

production of non-edited full-length receptors, while ADAR1 and ADAR2 causes the 

formation of edited full-length receptors, as previously stated. Thus, RNA processing of the 

5HT2cR regulates food intake in part (Zhang et al., 2016b). A pivotal study focuses on 

determining how 5HT2c receptor agonists influence food intake regulation and energy 

metabolism, given that the 5HT2cR is a potential candidate for treating obesity (Garcia-

Carceles et al., 2017). Simultaneously, a lot of effort has gone into investigating how 5HT2cR 

mediated neurotransmission affects forebrain dopamine (DA) systems and networks, which 

has sparked interest in how modifying 5HT2cR activity affects DA-dependent behaviours 

(Pogorelov et al., 2017, Huang et al., 2018).  

 

The arcuate nucleus (ARC) of the hypothalamus produces POMC, which is then cleaved into 

a melanocyte stimulating hormone (α-MSH) when 5HT2cR are activated (McLean et al., 

2018). This α-MSH neuropeptide induces satiety by acting on the MC4Rs in the paraventricular 

nucleus of the hypothalamus. As a result, 5HT2cR agonists are expected to modify metabolic 

aspects of feeding by acting directly on these hypothalamic circuits (Griggs et al., 2018b, 

Hassan et al., 2018). However, 5HT2cR agonists are unlikely to affect this element of feeding 

solely. The impact of 5HT2cR ligands on DA neuronal activity and DA-mediated behaviours 
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was guided by localisation studies (Ramos-Molina et al., 2018). Serotonin is a primary 

regulator of DA neuronal activity, both inhibitory and excitatory, and the 5HT2c receptor is a 

crucial mechanism by which 5HT inhibits DA function (Ramos-Molina et al., 2018, Price et 

al., 2018). The 5HT2cR agonist lorcaserin is used to treat obesity; however, neither the exact 

subset of 5HT2cRs that coordinates the therapeutic action nor the neurochemical mediator that 

these receptors target have been thoroughly characterised (Lindberg and Fricker, 2021, Hebras 

et al., 2020). Previous genetic manipulation of the receptor indicated that the subset of 5HT2cR 

co-expressed with brain POMC is both sufficient and essential, given that 5HT2cR agonists 

boost the activity of POMC-ARC neurons to manage satiety (Jais and Brüning, 2022).  

 

Lorcaserin is the only available specific 5HT2cR agonist that the FDA recognised in June 2012 

to treat obesity. The FDA granted approval based on three Phase III trials lasting 1–2 years, 

each of which contained a dosing arm of 10 mg twice a day and a total patient population of 

7789. A meta-analysis of the data found a 3.32 kg weight loss and a 1.16 kg/m2 reduction in 

body mass index (BMI) compared to placebo (Aronne, 2019, Tolete et al., 2018). Blood 

pressure, total cholesterol, low-density lipoprotein (LDL-C), and triglycerides were all found 

to be improved as secondary outcomes. The most common lorcaserin adverse effects were 

headache and nausea. According to a systematic review and meta-analysis, lorcaserin is a 

selective agonist at the 5HT2c receptor with a low binding affinity for 5HT1a and 5HT2b 

receptors at the prescribed dose (Tchang et al., 2020). Lorcaserin is considered to induce the 

production of anorexigenic peptides POMC and CART in the hypothalamus by activating 

5HT2cR expressed on pro-opiomelanocortin (POMC) and cocaine-and-amphetamine-

regulated transcript (CART) neurons (Tolete et al., 2018). POMC neurons have been 

discovered in the nucleus tractus solitarius (NTS), where 5HT2cR stimulation promotes 

anorexigenic effects independent of POMC/CART neurons in the hypothalamus arcuate 

nucleus (Harno et al., 2018). When POMC neurons in the arcuate nucleus were knocked out, 

this resulted in a muted long-term response to lorcaserin. When POMC neurons in the nucleus 

tractus solitarius (NTS) were knocked out, this resulted in a blunted acute response to 

lorcaserin. TrpC5, a cation channel receptor shared with leptin, was involved in the cell 

signalling process through which 5HT2cR stimulates POMC neurons. TrpC5 subunits are 

required for POMC-induced hypophagia, weight loss, and better glucose tolerance, and their 

absence impairs leptin and lorcaserin responses (Phillips et al., 2018).  
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The 5HT2b receptor has played a significant role in the history of serotonin receptor agonists, 

despite not being known to regulate hunger directly. The 5HT2bR is located on heart valves, 

and early investigations on nonselective serotonin receptor agonists like fenfluramine and 

dexfenfluramine were discovered to cause valvulopathy due to agonistic effects at the 5HT2bR 

(Ge et al., 2017). Lorcaserin has been found to perform a key role in the meso-cortico-limbic 

system and its serotonergic actions correlation (Di Giovanni et al., 2020). The lorcaserin 

reduced risk of cardiac functions in obesity but the rates of valvulopathy, depression, and 

suicidal risk do not differ between lorcaserin users and those receiving placebo (Vasdeki et al., 

2022). When given an HFD, lorcaserin increased 5HT2cR activity in midbrain dopaminergic 

neurons and attenuated binge-like eating behaviours in a rat model of binge eating disorder 

(Price et al., 2018). Lorcaserin is one of a few numbers of pharmacotherapies that are effective 

in treating obesity and associated complications. Polypharmacotherapy is typically necessary 

to address comorbidities in obese patients due to their high medical complexity (Cheng et al., 

2016). Lorcaserin also reduces hepatic gluconeogenesis while increasing glucose disposal rate. 

Hypoglycaemia has also been mentioned as a possible significant side effect connected with 

lorcaserin (Tchang et al., 2020, Sutton and Krashes, 2020). 

 

Different lorcaserin clinical efficacy studies include Behavioural Modification and Lorcaserin 

for Overweight and Obesity Management (BLOOM), Study for Obesity Management 

(BLOSSOM), Overweight and Obesity Management in Diabetes Mellitus (BLOOM-DM), and 

Cardiovascular and Metabolic Effects of Lorcaserin in Overweight and Obesity Management 

in Diabetes Mellitus (CAMELLA-DM). The FDA said earlier in 2020 that its review of the 

data from the CAMELLIA-TIMI 61 research revealed that 462 patients (7.7%) treated with 

lorcaserin had cancer, compared to 423 patients (7.1%) in the placebo group (Mathai, 2021). 

Pancreatic, colorectal, and lung cancer were more common in the lorcaserin group, among the 

several cancer types described. Therefore, to determine which individuals are likely to be high 

responders in terms of reaching a significant weight loss benefit, it is necessary to establish 

parameters that may indicate which individuals are likely to be high responders to achieve a 

considerable weight loss advantage (Tchang et al., 2020). While the 5HT2cR is a prominent 

target in obesity, lorcaserin is the only specific agonist molecules that is currently available for 

use alone or in combination with other anti-obesity drugs. (Patel et al., 2020). One such 

combination paired the regular dose of lorcaserin (10 mg twice a day) with phentermine (15–

30 mg), resulting in more weight loss than lorcaserin alone (Fleming et al., 2013).  
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1.6 Behavioural changes with high calorie intake and 5HT2cR obligation: 
Eating habits are complicated, and both mood and emotions influence them. Mood and 

emotions, on the other hand, are two different things. In the absence of visible stimuli, 

psychological arousal is defined by mood, which can endure for several minutes or more 

(Heisler et al., 2006). On the other hand, emotions are a short-term affective reaction to 

reinforcing stimuli. A study found that anger and joy have the most significant impact on 

hunger and food choice of all emotions. Macht's 2008 review, on human behaviour evidence 

from questionnaires, field investigations, and clinical studies points to an integrative five-way 

model that predicts five key features of emotional eating (Macht, 2008). The five aspects 

emotional eating are food choice, food intake, loss of cognitive controls, food-modulating 

emotions, and binge eating (Macht, 2008).  As a result, emotional eating is triggered, where 

food intake can either grow or decrease within the same individual, depending on the condition 

of unpleasant emotions or anxiety (Baptista-de-Souza et al., 2022). Food choice, quantity, and 

meal frequency are influenced by sensory and psychological pathways that may or may not be 

part of a standard physiological requirement (Macht, 2008). Many psychosomatic theories of 

obesity claim that obese patients overeat because they cannot sense their physiological state, 

hunger, and satiety and that overeating relieves emotional distress and anxiety.  

 

Anxiety and depression have an impact on dietary choices and energy metabolism. Obesity and 

overeating are frequently linked to depression and anxiety in humans, which has also been 

shown in animal models (Strasser et al., 2016, WHO, 2020). In severe depression, both 

endocrine and metabolic problems are aggravated. People who are depressed are more, likely 

to prefer and consume appetising "comfort foods" to help them cope with their unpleasant 

emotions (Higgins et al., 2017). Although appetising foods can provide some respite from 

negative emotions and mood states in the short term, persistent consumption of calorie-rich 

foods leads to obesity, which increases the risk of melancholy and anxiety. 

 

On the other hand, a long-term HFD has been linked to negative affective states, increased 

stress sensitivity, and changes in basal corticosterone levels (Schachter et al., 2018). As a result, 

unpleasant emotion influences food selection and intake, affecting mood in a bidirectional 

manner (Rodriguez and Zigman, 2018). Other interesting changes in mice include decreased 

pleasure/reward experience, anxiety-like behaviour, and increased stress-induced 

hypothalamic pituitary adrenal axis (HPA) activity. Furthermore, mice developed a preference 
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for sucrose and high-fat foods after being exposed to a chronic HFD and then when switched 

to a regular chow diet, they displayed increased anxiety-like behaviour (Singh, 2014). Finally, 

when people shifted from a high-fat sugar diet to a low-fat sugar diet, they showed expanded 

behavioural and physiological indications of despair and anxiety (Martin et al., 2014). These 

findings indicate that persistent high-fat feeding promotes negative emotional states and 

potentiates the situation for increased stress sensitivity, leading to a cycle of overeating, weight 

gain, and depression. 

 

For example, chocolate has a powerful effect on mood, elevating positive sentiments and 

lowering tension. Chocolate includes psychoactive compounds like amines, which excite the 

brain and promote contentment. Due to the sensory characteristics involved with chocolate 

consumption, chocolate's unique taste and feel on the tongue promote chocolate cravings 

(Osman and Sobal, 2006). Caffeine, which is primarily consumed in coffee and tea, has 

stimulant effects that increase alertness, attentiveness, and reaction time in susceptible 

individuals while also increasing anxiety. Omega-3 fatty acids, which can be found in various 

foods, have been shown to affect mood, behaviour, neuroticism, and impulse control (Crowley 

et al., 2002).. Diets high in saturated fat and deficient in polyunsaturated and monounsaturated 

fatty acids have been linked to increased depressive symptoms. Anxiety and mood disorders 

are more common among obese people (Tidman et al., 2022).  

 

Hypercortisolemic depression, belly fat storage, reduced glucocorticoid-mediated negative 

feedback, and increased corticotropin-releasing hormone (CRH) release from the 

paraventricular nucleus are all linked to increased corticotropin-releasing hormone (CRH) 

release (PVN) (McEwen, 2022). Furthermore, adolescent depression is connected to an 

increased risk of adult obesity (Handakas et al., 2022). A rudimentary understanding of 

dopamine-mediated food intake has come from rodent studies. Mice with low dopamine levels 

die early owing to a lack of motivation for food intake (Nonogaki, 2022). Changes in serotonin 

2C receptor (5HT2cR) editing have been linked to dopamine synthesis, reward, mood, eating, 

and obesity (Xie et al., 2021). Intriguingly, transgenic mice with a dysregulated RNA editing 

enzyme, ADAR2, show changes in both serotonergic and dopaminergic systems. In ADAR2 

transgenic mice, co-morbidities of depression and anxiety behaviours and altered 5HT2cR 

editing were identified. These findings imply that the changed 5HT2cR in ADAR2 transgenic 

mice may be connected to co-morbidities of affective illness, overeating, and obesity (Monian 

et al., 2022). In ADAR2 transgenic mice, post-transcriptional alteration of the 5HT2cR is 
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linked to changes in mood, food intake, and obesity. Brain-derived neurotrophic factor (BDNF) 

was demonstrated to have an antidepressant-like effect in another rodent model of depression. 

The BDNF deficient mice showed with hyperactivity, hyperphagia, and weight gain; BDNF 

has been a neurotropic modulator on serotonergic neurons (Wan et al., 2020, Pérez-Maceira et 

al., 2016, Solomon et al., 2013). 

 

The limbic system, which integrates the amygdala with the hypothalamus and septal nuclei, is 

involved in addiction and spans two main brain regions: (i) the prefrontal area and the 

amygdala, and (ii) the limbic system, which integrates the amygdala with the hypothalamus 

and septal nuclei (Koob and Volkow, 2010). Addiction to alcohol and drugs involves 

neurochemistry and neuroanatomical reward circuitry (Fu et al., 2020), which can be used to 

develop an addiction model of overeating and obesity. In certain studies, hunger has been 

shown to alter memory for food-related stimuli, with the orbitofrontal cortex being notably 

implicated in food-related stimuli in the hungry condition (Hill et al., 2012, Farooqi and 

O’Rahilly, 2009). Treatments with serotonin potentiating medications reduce depression in 

seasonal affective disorder, indicating that brain serotonin plays a role in the pathophysiology 

of depression (Wallace and Fordahl, 2021). Additionally, evolutionary biology in learning and 

memory may have a role in the development and persistence of anorexia nervosa. Affective 

disorder, stress, maternal separation, Prader Willi Syndrome (PWS), hyperphagia, and obesity 

have all been linked to RNA editing of the 5HT2cR (Rebai et al., 2021, Meng et al., 2021, 

Mavanji et al., 2021, Lindberg and Fricker, 2021, Marin et al., 2020). Through 24 distinct 

receptor isoforms, RNA editing of the 5HT2cR affects several aspects of serotonin signalling. 

The fact that these altered 5HT2cR isoforms have varying ratios in different brain regions 

shows that the 5HT2cR can play a highly variable role in linking mood, food intake, and the 

development of obesity (Hebras et al., 2020).  

 

One of the most common hereditary causes of morbid obesity and intellectual disability is 

Prader-Willi syndrome (PWS- a genetic disease) (Dykens et al., 2018). Short stature, severe 

hypotonia at birth, genital hypoplasia, and distinctive facial traits characterise PWS patients. 

Loss of paternal allele expression at an imprinted region on chromosome 15q11.2-q13.1 causes 

PWS, affecting 1 in 10,000 people (Irizarry et al., 2016). Five protein-coding genes (MKRN3, 

MAGEL2, NECDIN, SNURF-SNRPN, NPAP1/C15orf2) and six orphan C/D box snoRNAs 

(SNORDs) are expressed only from the paternal allele in the imprinted area that is lacking in 

PWS: 107, 64, 108, 109, 116 (29 copies falling into five classes) and 115. (47 almost identical 
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copies). Where, SNORD64 has a role in fear related memory (Leighton et al., 2022) and 

SNORD116 and 115 (Griggs et al., 2018b) are playing crucial role in appetite regulation in 

PWS. As previously stated, SNORD115 promotes exon Vb inclusion, which affects the post 

transcriptional modification of the 5HT2cR-mRNA (Irizarry et al., 2016, Hebras et al., 2020). 

The targets and functions of the SNORDs that are not found in PWS remain unknown. Mice 

with the SNORD115 gene overexpressed have autistic characteristics demonstrating that 

SNORD expression levels must be tightly regulated (Di Giovanni and De Deurwaerdère, 

2016). The 5HT2c-tr receptor isoform is increased in POMC neurons in a knockout model for 

PWS lacking all SNORDs, including SNORD115, as expected by earlier transfection studies 

revealing that SNORD115 promotes exon Vb inclusion. Because POMC neurons do not 

efficiently produce c-fos after 5HT2c stimulation, increasing the 5HT2c-tr in these neurons 

inhibits the anorexic response of these animals (Stamm et al., 2017). The 5HT exhibits 

downstream connection within hypothalamic pathways - through the 5HT2cR to regulate 

appetite homeostasis. Serotonin-related pathways are crucial research targets for correcting 

PWS appetite behaviours (Griggs, 2019, Griggs et al., 2018b).  

 

The modulation of the 5HT2cR via downstream inhibitory pathways such as POMC, α-

melanocyte-stimulating hormone (α-MSH) and reward targets such as anticipatory dopamine 

appetite (Lama et al., 2022a, Wu et al., 2021) are only a few examples. Researchers are 

targeting 5HT2cR for various psychiatric and obesity treatments due to its function in satiety 

and eating behavioural factors. Lorcaserin is one such medicine used to treat obesity as a 

selective agonist for the 5HT2cR receptor (Theilade et al., 2021). Some of the initial insights 

into the possibility of a 5HT2cR agonist for obesity treatment came from preclinical meta-

chlorophenyl-piperazine (mCPP) studies (Jang et al., 2012). However, because it binds to many 

receptors in addition to the 5HT2cR, this drug is unlikely to find broad application in humans 

(d'Agostino et al., 2018). The melanocortin system is also implicated in the mechanisms of 

action of mCPP and other preclinical 5HT2cR agonists (BVT.X and WAY161, 503) on 

appetite and glycemic control/insulin sensitivity. WAY161, 503 boosts ARC POMC neuronal 

activity (Wang et al., 2020, Zheng et al., 2020). 

 

According to recent research, in HFD mice, a combination of probiotics and exercise showed 

synergistic effects on anxiety indicators and obesity (Parande et al., 2022). Animal behaviour 

investigations in both C57BL/6 mice and ob/ob mice demonstrated increased immobility time 

in the tail suspension test (TST) (Foroozan et al., 2021), decreased staying time in the middle 
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square, decreased number of line crossings, and increased faeces in the open field test (OFT) 

(Patel et al., 2020). Furthermore, it was discovered that ob/ob mice demonstrated depression 

behaviour in the TST and decreased exploratory behaviour and anxiety-like behaviours in the 

OFT (Foroozan et al., 2021, Braga et al., 2021, McLean et al., 2018). Whereas grape 

supplementation has beneficial impacts on anxiety-like behaviour and eating behaviour; 

resulting in improved cognition and memory in HFD fed mice (Parande et al., 2022). Chronic 

pre-weaning exposure to a high-fat diet (HFD) resulted in increased anxiety-like behaviours in 

rats, as measured by open-field and elevated plus maze (EPM) testing. In a model of HFD-

induced obesity in C57BL/6 mice, adverse effects on mammopoiesis, milk supply, and pup 

retrieval were also found (Parande et al., 2022). Hence, these studies summarise the importance 

of behavioural changes related to 5HT2cR expression and HFD exposure.  

 

1.7 Obesity and consequences in cardiac dysfunction:  
The impact of a high body mass index (BMI) on chronic diseases is well understood. In studies, 

hypertension, dyslipidemia, and diabetes have all been linked to excessive BMI (Sarma et al., 

2021). However, central obesity was measured by waist circumference, and linked to an 

increased risk of atherosclerotic cardiovascular disease and may be overlooked if BMI is 

employed as the sole indicator of obesity (Petrilli et al., 2020). Obesity can have a variety of 

consequences for chronic illnesses. Exploring the link between obesity and consequent diseases 

can help guide the rational selection of obesity indicators in the preventive disease process. 

According to an earlier study, central obesity without general obesity is linked to an increased 

risk of coronary heart disease (Cercato and Fonseca, 2019). In addition, the development of 

atherosclerosis is influenced by obesity and increasing adipose tissue. Adipose tissue is 

classified into two types: white adipose tissue (WAT) and brown adipose tissue (BAT); and is 

associated with metabolic and inflammatory systems and has protective effects on energy 

homeostasis (Cercato and Fonseca, 2019). WAT secretes peptides and proteins that affect 

obesity, insulin resistance, inflammatory and immunological activities, atherosclerosis, and 

cardiovascular disease via controlling biological and physiological circumstances. Adiponectin 

is a peptide generated in adipose tissue that is highly expressed in lean, healthy people but gets 

dysregulated in obese people (Joao et al., 2016). 

 

This adipose tissue infiltration mechanism is linked to a decrease in insulin sensitivity and 

glucose tolerance, which is particularly significant in controlling insulin resistance in type 2 
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diabetes (T2D), obesity, hypertension, and atherosclerosis (Yuan et al., 2019). Obesity is 

usually linked to elevated glucose levels and endoplasmic reticulum stress, which results in 

increased reactive oxygen and nitrogen species production, affecting insulin secretion and 

sensitivity. The atherosclerotic inflammatory process, linked to obesity, causes coronary 

calcification. Even though there is conflicting data, research such as the Framingham Study 

supports the link between obesity and coronary calcification in persons at minimal risk of CVD 

(Sun et al., 2020, Yuan et al., 2019). Obesity is linked to elevated levels of leptin and high 

blood pressure. Leptin causes salt retention, systemic vasoconstriction, and blood pressure 

increase via influencing nitric oxide synthesis and activating the sympathetic system (Bravo et 

al., 2006). The manipulation of leptin's effects results in the regulation of energy homeostasis, 

which allows blood pressure to be balanced by reducing calorie intake and increasing energy 

expenditure (van Galen et al., 2021). In addition, the renin-angiotensin-aldosterone system is 

involved in regulating blood pressure and vascular resistance, both of which affect cardiac 

function and arterial pressure (Cercato and Fonseca, 2019). 

 

Plasma 5HT levels have been linked to obesity, non-alcoholic fatty liver disease (NAFLD), 

type 2 diabetes, cardiovascular disease (CVD) in mice and humans, and feeding on high fat or 

high carbohydrate diets (Cole et al., 2021). In mice, genetic, pharmacologic, and dietary 

inhibition of circulating 5HT levels via Tph1 can protect them from metabolic disorders caused 

by a high-fat diet (Tack et al., 2012). Furthermore, changes in the microbiota composition 

caused by antibiotics increase glucose tolerance by decreasing 5HT production in the stomach. 

Thus, microbiota depletion and suppression of gut-derived 5HT production may have 

comparable properties on glucose metabolism (Hara et al., 2004). These findings suggest that 

increased peripheral 5HT synthesis induced by nutrients like overeating, an HFD, or a high-

carbohydrate diet, as well as altered microbiota composition (Hara et al., 2004), may contribute 

to the pathophysiologic mechanisms of obesity-related diseases like metabolic syndrome, 

NAFLD, type 2 diabetes, and CVD and that suppressing increased peripheral 5HT synthesis 

could be a novel therapeutic approach for obesity-related diseases (Pérusse and Bouchard, 

2000). Feeding effectively involves a well-functioning cardiovascular system that can support 

high-intensity physical exercise and subsequent oxygen transport to internal organs during food 

digestion. Because of their ability to influence sympathetic nervous system activity, several 

POMC neuronal subsets specialise in the modulation of cardiovascular response (Bell et al., 

2018). Fasting and a high carbohydrate diet, which includes glucose and fructose, and high fat 

and low protein diet, raise plasma FGF21 levels in mice. In mice fed an HFD, elevated plasma 
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FGF21 levels and hepatic FGF21 expression were found to precede hyperinsulinemia, insulin 

resistance, poor glucose tolerance, and weight gain (Sutton and Krashes, 2020). 

 

In summary, feeding behaviour is regulated by central 5HT network systems via 5HT2cR 

(Pérez-Maceira et al., 2016). Tph1 can upregulate gut-derived 5HT production when energy 

intake is increased by a high-fat and/or high-carbohydrate diet. In rats fed an HFD, gut-derived 

5HT can upregulate hepatic FGF21 expression and plasma FGF21 levels, leading to 

hyperinsulinemia, insulin resistance, decreased glucose tolerance, and weight gain (Bell et al., 

2018). Increased plasma FGF21 in healthy persons can predict the metabolic syndrome and 

type 2 diabetes and are linked to insulin resistance, metabolic syndrome, type 2 diabetes, 

NAFLD, and a higher risk of CVD (Organization, 2020, Cercato and Fonseca, 2019, Aronne, 

2019). Therefore, the impacts of central and peripheral 5HT networks on eating signals could 

play a role in the pathophysiology of obesity-related metabolic illnesses. Therefore, positive 

modulation of 5HT network could be a promising new preventative or therapeutic strategy. 

 

1.8 Caralluma fimbriata extract (CFE) as anti-Obesity treatment 
Ayurvedic medicine recognises Caralluma fimbriata as a natural appetite suppressor 

(Kamalakkannan et al., 2010). In India, Pakistan, Afghanistan, the Canary Islands, Sri Lanka, 

Arabia, and some parts of Europe, Caralluma is used as a garden border and grows wild along 

highways as a shrub (Griggs et al., 2018b). The properties of this cactus succulent have seen it 

consumed traditionally by tribal communities in India's hot and humid climate. (Kuriyan et al., 

2007) This natural therapeutic plant also grows wild in metropolitan areas, and it has been 

utilised as a vegetable substitute in times of hunger (Kuriyan et al., 2007). Trials on the 

administration of Hoodia Gordonii, which attributed the anorexigenic impact of appetite to the 

steroidal glycosides, first claimed that a commercially available powdered cactus succulent 

substance might reduce hunger. After repeated chromatographic extraction of specific 

pregnane glycosides, researchers discovered similarities between CFE and the traditional 

African cactus succulent Hoodia Gordonii (Vermaak et al., 2011). 

 

Caralluma fimbriata has yielded eleven new pregnane glycosides, four containing a new 

pregnane type, genin. In Australia, a supplement called "Hunger Control" includes the 

hydroethanolic extract of Caralluma fimbriata (CFE). Gencor Pacific's product is dried and 

powdered from the plant's aerial portions. The ethanolic extract of Caralluma adalzielii has 



VBSC THUNUGUNTLA           The CFE with lorcaserin as combination in obesity 

 48 

shown no toxicity (with an LD50 larger than 3000 mg/kg body weight). It resulted in a drop of 

7.1 per cent in body weight in the animals given 400 mg/kg, compared to a 38.16 per cent 

increase in the positive control. The animals in the control group had higher triglyceride and 

LDL-Cholesterol levels in their serum than the extract treated animals. Caralluma adalzielii 

extract inhibited lipoxygenase by 65.75%per cent (at 1 mg/ml) more than gallic acid, which 

was employed as a control (54.87%). It also inhibits pancreatic lipase, trypsin, and the DPPH 

radical effectively (Pare et al., 2019). A single-case study of a girl with Prader-Willi Syndrome 

(Griggs, 2019), found that an extract from the Indian cactus Caralluma fimbriata reduced 

hyperphagia (over 12 years of treatment). However, excessive hunger returned after the 

treatment was temporarily halted for six days. As a result, anecdotal evidence suggests that 

CFE treatment causes alleviation of excessive food appetite sensation within free access, 

leading to a natural cycle of appetite homeostasis that includes hunger and satiety (Griggs, 

2019). 

 

CFE's efficacy in obese people has been established in clinical investigations, with appetite 

suppression and waist circumference decreases (Kuriyan et al., 2007, Astell et al., 2013). 

Animal studies show a similar reduction in food consumption, and extensive toxicity 

assessments ensure the medication CFE is safe (Griggs et al., 2018b). Improvements in the 

lipid profile and lower leptin levels and/or blood glucose have been observed in animals. CFE 

also suppressed preadipocyte cell development during adipogenesis in mouse-derived 3T3L1 

cell lines dosage and time-dependent (Soundararajan et al., 2011). The experiment promoted 

pre-adipocyte cell division during adipogenesis in a dose and time-dependent manner. In 

addition, CFE significantly lowered the amount of leptin in serum and improved the lipid 

profile level associated with high fat cafeteria food (Kamalakkannan et al., 2010). The 

pregnane glycosides, both antihyperglycemic and antinociceptive, are thought to be involved 

in CFE's mechanism of action, and the various steroidal glycosides promote stimulation of the 

anorexigenic melanocortin pathway (Rao et al., 2021). CFE caused a dose-dependent reduction 

in food consumption in rats for eight weeks, according to a study (Kamalakkannan et al., 2010). 

It is also thought that the appetite-suppressing qualities are due to a decrease in ghrelin 

synthesis, which influences neuropeptide-Y in the hypothalamus (Rao et al., 2021). In a second 

trial using Wistar rats, lipid profiles were reduced even further. In Wistar rats, CFE treatment 

(100 mg/kg/d) dramatically reduced body weight gain after consuming a HFD compared to 

controls and significantly lowered blood glucose levels (Kamalakkannan et al., 2010). 
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Bioactive pregnane glycosides have been identified as substances with anorexigenic 

characteristics in research. The safety of pregnane glycoside characteristics has been 

questioned, notably when they caused vacuolization of the adrenal cortex in rats (Vitalone et 

al., 2017). The structural features of certain pregnane glycosides studied in swamp milkweed 

Asclepias incarnate and Hoodia Gordonii is like cardiac glycosides used to treat cardiac 

patients with heart failure. However, the pregnane glycosides in Asclepias incarnate and 

Hoodia Gordonii and CFE do not influence on the cardiac system because they lack the lactone 

ring, which confers the stimulating property of cardiac glycosides (Komarnytsky et al., 2013a). 

The CFE has undergone extensive toxicity testing, and the treatment's safety has been 

established. A dose of 5000 mg/kg body weight was safe in mice (Sakore et al., 2012), while 

issues about the complexity of CFE's action remains a mystery. Pregnane glycosides are found 

in plants of the Asclepiadaceae family, including C. Fimbriata, and are known to have appetite-

suppressing actions in the hypothalamus (Komarnytsky et al., 2013b).  

 

Further research is required to fully comprehend CFE's mode of action. Hunger is a stimulus 

since it can originate inside the system (intrinsically) or by an external experience 

(extrinsically), stimulating feeding. In other words, when it relates to overeating, food taste 

might be an extraneous confusing factor (Ríos-Hoyo and Gutiérrez-Salmeán, 2016). According 

to research, when highly appetising food generates feelings of reward, dopaminergic signalling 

is boosted. As a result, animals will go to great lengths to obtain pleasure (Irizarry et al., 2016). 

Extrinsic messages (from outside the body) are also experienced intrinsically in shared areas 

of the brain and areas specific to sensory experience. Intrinsic messages are encountered 

through increased activation in particular brain regions, such as the hypothalamus, amygdala, 

and insula cortex. It is unclear if the orbitofrontal cortex's (OFC) conscious impulse to eat is 

triggered by an internal sense of satiety or perception of hunger, which can also be triggered 

by reward signalling (Baver et al., 2014). The hormone ghrelin, for example, may convey 

hunger to the hypothalamus, and the OFC may signal satiety via the hypothalamus afterwards. 

Alternatively, food visual stimulus can increase ghrelin in blood and can impact by eating 

behaviour and enhance the signal inside the hypothalamus (Klement et al., 2017, Lynch, 2012). 

Additional limbic forebrain signals stimulate food "fondness," which can be increased by 

employing opioid neurotransmission. Therefore, changing reward signalling just through self-

control is complicated; thus, pharmacological therapy can mediate reward modulation of the 

dopamine and serotonin pathways within the CNS (Griggs, 2019). 
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Previous research suggested that CFE suppresses appetite by downregulating ghrelin synthesis 

in the stomach and neuropeptide Y (NPY) in the hypothalamus, but the specific mechanism of 

action is unclear (Griggs et al., 2018b). CFE's appetite-suppressing and weight-loss effects 

have been studied in preclinical and clinical studies. However, only a few human trials have 

been undertaken, resulting in a limited understanding of the mechanism. CFE maintained body 

weight, lowered waist circumference, and reduced daily calorie intake in overweight persons 

for 16 weeks (Rao et al. 2021) compared to a placebo. On the other hand, the placebo group 

had higher leptin levels, NPY, and cortisol (Rao et al., 2021). 
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Key points from the literature: 

• In both obesity and overeating disorders, hypothalamic satiety stimulation is a potential 

method to reduce weight gain and improve energy expenditure. 

• The 5HT2cR is one of the receptors involved in activating the melanocortin mediated 

anorexigenic pathway in the ARC of the hypothalamus to increase satiety. 

• The 5HT2cR has different isoforms due to alternate splicing events during expression. 

The functional and truncated isoforms exist in POMC cells, where the ratio of 

functional to truncated receptor levels may be crucial for POMC neuron activation of 

satiety. 

• Lorcaserin is the specific agonist available for 5HT2cR and approved for obesity 

treatment; however, recent results from different studies raise questions about its side 

effect in long term usage.  

• On the other hand, CFE influences weight reduction and waist circumference regulation 

in overweight/obese people from different clinical studies. However, the exact 

mechanism of action of CFE in hypothalamic based appetite regulation is still unclear.  

• Unpublished studies (Stefen Stamm's group) on 5HT2cR transfected 3T3L-1 cells 

treated with CFE revealed a change in expression levels of functional 5HT2cR. 

• The key points from the literature suggest the feasibility of a combination therapy with 

CFE and reduced dose of Lorcaserin as a potential treatment to regulate weight gain in 

obesity and overeating disorders. 
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1.9 Significance of the Study: 
Obesity and overeating disorders are connected through appetite stimulation and lead to an 

increased food intake. The higher food intake in combination with decreased energy 

expenditure may lead to metabolic imbalance. Many CNS and peripheral modulators influence 

fat accumulation and reduced energy expenditure in obesity. However, hypothalamic neurons 

play a distinctive role in appetite and satiety balance, as well as mood, and emotional status. In 

weight regulation, satiety regulating pathways are targeted as one of the directions for drug 

development; for instance, Lorcaserin a selective 5HT2cR agonist drug used for weight loss. 

The earlier studies (Griggs et al., 2018b) and (Rao et al., 2021)showed that CFE can potentially 

increase satiety and reduce weight gain. It is proposed that the satiety signalling from POMC 

neurons was primarily initiated by the serotonin signalling pathway, where 5HTc2R activation 

leads to melanocortin pathway stimulation via secondary nerve signalling in PVN.  

 

The 5HT2cR function has a vital role in behavioural changes like mood, anxiety, and 

depression parameters control. The 5HT2cR agonist Lorcaserin showed side effects during 

prolonged usage in various stages (Tchang et al., 2020). Hence, the alternative ligand 

development may take time; the studies mentioned Lorcaserin could be reconsidered with a 

modified dose or combined with other drugs (like GLP-1 agonist). Hence, the weight loss 

treatments have a potential gap to fill for further research and developments. The study was 

designed with a novel combination therapy for weight loss in obesity and other overeating 

disorders with Lorcaserin and CFE. The treatments presumed to stimulate 5HT2cR expression 

by CFE and further receptor activation by Lorcaserin. The current study may be an initiative 

to predict the rare combination of a synthetic drug with CFE believed to be safe and available 

recourse to regulating energy intake and subsequent challenges in obesity and overeating 

disorders. 
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1.10 Aims and Objectives: 

The study has been comprised of several layers of research on CFE and Lorcaserin treatments 

targeting obesity related symptoms. The role of CFE in anorexia was discussed in detail, as 

well as Lorcaserin's specific agonism to 5HT2cR. However, Lorcaserin treatment showed 

improved depression like behavioural symptoms, prolonged usage casing side effects. CFE, on 

the other hand, decreased PWS-dependent hyperphagia and weight gain in a variety of clinical 

and pre-clinical tests, albeit the mechanism of action remains unknown. The study was aimed 

to regulate obesity related weight gain and energy uptake. To obtain validations for the study, 

we conducted experiments in three phases. The first phase is to confirm, CFE influence on 

functional 5HT2cR expression. Then next phase is to find out how CFE and Lorcaserin 

combination treatments impact mood and emotions in diet-induced obese mice. In the final 

phase we measured CFE and Lorcaserin combination therapy on body composition in HFD 

induced mice. 

 

Study I:  

To measure the role of CFE on 5HT2cR expression: The SHSY5Y neuroblast cells (both 

undifferentiated and differentiated neurons) were used to measure 5HT2cR expression in 

response to different CFE concentrations. 

 

Study II:  

To observe mood and emotional behaviour changes induced in mice fed a HFD and any 

changes in response to CFE and Lorcaserin treatment: Obesity was induced in C57BL/6J 

background mice and then they were treated with CFE, Lorcaserin and a combination of 

CFE+LOR. The treatment groups were measured for mood and anxiety-related changes using 

a range of behavioural tests. 

 

Study III:  

To measure body composition and vascular dysfunction in HFD mice treated with CFE and 

Lorcaserin: The body composition- fat and lean mass deposition and Promethion metabolic 

cage monitoring used to determine overall energy homeostasis of HFD mice with CFE and 

Lorcaserin treatments. In addition, the abdominal aortic rings isometric tension analysis was 

used to measure the effect of the treatments on vascular dysfunction induced by the HFD.  
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The following Figure 2.1 briefing overall methodology considered to achieve proposed 

hypothesis.  

 
Figure 2.1: The illustration describes methodology according to chapter significance 

 

2.1. Human SHSY5Y cell culture study: 
The SHSY5Y neuroblast cells with passage 12 were purchased from the Australian cell bank 

(CODE: 94030304). The background of SHSY5Y cells in brief: these cells were isolated from 

human neural tissues (SK-N-SH biopsy), with an adhesive nature and a neuroblast-like 

morphology. The 5% DMSO stock vials were prepared and stored in liquid nitrogen (-189 to -

192 °C) at Victoria University, Werribee facility. 

 

Figure 2.2: Description of SHSY5Y cells for 5HT2cR expression with CFE treatment 

2.1.1. SHSY5Y cell culturing: 

The growth medium was a modification to Shipley et al., 2017, where 1:1 v/v ratio of DMEM 

and F12 growth media supplemented with 15% v/v hi-FBS (hi: heat-inactivated), 2mM 
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Glutamine, and 1x Penicillin/Streptomycin (Gibco, distributed by Invitrogen, Carlsbad, CA) 

(Shipley et al., 2017). The stock vial was thawed in a water bath at 37°C for 2 to 3 minutes 

(rapid thawing method). The cells were diluted with 9 mL of growth medium to reduce DMSO 

effect on cells. Further, cells were pelleted down and removed supernatant; pellet was dissolved 

in 10mL of fresh growth media. The inoculated culture flask was incubated at 37°C in a CO2 

incubator with 5% continuous CO2 purging. The cells were checked every 24 hours, and the 

complete media was replaced every 48h. After five days of incubation, cells were collected 

from the flask using 0.25% trypsin-EDTA (Gibco) complex, where they attained 80% 

confluency. The collected cells were centrifuged to remove trypsin and redissolved in fresh 

growth media. The cells further diluted to achieve 1x104 cells/mL concentration. The cells were 

inoculated in a six well plates with 40000 cells in each well and supplemented with 2mL of 

growth media (described in Figure 2.3).  

 

 

Figure 2.3: Workflow for SHSY5Y cells treatment with CFE 

2.1.2. CFE treatment to undifferentiated SHSY5Y cells:  

CFE was a hydroethanolic extract supplied in powder form from Gencor Pasific; all the 

treatments of CFE were made with growth media. The growth media containing desired 

CFE effect on undifferentiated SHSY5Y  neuroblast cell

SHSY5Y  cells stock vial of 1mL from liquid nitrogen storage diluted with 9mL of growth media 

Centrifuged at 1600 rpm for 2min at room temperature 
discarded supernatant and resuspended the pellet in fresh growth media to achieve 1 x 104 cells/ mL concentration 

to inoculate in 6 well plates (each well of 35mm diameter) and made up the volume to 2 mL per well

Inoculated plates were incubated at 37 oC with 5% CO2, fresh media replaced every 48 h.
Cells were monitored to achieve 80% confluency to treat with CFE   

After achieving required confluency, the growth media replaced with growth media dissolved CFE (0, 0.1, 0.5, 1, 5, 
10, 25,and 50 µg/mL) concentration : each CFE concentration was placed in three replicate wells and total 

experiment repeated in two batches to evaluate consistency in results

CFE treatment for 48 h CFE treatment for 96 h

Total RNA isolated with TRIzol extraction

Fresh CFE dissolved growth media replaced after 
48 h of treatment
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concentrations (0, 0.1, 0.5, 1, 5, 10, 25, 50 µg/ml) of CFE was added to the SHSY5Y cells. 

After being replaced with CFE dissolved growth media, cells were incubated at 37 °C. To meet 

statistical requirements, each CFE concentration was repeated three replicates (n=3) and the 

data validated from minimum of two individual sets of runs. The CFE-treated cells were 

collected after completing 48h and 96h time points to isolate total RNA for further genetic 

analysis. Individual well samples were used to extract RNA and quantified by Nanodrop 

(Thermo Scientific Nanodrop 2000 series). The RNA purity was assured by 260nm /280 nm 

absorbance ratio.  

 

2.2. Human SHSY5Y derived neuronal study:  

2.2.1. SHSY5Y cell Differentiation to Neurons: 

The differentiation protocol of (Shipley et al., 2016) modified to differentiate SHSY5Y cells 

to neurons. In three stages, SHSY5Y cells were differentiated into neuron-like cells as shown 

in Figure 2.5. Initially, the SHSY5Y stock vials were used to grow the cells, as described in 

section 2.1.1. After achieving 80% confluency in six-well plates, cells were washed and 

replaced with differentiation media 1 (DF1), supplementing with 2.5% hi-FBS, 1x Pen/Strep, 

2mM Glutamine, and 10uM Retinoic acid (RA) in 1:1 DMEM/F12 media and the plates were 

incubated at 37°C in a 5% CO2. The cells were replaced with fresh DF1 media every 48h up to 

the 7th day. On day 8, the cells were rinsed with 0.1M PBS and supplemented with 

Differentiation Media 2 (DF2). On Day 9, cells were detached, and transferred to ECM-coated 

plates, and enriched with DF1 medium. Next day cells were replaced with DF2 medium 

overnight. On day 11, Cells supplemented with the neurobasal media consisting, 1xB-27, 

20mM KCl, 1x Pen/Strep, 2mM Glutamax-I, 50ng/mL BDNF, and 10 µM RA and incubated 

at 37°C with 5% CO2. The DF3 media was replaced every 48h and dendrite formation observed 

on day20 (as shown in Figure 2.4). The cells are differentiated to neurons as shown in Figure 

2.5; the cells were ready for CFE treatments. 
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Figure 2.4: Schematic representation of SHSY5Y differentiation media composition. Where, 

RA: retinoic acid, antibiotics are penicillin and streptomycin, KCl: potassium chloride, BDNF: 

brain-derived neurotrophic factor. 

 

 

 

 

Figure 2.5: Microscopic visualisation (Labomed-TCM400) of SHSY5Y-derived neurons from 

SHSY5Y neuroblasts and at (A) 4X, (B) 20X, and (C) 40X lenses. 

(A) (B) (C)

--40X-- --200X-- --400X--
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2.2.2. CFE treatment:  

The SHSY5Y derived neurons were treated with CFE in six-well culture plates. The CFE stock 

concentrations of 0, 0.1, 0.5, 1, 5, 10, 25, and 50 µg/mL were made in DF3 medium. The cells 

were replaced with CFE dissolved DF3 and incubated at 37°C with 5% CO2. Each 

concentration of CFE was replicated in three wells (n=3) in two completely different sets of 

experiments. The CFE-treated cells were extracted at 48h and 96h time intervals for RNA 

isolation and to perform further gene expression analysis. The workflow has been illustrated in 

Figure 2.6. 

 

 

Figure 2.6: CFE treatment workflow for SHSY5Y-derived neurons 

2.3. RNA Analysis 
The CFE-treated cells were harvested into 1.5 mL Eppendorf tubes using 1ml ice-cold TRIzol 

(Sigma-Aldrich) reagent, and the cells were promptly frozen at -80 °C for further RNA 

extraction.  

2.3.1. RNA Extraction 

RNA was extracted from the TRIzol-preserved cells. The cells were added with 250 µl/1mL 

of TrIzol of Chloroform and inverted to mix both reagents. The vials were incubated for 5 min, 

according to the modified Sultan et al., 2014 RNA extraction procedure (as shown in Figure 

2.7). These cells were centrifuged for 15 min at 13000 rpm and 4 °C temperature to separate 

the liquid phases. The clear upper layer of centrifuged samples was collected into a fresh 

CFE effect on SHSY5Y derived neurons

SHSY5Y  neurons cells after 22nd day of differentiation were treated with CFE  

The DF3 media replaced with DF3 dissolved CFE (0, 0.1, 0.5, 1, 5, 10, 25,and 50 µg/mL) concentration : each CFE
concentration was placed in three replicate wells and total experiment repeated in two batches to evaluate 

consistency in results

CFE treatment for 48 h CFE treatment for 96 h

Total RNA isolated with TRIzol extraction

Fresh CFE dissolved growth media replaced after 
48 h of treatment
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collection tube containing 400 µl Isopropanol and 10 µl of 5M NaCl, samples inverted to mix 

well. The tubes were incubated at -20°C overnight and observed for RNA pellet. After 

overnight incubation, samples were centrifuged at 13000rpm for 20 min at 4°C to separate 

RNA pellets. The clear supernatant was carefully discarded without damaging the particle. This 

supernatant was centrifuged at 9000 rpm for 8 min at 4°C after being rinsed with 400 µl of 

75% ethanol. The ethanol was gently aspirated, and the pellet was air-dried at room temperature 

for 3 to 5 min. The DEPC water of 30 µl was used (pre-warmed at 65°C for 2min) to dissolve 

the RNA pellet. Further, 1 µl of dissolved RNA was diluted with 19 µl DEPC water for 

quantification. (Sultan et al., 2014, Simões et al., 2013, Hummon et al., 2007). 

 

2.3.2. RNA Quantification 

The concentration of the DEPC water-diluted RNA samples were measured for quantification. 

The total RNA quantity was determined using a Thermo Fisher NanodropTM 2000 

spectrophotometer with a 260nm absorbance. The ration of 260/280nm measurement was used 

to determine RNA quality. Each sample was tested for absorbance until it reached two 

consistent data points to avoid pipetting mistakes, and average concentration value used for 

cDNA synthesis. 

 

 

Figure 2.7: Schematic representation of Total RNA isolation by TRIzol extraction protocol 

presen

Collect the supernatant

Dissolve the pellet in DEPC water
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2.3.3. Reverse transcription of RNA samples 

The RNA concentrations were normalised using DEPC water before cDNA conversion. The 

Biorad iScript cDNA synthesis kit was utilised for the reverse transcription process, and 0.5 

µg RNA was added to DEPC treated water in a volume of up to 7.5 µl. The 0.5 µl volume of 

iScript reverse transcriptase and 2 µl of 5x iScript reaction mix were added to cDNA, and a 

final reaction volume of 10 µl was made. The following PCR conditions were used for reverse 

transcription: 5 minutes at 25 °C, 30 minutes at 42 °C, 5 minutes at 85 °C, and hold at 4°C. 

The cDNA samples were diluted in DEPC-treated water at a 1:20 ratio to measure the 

absorbance. 

 

2.3.4. Primer sequences 

The selected gene sequences FASTA files were downloaded from the NCBI database, and the 

NSBI Primer blast was performed to design the primers. The designed forward and reverse 

primers were verified for cross-matching of the other gene sequences of the same species 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The GC content, length of the primer sequence, and 

melting temperature parameters are considered for effective design. These primers were used 

for further qPCR analysis in a gene expression study. All the gene expression studies were 

carried out after primer concentration optimisation.  

 

Table 2.1: Selected human genes and primers, Syp38: Synaptic vesicle protein 38, GAP43: 

growth-associated protein 43, Akt1: Protein kinase, 5Ht2cR: serotonin receptor 2c, ExonVb: 

exon Vb sequence of 5Ht2cR. 

Gene  Forward primer (5' to 3') Reverse primer (5' to 3') 

Syp38 GGTTCCTCCAGCAATGATGC CTTAAAGCCTCGCCCCTTCT 
GAP43 CAACCATGCTGTGCTGTATGA GCGGGGTGGCATAATTCAGA 
Akt-1 ATCCTGGTCCTGTCTTCCTCA TGATGTACTCCCCTCGTTTGTG 
5HT2cR TGTCTCTCCTGGCAATCCTT CGCAGAACGTAGATGGTCAG 
ExonVb GTGCCCCGTCTGGATTTCTT GATGGCCTTAGTCCGCGAAT 
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Figure 2.8: Schematic representation of Polymerase chain reaction (PCR), where (A) Reverse 

transcription PCR: RNA translated into cDNA copies and (B) Quantitative analysis of the 

desired gene of expression by qPCR assay (Adams, 2020). 

 

2.3.5. Quantitative real-time PCR (qPCR) 

The quantitative PCR was performed with Master cycler epRealplex2R (Eppendorf) and 

principle behind PCR amplification illustrated in Figure 2.8. The Biorad master mix, primers, 

and cDNA were prepared using the epMotion robot system (epMotion 5070 series, Eppendorf). 

The total 10 μL of each reaction contains 2 μL cDNA sample, 0.5 μL forward primer, 0.5 μL 

reverse primer, 2 μL DEPC treated water, and 5 μL of SsoAdvanced Universal SYBR Green 

Supermix (Bio-Rad). In the modified method of Stam S. et al. 2017, qPCR cycling starts with 

an initial denaturation at 95°C for 3 minutes, followed by 40 cycles with denaturation at 95 °C 

for 15 seconds, annealing at 60oC for 40sec and extension at 72°C for 30 seconds (Stam et al., 

1994, Stamm et al., 2017). The housekeeping genes GAP43, Syp38, and Akt-1, were used to 

compensate for variations of targeted RNA, and the efficiency of reverse transcription with 

fluorescence was analysed with the cycle threshold (Ct) value. In addition, the relative fold 

change quantification of gene expression was analysed by double-delta Ct (2−ΔΔCT) value 

calculation (Kummerfeld et al., 2022). 



VBSC THUNUGUNTLA           The CFE with lorcaserin as combination in obesity 

 63 

 

2.3.6. Gel electrophoresis 

The qPCR amplified gene products were assayed by 1% agarose gels for gel electrophoresis. 

The 1% agarose gels were prepared with selected nine well comb gel casters (Ruiz-Villalba et 

al., 2017, Barbau-Piednoir et al., 2010) with SYBR safe DNA stain (S33102 from Thermo 

Fisher Scientific). The electrophoresis tank was filled with 1x-TAE buffer (Biorad) and each 

sample was carefully loaded with 6x-gel loading dye from Biorad. The power supply was 

maintained at 100v to the electrodes to run the gels and bands observed under the Gel imaging 

system (Biorad ChemidocTM MP-XRS+).  

 

2.4. Next Generation Sequencing 

2.4.1. RNA preparation and quality check 

The total RNA was extracted from SHSY5Y neurons (CFE 25 μg/mL treated) by QIAGEN 

RNeasy plus mini kit (100ug RNA extraction); and further sample were purified by gDNA 

eliminating columns. The quantity was initially checked with Nanodrop, and quality analysis 

was performed by RNA integrity number (RIN) estimation. The Agilent 6000 RNA Nano kit 

(Sun, 2020) was used to estimate individual sample RIN values; samples with RIN >8 was 

preferred for further analysis.  

 

2.4.2. Brief description of NGS conditions 

The RIN value greater than 8 samples were sent for NGS analysis in the MICROMON 

Genomics facility at Monash University. The facility initially prepared cDNA libraries with a 

minimum of 1μg of total RNA after polyA removal. Then, the libraries were QC checked and 

prepared for loading flow-cell containing NGS probes. Finally, the NGS process was carried 

out for paired-end sequencing with a minimum of 60M reads coverage for each sample. The 

data obtained from NGS stored in "bam" files are further converted to "Fastq" file format for 

easy access.  

 

2.5. High fat-induced mouse model 
The male c57BL/6 (4 weeks old) mice(n=80) were procured from the animal supply recourse 

centre (ARC), Australia. After one week of acclimatisation, the mice were randomly divided 

into five groups. Each animal was housed individually in divided cages. In the Werribee animal 

house facility, the animal cages were environmentally controlled under temperature (22-24oC) 
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and humidity (35-55%) conditions. The light and dark cycles of 12h were maintained by auto 

controlled BMS system (Lee et al., 2020, Zheng et al., 2020, Zou et al., 2020). The high fat 

(SF04-001) and control diet (SF13-081) (composition in Figure 2.9) were procured from 

Specialty Feeds, Australia (150 Great Eastern Highway Glen Forrest, WA 6071). The high-fat 

diet (HFD) induction was carried out for the first eight weeks as shown in Figure 2.10. Further, 

the CFE of 100mg/kg body weight (Griggs et al., 2018a) and Lorcaserin 5mg/kg body weight 

(modified low dose (He et al., 2021)); during week 8 to 16. The overall animal study flow was 

illustrated in Figure 2.11 and 2.12. 

 

 
Figure 2.9: The brief description of rodent high fat diet and control diet composition details 

 

Rodent diet from:

SPECIALTY FEEDS, 

150 Great Eastern Hwy Glen Forrest 

Western Australia 6071 

SF13-081 SF04-001 

Protein 23.0% 22.60% 
Total fat 5.3% 23.50% 
Crude fibre 5.4% 5.40% 
Ad fibre 5.4% 5.40% 
Digestible Energy 15.6 MJ / Kg 19 MJ / Kg 
% Total calculated digestible energy 
from lipids 

12.3% 43.00% 

% Total calculated digestible energy 
from protein 

25.5% 21.00% 



VBSC THUNUGUNTLA           The CFE with lorcaserin as combination in obesity 

 65 

 
Figure 2.10: Schematic representation of animal groups with special diet induction and 

treatment time points 

 

 
Figure 2.11: Schematic representation of animal study flow 

Animal study time-line and treatment groups

C57BL/6J
mice from 

ARC

Week-0
HFD

induction

Week-8
Daily CFE and

Lorcaserin
treatments

Week-16
End of

treatments

Week-4
HFD

induction

Animals grouped randomly into divided Opti-mice cages with individual 
water bottle and food hopper for easy measurement

Control diet group (n=16) 

High0-fat diet (HFD) group (n=16) 

HFD + CFE treatment group (n=16) 

HFD + Lorcaserin (Lor) treatment group (n=16) 

HFD + CFE + Lor combination treatment group (n=16) 

Animal groups:

Divided Opti mouse cage

Week-0 of the 
study

Week-4 of the 
studyHigh Fat diet induction

6-week old mice 14-week old

Familiarisation to behavioural experiments,
Promethion cage monitoring and Echo MRI

High Fat diet induction
Week-8 of the 

study

Order of Behavioural experiments mice performed: 
(n=8 mice from each group)

• Open field
• Elevated plus maze
• Light and dark box
• Y-Maze
• Tail suspension
• Forced swim test 

Promethion cage monitoring performed for three days
Considerations: (n=8 mice from each group)
• Day 1 7 AM to 7PM : Light cycle
• Day 1 7PM to Day 2 7 AM: Dark cycle
Total run time : 3 days
Data considered for analysis : 
• 12h acclimatization
• 2 light and 2 dark cycles
• Day 2 light cycle to Day 3 dark cycle

High fat diet induction to C57BL6/J mice

Echo Mri based body composition measured for n = 16 mice from each group
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Figure 2.12: Schematic representation of animal study flow 

 

2.5.1. Parameters monitored during treatment 

2.5.1.1. Body weight, Food, and water consumption 

A standard facility weighing machine was used to measure animal body weight. In addition, 

the animal food and water consumption were recorded weekly (Lee et al., 2020). The difference 

in food weight from the previous week given to the present week's leftovers will be assumed 

as Food consumed. In similar, the consumption of water was also measured by weighing the 

water bottle. Both Food and water consumption were mentioned in grams.  

 

2.5.1.2. Jelly dosage 

All the treatments were made into jelly form with saccharine as low-calorie taste enhancer by 

7.5% gelatine concentration. The Figure 2.13 was describing preparation flow chart of vehicle, 

CFE and LOR treatment jelly. The concentration of 100mg/kg bwt/d of CFE was chosen based 

on previous studies from our lab (Griggs et al., 2018a) The relatively low dose of Lorcaserin 

(5 mg/kg bwt/d) was chosen to observe any synergistic effect with CFE for weight management 

studies in mice (Wagner et al., 2022).  

 

The week 8 of HFD induction period, animals were trained to habituate with jelly cube for a 

week without any dose of treatments. The trained animals were impressively picking up the 

jelly in short time after giving to the animals in the home cages. All the jelly treatments were 

given in 3 cm diameter sterile bottle caps, at 3 to 4 PM before the dark cycle every day. Animals 

Week-8 of the 
study

23-week old

HFD with CFE and Lor 
treatment

Week-16 of the 
study

Before treatment:
• Echo MRI
• Behavioural experiments
• Promethion cage monitoring 

HFD with CFE and Lorcaserin to C57BL6/J mice
14-week old

End of treatment:
• Echo MRI
• Behavioural experiments
• Promethion cage monitoring 
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were checked everyday morning for any leftover jelly on cage/bedding. During study period, 

LOR and CFE+LOR treatment animals were noticed with leftover jelly in the cage for 

minimum 3 to 5 days on an average.  

 

 
Figure 2.13: Jelly dose treatment to individual mice 

2.5.1.3. Echo Magnetic Resonance Imaging (Echo-MRI) 

The fat, and lean mass, in addition to free water (not bound in various tissues, usually urine), 

and total water (also known as total body water (TBW), contained total fluids and a bound state 

in tissues) content in the whole body of a live animal were measured using a nuclear magnetic 

resonance. Quantitative magnetic resonance (QMR) is another name for it. QMR differentiates 

from MRI in that the signal is collected from the entire body at once, T2-MRR in that both T1 

and T2 are engaged, and MRS in that the time domain signal (rather than the spectrum) is 

directly processed. A scan provides a record of nuclear magnetic resonance responses (NMR 

echoes) to a succession of radio pulses, which is the essence of the QMR approach. The 

sequence comprises multiple Carr-Purcell-Meiboom-Gill segments (CPMG segments) that are 

separated by pauses of varying lengths. The lengths of the periodic sections and the durations 

of the pauses are chosen to capture all the relevant characteristic (relaxation) time scales of 

NMR responses (transverse, "T2," and longitudinal, "T1," relaxation) found in fat, lean, and 

free water. The signal from a body is a linear mixture of fat, lean, and free water contributions. 

The differences in the relaxation rates of the three fundamental components allow linear 

regressions to compute fat, lean, and free water levels. These regressions are based on 
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measurements of phantoms made of canola oil for fat, chicken breast (small animals) or lean 

pork (bigger animals) for lean and tap water for free water. For high-dimensional regressions, 

the algorithm for optimising these regressions is a form of multivariate calibration (popular in 

chemometric research) that uses partial least squares optimisation mixed with principal 

component analysis. 

 

2.5.2. Energy expenditure by Promethion cage monitoring 

Each mouse was assessed for 72h in promethion cage during each run; where, the initial 24h 

considered acclimatisation time, and the last 48h data considered for different parameters. The 

parameters estimated were including food and water intake, body mass, general cage activity, 

and energy expenditure. 

 

 

 

Figure 2.14: Overview of Promethion cage monitoring system 
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2.5.3. Animal behavioural studies 

Behavioural studies for Exploration (Open field, Y-maze), depression (Force swim test and 

Tail suspension), and anxiety (Elevated plus maze and Light and dark box) were conducted 

during week 8 (pre-treatment), and week 16 (post-treatment). 

 

2.5.3.1. Measuring Anxiety with Elevated Plus Maze and Light and Dark box analysis 

• Elevated Plus Maze (EPM): The EPM was a commonly used test for mouse anxiety-like 

behaviour estimation in novel environments. The rodents were tend to explore novel areas 

and inclined to avoid open/brighter environments. In addition, the healthy mice were 

interested to explore both open and closed arms initially in the EPM. In contrast, rodents 

with depression and anxiety will spend more time in closed arms with less (Moy et al., 2007, 

Alsiö et al., 2009, de Smith et al., 2009). 

 

• Light and dark exploration: The mice will undergo two coloured boxes separated by a 

small window opening. The bright light chamber has a larger area than the darker side 

chamber. The mice were placed in a dark arena and allowed to explore for 1min, and the 

window opened to explore towards a brighter arm. The overall exploration time was 10 min 

for each animal 10min. The time spent in and number of bouts into brighter chamber were 

considered to estimate anxiety like behaviour (Moy et al., 2007).  

 

2.5.3.2. Measuring Exploration behaviour by Open field and Y-maze experiments 

• Open field: To measure the exploration behaviour and motor activity as a measure of 

anxiety. The instrument is made of a square with 60 x 60 x 60 cm (l x w x h) Plexiglas 

chamber. The animal movements were recorded through video recording software, and this 

recording used for analysis. The parameters were included like, time of immobility, average 

speed, and time spent in the central and peripheral arena of the chamber. The animal with 

anxiety was not spent much time to explore center area and try to stick to corner area (Moy 

et al., 2007).  

 

• Y-Maze: The Y-maze consists of three identical arms of 30 X 10 x 15 cm (l x w x h), two 

arms were considered as known arms for the first 1min after the study. The unknown third 

arm entry was allowed after 1min and noticed number of entries into unknown arm as 
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exploration intension. The number of entries and time spent in each arm (known arm vs. 

novel arm) gives spatial exploration a measurement of anxiety levels (Conrad et al., 2003). 

 

2.5.3.3. Measuring Depression with Tail Suspension and Force Swim test 

• A forced swim test (FST): uses immobility to measure "behavioural depression." In this 

test, the animal was placed in a cylindrical vessel filled with lukewarm water. The initial 

period of normal test animals exhibits escape (climbing), and swimming behaviour 

gradually increases the immobility (floating) time. The antidepressants show different 

swimming behaviours depending on the class of antidepressants. For instance, increased 

swimming behaviour with selective-serotonin reuptake inhibitors (SSRIs) increased 

climbing behaviour with tricyclic antidepressants. The run time of the test for mice is 6min 

in which the first 2min is considered as the escape time phase and the last 4min considered 

as the immobility phase (Nordsborg et al., 2014). 

 

• Tail Suspension Test (TST): The test involves suspending an animal by its tail. The test is 

suitable for mice and less stressful than FST. The test is performed for 6min duration and 

time spent immobile will be considered parameters to measure stress. The treated animal 

spends less time immobile during the test period (Di Giovanni and De Deurwaerdere, 2016). 

 

2.5.3.4. Quantification of behavioural parameters with Cleversys software tool 

The animal behaviour experiments were video recorded with analogue cameras provided by 

CleverSys. The Cleversys Topscan suite was used for recording; and these videos futher 

assessed for differenrt behavioural parameters. The parameters were normalised and calibrated 

as per the service provider protocols. 

  

2.5.4. Anaesthesia, tissue collection, and storage 

Mice were deeply anesthetised with 4% isoflurane and 1% O2 to cull at the end of the treatment. 

The brain will be dissected to collect the hypothalamus and hippocampus and weighed for gene 

expression (stored at -80oC). Half of the animals from each group were 4% formalin perfused 

for immunohistochemistry. 
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2.6. Statistical analysis: 

All the data obtained during the current study was assessed for statistical significance by Prism 

9.1a MacOS version. The result plots represented in further chapters with mean ± standard 

mean error (SEM). When interaction and/or the main effects were significant; means were 

compared using Sidak multiple-comparison post hoc test. A p-value of <0.05 was considered 

as statistically significant. The animal numbers were considered for parameters, body weight, 

food intake and fat deposition and according to G*Power 3.1 version, with effect size of 0.4, 

error probability 0.05, Power 0.8 (Miyamoto et al., 2018)  results n= 80 total number of animals 

needed to justify the statistical significance. 
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Chapter 3 CFE induced 5HT2cR expression in SHSY5Y 

derived neurons 
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3.1 Abstract 
Serotonin signalling in the central nervous system influences feeding behaviour. Reduced 

serotonin receptor 2c (5HT2cR) expression leads to hyperphagia and further weight gain. 

Conversely, the improved agonism of 5HT2cR causes hypophagia and weight loss. The 

appetite signalling in overeating disorders like PWS is linked to a decreased expression of 

functional 5HT2cR expression relative to the truncated 5HT2cR form. The 5HT2cR specific 

agonist like Lorcaserin showed significant improvement in weight loss in obesity. However, 

reduced expression of functional 5HT2cR may not improve satiety signalling even after agonist 

treatment. On the other hand, the Caralluma fimbriata extract (CFE) showed improved satiety 

and waist circumference reduction in people. The study was designed to know the influence of 

CFE's role in functional 5HT2cR expression in SHSY5Y cells, when treated with CFE for 48h 

and 96h. The CFE treated cells were measured for functional 5HT2cR expression by 

quantitative PCR reaction. Further, CFE treated SHSY5Y derived neurons were assessed for 

whole transcriptome NGS analysis as a pilot-scale study. The results were describing that CFE 

treatment with 25 and 50 mg/ mL concentrations showed significant increase in functional 

receptor expression in both 48h and 96h treated cells. In addition, the whole transcriptome data 

analysis showed anorexigenic genes like 5HT2cR, BDNF and PCSK1 increased expression 

levels, whereas appetite promoting genes NPY and NPY2R reduced their expression. However, 

the NGS transcriptome data need further larger scale analysis with more replicates. In 

conclusion, the study reveals CFE induced 5HT2cR expression may increase anorexigenic 

pathway activation which may further influence appetite regulation.  
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3.2 Introduction 
The monoamine serotonin (5-hydroxytryptamine, 5HT) is produced from tryptophan. The 

enzyme Tph1, which is primarily expressed in the enterochromaffin (EC) cells of the gut, 

converts tryptophan to 5HT in the periphery. In contrast Tph2, is predominantly expressed in 

the raphe nuclei of the brainstem, and produces central 5HT (Garfield et al., 2016). The 

discovery of at least 14 functionally different 5HT receptor subtypes has aided in understanding 

the processes behind the effects of 5HT on hunger and energy homeostasis (Garfield and 

Heisler, 2009). Gene knockout research has focused on 5HT2cR, one of the five (5HT1aR, 

5HT1bR, 5HT2aR, 5HT6R, and 5HT7R) 5HTR subtypes expressed in the hypothalamic areas 

and implicated in controlling satiety and energy metabolism (Di Giovanni and De 

Deurwaerdère, 2016, Nonogaki, 2022). In mice fed a chow diet, genetic excision/mutation of 

5HT1aR, 5HT2aR, 5HT6R, and 5HT7R does not affect food intake or body weight (Donovan 

and Tecott, 2013). 5HT2cR transcripts are found throughout the central nervous system (CNS) 

and neuraxis, which are expected to play a vital role in appetite and energy homeostasis 

regulation (Strasser et al., 2016). Leptin-independent hyperphagia is shown in mice with a 

genetic mutation in 5HT2cRs, which leads to late-onset obesity, insulin resistance, and 

decreased glucose tolerance. In the 5HT2cR mutants, hyperphagia occurs before 

hyperinsulinemia and weight gain (Nonogaki, 2022). In addition, they also had reduced levels 

of activity-related energy expenditure without affecting their baseline metabolic rate (Higgs et 

al., 2011). Hence, functional 5HT2cR expression and activity was a potential target in weight 

loss and energy expenditure parameters in obesity and other overeating disorders.  

 

The anti-obesity effects of pharmacologic drugs like fenfluramine and sibutramine appear to 

be mediated by 5HT2cR (Xu et al., 2010). However, these medications were withdrawn from 

the international market due to non-specificity and cardiac side effects caused by 5HT2bR 

activation (Xu et al., 2010). Furthermore, 5-HT2cR mutants are more sensitive to high-fat and 

high-sucrose diets than wild-type mice, resulting in obesity and type 2 diabetes at an earlier 

age (Higgs et al., 2011). The non-selective serotonergic agonist mCPP (meta-Chlorophenyl 

piperazine) by systemic injection results in feeding suppression in wild-type mice, and the 

anorexic effect of mCPP is attenuated in fasting 5-HT2cR-deficient mice (Tecott et al., 1995). 

5-HT2cRs are found in the arcuate nucleus (ARC) of the hypothalamus on pro-

opiomelanocortin (POMC) neurons, suggesting that 5-HT2cR and the melanocortin pathway 

may interact in the control of eating behaviour (Morley, 1987, Sargent et al., 1997). The d-
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fenfluramine and mCPP both promote the activation of POMC neurons in the ARC. 

Furthermore, d-fenfluramine and mCPP activate melanocyte-stimulating hormone (MSH) 

containing neurons, supporting this concept (Monian et al., 2022). The activation of a subset 

of POMC neurons by mCPP is assumed to be mediated via the hypothesised transient receptor 

potential C (TRPC) channels (Harno et al., 2018). Another drug, lorcaserin, which is a selective 

5HT2cR agonist, caused clinically significant weight loss and was licenced as a novel anti-

obesity agent by the Food and Drug Administration (FDA) in 2012 (Nonogaki, 2022) 

 

Hence with the specificity of lorcaserin to 5HT2cR, it is unlikely to enhance the risk of cardiac 

valvulopathy by 5-HT2bR activation (Nonogaki, 2012). The CAMELLIA-TIMI 61 study 

found no significant differences in major cardiovascular events between the lorcaserin-treated 

and placebo groups (Bohula et al., 2018). Furthermore, compared to placebo, lorcaserin 

lowered the risk of incidence of diabetes and microvascular complications in overweight and 

obese patients and the incidence of new-onset or progressive renal impairment (Nonogaki, 

2022). Furthermore, neither the occurrence of cancer nor the occurrence of cancer in obese 

participants administered with lorcaserin or placebo differed substantially. Despite this, the 

FDA recommended that lorcaserin be voluntarily removed from the US market in 2020 after 

clinical safety research revealed a possible elevated risk of cancer in obese people treated with 

the drug (Mathai, 2021). As a result, anti-obesity medicines that target central 5-HT systems 

are still being developed.  

 

Alternative pre-mRNA splicing controls the expression of the functional 5HT2cR, which 

modulates food intake. From chapter-I literature, the 5HT2cR gene consist of six exon regions, 

in which exon V differentiated into two parts Va and Vb. The exon Vb alternative splicing and 

adenosine to inosine editing at five locations (as shown Figure 3.1) leads to different variants 

of 5HT2cR (Shimogori et al., 2010). There were two polyadenylation sites in the 5HT2cR gene 

with single promoter sequence. Exon Vb is affected by pre-mRNA editing and splicing in the 

longest transcript, with six exons (Stamm et al., 2017). The Exon V provides an extended 

secondary structure, which allows RNA editing by adenosine deaminases operating on RNA 

(ADAR1 and ADAR2) with RNA duplex as a substrate (Shimogori et al., 2010). The utilisation 

of the distal alternative splice site is controlled by conformational changes in the RNA 

secondary structure following binding to synthetic ligands. By changing three amino acids in 

the receptor's second intracellular loop that links to the effector Gq protein, RNA editing 

generates at least 24 full-length proteins (Morley, 1987, Shimogori et al., 2010). The amino 
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acids I, N, and I (isoleucine, asparagine, and isoleucine) are found at positions 156, 158, and 

160 of the receptor protein in the non-edited version. The INI isoform is constitutively active 

and has the highest coupling effectiveness to the G- protein in response to serotonin (Stamm et 

al., 2017). 

 

 
Figure 3.1: The editing variants of 5HT2cR: (A) Five sites (A to E) in exon 5 of 5-HT2CR 

mRNA. Adenosine to Inosine (A to I) RNA editing occurs in the region where exon 5 makes 

a double strand with intron 5. Editing enzyme ADAR1 acts on A and B sites, whereas ADAR2 

acts on D sites. E and C sites are edited by both ADAR1 and ADAR2 (B) The structure of 5-

HT2CR has seven transmembrane regions. Three amino acids (156, 158, 160) in the second 

intracellular loop may be edited by RNA editing. (C) The variation of edited isoforms. From 

A and B editing sites, non-edited isoleucine (Ile) can be edited to valine (Val) or methionine 

(Met). Asparagine (An) in E and C sites may be edited to aspartic acid (Asp), serine (Ser), or 

glycine (Gly). Amino acid isoleucine at the D site may be edited to valine (Val). (D) 5-HT2CR 

activity is reduced in relation to an increase in RNA editing.  

 

On the other hand, the highly edited isoforms have a decreased sensitivity to serotonin binding 

and resulting in minimal or negligible constitutive activation. In mice, sole expression of the 

fully edited version of the receptor produces hyperphagia, suggesting that altered 5HT2cR 

signalling is required to maintain proper energy balance (d'Agostino et al., 2018). The skipping 

of exon Vb region was resulting a shorter protein isoform with only three transmembrane 
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domains (Price et al., 2018). The endoplasmic reticulum (ER) is home for tagged proteins 

coded by cDNAs for the shortened protein. Because these proteins can dimerise with the full-

length serotonin receptor, ER retention likely inhibits serotonin signalling (Palacios et al., 

2017, Ge et al., 2017). Moreover, overeating disorders like Prader–Willi syndrome (PWS), 

which is a common syndromic form of obesity characterised by hyperphagia, demonstrates the 

need of appropriate hypothalamic food regulation (Griggs et al., 2018b). The lack of 5HT2cR 

gene expression from a prenatally imprinting region on chromosome 15q11.2 causes the 

syndrome. Numerous proteins and two clusters of C/D box small nucleolar RNAs are found in 

this region (snoRNA). Recent genetic investigations have found that the deletion of these 

snoRNAs plays a significant role in PWS (Griggs et al., 2018b, Shimogori et al., 2010). The 

processing of the 5HT2c pre-mRNA is regulated by one of these snoRNAs. One of the 

snoRNAs called SNORD115 is involved in functional 5HT2cR (5Ht2cR-fn) formation by 

being involved in pre-mRNA splicing. The SNORD115 knockdown mice showed decreased 

functional 5HT2cR expression, contributing to hyperphagia (Bratkovič et al., 2018). Earlier 

studies showed that alternate oligo sequences that mimic the SNORD115 sequence enhanced 

the functional receptor expression. Therefore, functional 5HT2cR is a potential target for 

appetite regulation in obesity and overeating diseases (Stamm et al., 2017). The reduced 

expression of truncated 5HT2cR (5HT2cR-tr) plays a crucial role in increasing functional 

receptor expression in POMC neurons (Bratkovič et al., 2018).  

 

The current study aims to understand the effect of CFE treatment in functional 5HT2cR 

expression in SHSY5Y derived neurons. In addition, to understand the differential expression 

of functional and truncated receptor expression with CFE concentration optimisation. Further, 

the whole transcriptome analysis of CFE treated cells may reveal other patterns of anorexigenic 

gene expression influenced by CFE treatment. 
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3.3 Methods 

RNA isolation for sequencing: 

The RNeasy Plus Mini kit from Qiagen (cat. no. 74134) was used to extract the total RNA from 

SHSY5Y derived neurons for whole transcriptome analysis. The cells were pelleted down after 

48hr and 96h of CFE treatment from individual wells separately. The protocol provided in the 

kit was followed stepwise, as mentioned below. 

• The cells were harvested a maximum of 1 x 104 cells as a cell pellet.  

• The appropriate 350 μl volume of lysis Buffer RLT Plus was added and vortexed for 

the 30s.  

• The lysate was transferred to a genomic DNA eliminator spin column and placed in a 

2 ml collection tube. 

• The columns were centrifuged for 30 s at ≥8000 x g (≥10,000 rpm), and elution was 

collected. 

• The volume (350 μl) of 70% ethanol was added to the flow-through and mixed well by 

pipetting. 

• The sample was transferred up to 700 μl, including any sediment, to a RNeasy spin 

column placed in a 2 ml collection tube.  

• The lid was closed, centrifuged for 15 s at ≥8000 x g, and then discarded the flow-

through.  

• Added 700 μl wash Buffer RW1 to the RNeasy Mini spin column placed in a 2 ml 

collection tube and centrifuged at ≥8000 x g for 15 s.  

• Then discard the flow-through, and 500 μl wash Buffer RPE was added to the RNeasy 

spin column and centrifuged for 15 s at ≥8000 x g.  

• After discarding the flow-through, 500 μl Buffer RPE was added to the RNeasy spin 

column and centrifuged for 2 min at ≥8000 x g (≥10,000 rpm).  

• The RNeasy spin column was placed in a new 1.5 ml collection tube and added 40 μl 

RNase-free water directly to the spin column membrane and centrifuge for 1 min at 

≥8000 x g to elute the RNA.  

 

Next-generation sequencing 

The RNA integrity was checked before processing for transcriptome sequencing by Agilent 

2100 Bioanalyzer. The Agilent RNA 6000 nano kit was used to measure the RNA integrity 

number (RIN) based on the intactness of 18s and 28s rRNA sequences. The bioanalyzer was 
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able to detect the dye-RNA complex through laser induced fluorescence and resulting a gel 

like bands in the image (as represented in Figure 3.10A). All the samples of CFE treated for 

48h, and 96h and respective controls were analysed for quality using RIN measurement. The 

RIN values of samples were noted between 8.9 to 10, which is ideal for sequencing 

(Sigurgeirsson et al., 2014). The MGI Tech MGISEQ2000RS hardware was used to perform 

the sequencing with 60 million read pairs per sample, which is a preferred read depth (number 

of usable reads from the instrument sequencing) for global view of gene expression (illumina, 

2017). The Figure 3.2 was describing brief workflow of transcriptome sequencing. The raw 

data from sequencing was normalised to a fastq file format. The sequencing and normalisation 

of data were conducted by Micromon Genomics at Monash University.  

 

 
Figure 3.2: Schematic representation of the workflow for whole transcriptome analysis steps 

(Adilijiang et al., 2019) 

 

NGS analysis 

The RNAseq pipeline (Tsyganov et al., 2018) was used to align raw data (fastq files) with the 

GRCh38/hg38 (reference genome version used) reference by using the STAR aligner (Dobin 

et al., 2013). After the alignment SAM files were converted into BAM files to do downstream 

analysis. The alignment quality has been checked with Qualimap. The gene counts obtained 

from aligned files, using Feature Counts (Liao et al., 2014), reads were quantified. Degust 

(Wanhainen et al., 2019) is a web tool that performs differential expression analysis using 

limma-voom normalisation (Law et al., 2014), producing counts per million (CPM). The 

library volume normalisation and trimmed mean of M values (TMM) normalisation (for gene 
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coverage and depth) (Oshlack et al., 2010) were used for RNA composition normalisation to 

analyse raw counts. Degust (Wanhainen et al., 2019) also includes several high-quality graphs, 

such as conventional multidimensional scaling (MDS) and MA plots. Finally, Gene Ontology 

(GO) was performed to determine pathway enrichment analysis to compare the treated and 

control samples. 

 

We identified the top 5233 DEGs (differentially expressed genes) based on the dataset. These 

DEGs were imported into the STRING V11.5 database to obtain a ". TSV" (tab separated 

values) file of protein interactions. The hub genes were identified by topological analysis by 

using methods MCC: Multiple consensus Clustering Framework, DMNC: Multiple consensus 

Clustering Framework, MNC: Multiple consensus Clustering Framework and Degree values.  

 

The CytoHubba tool was used to identify closely interacting hub genes for both upregulated 

and down regulation gene sets. Necessary clustering modules related to the hub genes were 

abstracted by CytoHubba, which had 133 nodes and 1077 edges. The node represents each 

gene and edge represents the interaction with other genes. The more edges found from one 

node to other genes represents much interaction and its importance of the note. The current 

study 5HT2cR node was considered to represent its interaction with other genes in different 

pathways. We obtained two clustering modules with the highest score from the PPI (protein-

protein interaction) network of all DEGs by the MCODE algorithm (Chin et al., 2014).  

 

3.4 Results and Discussion 

3.4.1 CFE influence on undifferentiated SHSY5Y cells 

The undifferentiated SHSY5Y neuroblastoma cells were used to estimate the toxicity of the 

proposed CFE concentrations. The undifferentiated cells were treated with 0, 0.1, 0.5, 1, 5, 10, 

25, 50µg/mL of CFE for 48h and 96h duration. The microscopic observation of the CFE treated 

cells showed no toxicity, and cell proliferation was observed to align with control well plates. 

The quantified RNA converted to cDNA and normalised to optimise qPCR run for 5HT2cR, 

Exon Vb and housekeeping genes like GAP43, SYP38 and Akt1 expression. However, there 

is no variation found in 5HT2cR expression levels from 2–∆∆Ct analysis from the qPCR data. 

The gel picture showed in Figure 3.3 representing not much variation of functional and 

truncated 5HT2cR expression with varying concentrations of CFE.  
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Figure 3.3: CFE induced 5HT2cR expression visualisation from qPCR products of 

undifferentiated SHSY5Y cells on agarose gel: The 5HT2cR expression in both functional (at 

400bp) and truncated (at 300bp) isoforms, (A) 48h and (B) 96h of the treatment period. Where 

L represents 100bp DNA ladder and concentrations of CFE represented over each lane 

representing from 0 to 50 in µg/mL. 

 
3.4.2 Differentiated SHSY5Y neuronal cells 

Following the three-week differentiation protocol, the SHSY5Y derived neurons were treated 

with CFE at 0, 0.1, 0.5, 1, 5, 10, 25, 50µg/mL concentrations for 48h and 96h duration. The 

cells were healthy in the wells, and no toxicity was observed with treatment. Microscopic 

observations were captured to visualise neuron like cells interaction as showed in Figure 3.4. 

The CFE treated cells were harvested for total RNA and used for cDNA conversion. The qPCR 

data revealed further validations of 5HT2cR expression with functional and truncated receptor 

differentiation. 

 

  
Figure 3.4: The SHSY5Y derived neurons during CFE treatment: all the pictures were 

captured with a regular inverted microscope (Labomed-TCM400) available in the lab. The 

images represented are at 400x zoom.  
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The Figure 3.5 shows the qPCR assessment data, which represents 5HT2cR expression in CFE 

treated SHSY5Y neurons. Figure 3.5A reveals that after 48h of CFE exposure, there was a 

significant increase in 5HT2cR mRNA expression with 25 and 50 µg/mL concentrations with 

p-values of 0.01 and <0.001, respectively. The exon Vb region expression levels measured to 

validate the CFE treatments enhance only functional 5HT2cR expression rather than truncated. 

Exon Vb expression levels from qPCR data demonstrated in Figure 3.5C define that exon Vb 

expression levels align with full-length 5HT2cR measured. The CFE concentrations of 25 and 

50 µg/mL for 48h of duration showed a significant increase in exon Vb region expression in 

SHSY5Y derived neurons with p= 0.004 and <0.001, respectively.  

 

 
Figure 3.5: CFE induced serotonin receptor expression: 5HT2cR expression in SHSY5Y 

neurons after (A) 48h and (B) 96h of CFE treatment; The exon Vb region (present in functional 

and lacks for truncated 5HT2cR) quantified after (A) 48h and (B) 96h of CFE treatment. The 

data represented the Mean ± SEM with n = 3 replicates from individual wells.  
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Figure 3.6: The qPCR run for Exon Vb region between control and CFE treatment 

 
Following 96h duration of treatment with CFE, the SHSY5Y neurons showed significant 

increase of 5HT2cR expression at 10 (p= 0.04), 25 (p= 0.03) and 50 (p= 0.02) µg/mL 

concentrations (as shown in Figure 3.5B). Further, Figure 3.5D reveals the expression of the 

exon Vb region also significantly higher in SHSY5Y neurons treated with 25 (p = 0.03) and 

50 (p = 0.003) µg/mL concentrations of CFE. Therefore, it is evident that during CFE 

treatment, there is an increase in the expression of the functional 5HT2cR sequence compared 

to the inactive or truncated isoform. The Figure 3.6 was representing exon Vb differential 

expression with CFE treatment.  

 

 
Figure 3.7: CFE induced 5HT2cR expression in SHSY5Y derived neurons after 48 h of 

treatment: The qPCR derived products were used to visualise (A) The 5HT2cR expression in 

both functional (at 400bp) and truncated (at 300bp) isoforms, (B) Exon Vb (at 140bp) region-

specific to functional 5HT2cR visualisation at 140bp by agarose gel electrophoresis with 

SYBER green staining.  
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Figure 3.8: CFE induced 5HT2cR expression in SHSY5Y derived neurons after 96 h of 

treatment: (A) The visualisation of 5HT2cR expression levels in both functional (at 400bp) and 

truncated isoform (at 300bp), (B) Exon Vb (at 140bp) region-specific to functional 5HT2cR 

visualisation at 140bp band length on the gel. 

 

Table 3.1: Lane and Band Volume/intensity analysis from ChemidocTM MP of gel images of 

PCR products from CFE treated SHSY5Y neurons. Where, fn: functional and tr: truncated 

5HT2cR. 

48h 
CFE treatment 5HT2cR-fn 5HT2cR-tr Ratio of fn to tr Exon Vb 

10 µg/mL 13,648,705  16,205,623  0.84 19,157,220  
25 µg/mL 7,804,328  4,106,739  1.9 27,300,960  
50 µg/mL 6,069,091  5,726,083  1.05 28,276,245  

 

96h 
CFE treatment 5HT2cR-fn 5HT2cR-tr Ratio of fn to tr Exon Vb 

10 µg/mL 27,185,356  7,737,614  3.51 26,920,224  
25 µg/mL 42,048,876  3,347,512  12.56 29,759,824  
50 µg/mL 26,951,354  7,014,448  3.84 31,451,392  

 

In addition, qPCR products were further assessed by gel electrophoresis to visualise the 

functional vs truncated receptor expression (as shown in Figures 3.7 and 3.8). The gel images 

were demonstrating RNA expression reduced for truncated 5HT2cR receptors (at 300bp 

length) in 10, 25 and 50 µg/mL concentrations. Furthermore, the Table 3.1 shows that the exon 

Vb gels band intensity was increased at 25 and 50 µg/mL concentrations of CFE. 
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The 5HT2cR editing and alternative splicing appear to be important in biological activities. 

The adenosine deaminases working on pre-mRNA second intracellular loop to convert 

adenosine to inosine is unique to the 5HT2cR type among other 5HT receptors. Editing reduces 

both the receptor's interaction with its downstream signalling system and its constitutive 

activity, according to in vitro experiments (Martin et al., 2013b). Recently, several mutant mice 

lines expressing solely the fully edited VGV (residual positions: 156-Val, 158-Gly and 160-

Val as shown in Figure 3.9) 5HT2cR were created. The increased motor responses to 5HT2cR 

ligands were leading to added behavioural and metabolic alterations, further changes in 

functional 5HT2cR expression (Stamm et al., 2017). BALB/c VGV mice showed more 

significant energy expenditure and fat mass loss, as well as lower cholesterol, as compared to 

wild-type (WT) mice (Englander et al., 2005).  

 
Figure 3.9: Representation of Unedited and fully edited amino acid residues at 16, 158 and 

160 positions of exon V region in 5HT2cR. 

 

Studies confirm that change in 5Ht2cR editing are linked to behaviour and emotion in people 

and animals (Phillips et al., 2018). C57BL/6J /VGV animals had less RNA encoding the 

truncated form (5HT2cR-tr), a naturally occurring receptor that will not bind 5HT (serotonin) 

and other 5HT2cR ligands, in the C57BL/6J brain regions investigated (Shimogori et al., 2010). 

In VGV mice, the functional to shortened receptor ratio approximately doubled compared to 

WT mice, which coincided with increased receptor density (Wanhainen et al., 2019). A 

decrease in the 5-HT2cR-tr isoform would eventually increase 5HT2cR-mediated suppression 

of stress-induced 5-HT release. According to the literature, shortened receptors are not simply 

a by-product of unusual splicing; they play a role in interacting with fully synthesised 5HT2cR-
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fi (functionally inactive) and forming protein dimers (Stamm et al., 2017, Shimogori et al., 

2010). The trafficking pattern of 5HT2cR-tr was significantly different from that of 5HT2cR-

fi. 5HT2cR-tr accumulated in the ER instead of being transferred to the Golgi apparatus and 

the plasma membrane (Shimogori et al., 2010, Oshlack et al., 2010). 5HT2cR-tr forms 

heterodimers with 5HT2cR-fi, trapping 5HT2cR-fi in the ER, suggesting that 5HT2cR-tr may 

have a regulatory function. The 5HT2cR-fn produces dimers in the plasma membrane, like the 

seven-transmembrane receptors. These dimers occur in the endoplasmic reticulum during the 

production of 5HT2cR (Nonogaki, 2022). 5HT2cR creates two types of dimers, according to 

disulphide trapping tests based on the rhodopsin structure: one dimer class is created by 

interactions between transmembrane region 1 (TM1), and connections between TM4 and TM5 

form the other dimer class. Ligand interaction does not modify the structure of TM1 domain 

dimers (Filizola, 2010). However, it does change the structure of one of the protomers in the 

TM4–TM5 dimer, implying that TM4–TM5 is a conformational heterodimer when activated 

(Filizola, 2010). The TM1 domains found in both proteins are probably involved in 

heterodimerisation (Stamm et al., 2017). 

 

The heterodimer of 5HT2cR-tr and 5HT2cR-fn is found in the endoplasmic reticulum, 

reflecting the tight intracellular localisation of 5HT2cR-tr (Martin et al., 2013b). 5HT2cR-tr 

inhibits 5HT2cR-fn signalling, evidenced by a dose-dependent decrease in diacylglycerol 

production in transfection experiments (Zhang et al., 2016a). Therefore, the 5HT2cR-tr isoform 

inhibits the full-length receptor's constitutive activity, either by blocking inside the cell or 

modifying the 5HT2C homodimer formation required for coupling the Gq/11 (Herrick-Davis 

et al., 2004). The full-length receptor heterodimerises with the ghrelin receptor GHSR1a and 

interacts with the 5HT2cR-tr, reducing ghrelin's orexigenic impact (Schellekens et al., 2015). 

The truncated to full-length receptors ratio regulates 5HT2C activity since an increased 

truncated receptor accumulates the full-length cytosolic receptor, resulting in reduced 5HT2C 

signalling. Further, studies revealed improved energy expenditure and behavioural parameters 

in mice with reduced expression of 5HT2cR-tr RNA  (Morabito et al., 2010). In addition, the 

5HT2cR-fn receptors are essential for the signalling of POMC neurons. Therefore, 

overexpression of truncated receptors results in hyperphagia in mice and reduced activity of 

POMC neurons (Morabito et al., 2010). The 5Ht2cR knockout mice has developed hyperphagia 

and obese symptoms (Morabito et al., 2010). Moreover, activation of the 5HT2cR via selective 

agonist such as the FDA approved drug lorcaserin inhibits food intake (Patel et al., 2020). 
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The SNORD115 microRNA sequence promotes full-length receptor expression in neurons to 

regulate food intake and its role in alternative splicing in 5HT2cR-fn receptor synthesis 

(Morabito et al., 2010). One of the most common hereditary causes of morbid obesity and 

cognitive incapacity in humans was seen in disorders like PWS (Hebras et al., 2020). The 

imprinted region, which is absent in PWS, includes five protein-coding genes (MKRN3, 

MAGEL2, NECDIN, SNURF-SNRPN, and NPAP1/C15 or f2) as well as six orphan C/D box 

snoRNAs (SNORDs): 107, 64, 108, 109, 116 (29 copies divided into five classes), and 115 (47 

almost identical copies) (Kishore and Stamm, 2006). The SNORD 115 modulates splicing of 

5HT2cR by increasing exon Vb inclusion to form full-length receptors, as stated in the 

literature chapter I of this study. In POMC neurons, a knockout model for PWS that lacks all 

SNORDs, including SNORD115, reveals an increase in the 5HT2cR-tr isoform (Zhang et al., 

2016a). Because POMC neurons do not efficiently produce c-fos after 5HT2C stimulation, 

increasing 5HT2cR-tr in these neurons inhibits the anorexic response of these animals. The 

lack of this signal is likely to promote hyperphagia, a symptom of PWS (Garfield et al., 2016). 

Thus, an increase in the shortened 5HT2c isoform in Prader–Willi syndrome likely lowers the 

serotonin response by heterodimerising with the 5HT2cR-fn forms (Smith et al., 1997), thereby 

inhibiting the satiety response.  

 

The current study results of CFE treated SHSY5Y neurons showed an increase in full-length 

5HT2cR expression. Furthermore, the agarose gel supports the reduced expression of the 

truncated receptor in 25 and 50 mg/mL concentrations (Table 3.2). Therefore, CFE may have 

a potential role in 5HT2cR mediated signalling in satiety regulation. In addition to support the 

CFE treated 5HT2cR expression and further activation of anorexigenic genes were estimated 

with whole transcriptome analysis. Next-generation sequencing was used to measure whole 

transcriptome analysis.  

 

Micromon services at Monash University performed the NGS studies sample preparation and 

sequencing for data normalisation. The Figure 3.10A confirms the RNA stability of each 

sample performed for sequence. The overall number of differentially expressed genes were 

plotted under the volcano plot as shown in Figure 3.10B, C, and D. The RIN number for all the 

samples was 8 to 10, which is in line with the required level of purity for this type of analysis. 
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Figure 3.10: Next-generation sequencing of SHSY5Y neurons: (A) RNA intactness for NGS 

analysis (gel image shows 18s and 28s rRNA consistency), (B) Volcano plot of differentially 

expressed genes identified between control and CFE-treated SHSY5Y neurons after 48h of 

treatment, (C) Volcano plot between control and CFE treated neurons after 96 h of treatment 

and (D) comparison of both CFE treated neurons for 48 h and 96 h. FC represents fold change 

in expression and FDR represents false discovery rate. 

 

RNA sequencing (RNA-seq) analysis was performed to find differences in expression of genes 

between control and CFE treatments at 48 h and 96 h of duration. The differentially expressed 

genes with CFE (25 µg/mL) treatments were analysed in both at 48 h and 96 h time points. The 

normalised data resulted in 17396 genes being differentially expressed; after adjusting for p-

value, the upregulated genes were 5298, and downregulated genes were 1974. The upregulated 

and downregulated genes were further screened for different metabolic pathway analyses. The 

gene ontology (GO) studies enrichment analysis of pathways showed Figures 3.11, 3.12, 3.13 

and 3.14 based on the clustering of genes expression. The gene ontology study was 

demonstrating that CFE treated neurons significant increase in gene expression in protein 

transport, cellular protein localisation, nervous system development, regulation of biosynthetic 

pathways, pre-mRNA processing, and macromolecule modification procedures.  

T48 vs T96

C96 vs T96

C48 vs T48

(A)

(B)

(C)

(D)
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Figure 3.11: Enriched gene ontology (GO) representation in dot plot: The 30 GO processes 

with the highest gene ratios (initial group of selection) are plotted in the direction of gene ratio. 

The number of genes with differentially expressed gene list (which are significant) by the size 

of the dots in respective process, and the colour of the dots denotes the FDR cut off values. 

 
Figure 3.12: Enrichment GO plot: The top 30 highly enriched GO terms (as determined by P-

adjusted values) are displayed, with related terms clustered together. The size of the terms 

denotes the number of significant genes from the list of the significant genes, and the colour 

shows the p- values compared to the other established terms. 
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Figure 3.13: Enriched gene ontology (GO) representation in dot plot: The 30 (second group of 

interest) GO processes with the most significant gene ratios are plotted in the direction of gene 

ratio. The size of the dots represents the number of genes in the differentially expressed gene 

list associated with the GO process, and the colour of the dots represents the FDR cut off values. 

 

 
Figure 3.14: The phylogenetic connection plot of GO stands for the interlink between the top 

30 pathways selected, and their inter-connection was represented with corrected p values. 

Top 30 differential genes involved in different process

Upregulated gene cluster involved process Down gene cluster involved process

(A) (B)
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Figure 3.15: 5HT2cR interaction with top differentially expressed genes involved in the 

dendrite communication process, the plot derived from CytoScape tool; Where brighter colour 

represents more significant increased and lighter colour means significantly reduced levels. 

 

 
Figure 3.16: Differentially expressed gene cluster involved in thermogenesis process, the plot 

derived from CytoScape tool; brighter colour represents more significant increased and lighter 

colour means significantly reduced levels. 

 



VBSC THUNUGUNTLA           The CFE with lorcaserin as combination in obesity 

 92 

 

 
Figure 3.17: String network has drawn of proteins identified from upregulated anorexigenic 

genes after adjusted p-value by using string database. The brightness of the connecting line 

represents the strength of association.  

 

The CytoHubba clustering showed in Figure 3.15, a brief network displaying of 5HT2cR role 

in dendrite guidance related to differentially expressed genes and Figure 3.16 shows the genes 

cluster of thermogenesis. Whereas Figure 3.17 represents a combination of DEG's from 

transcriptome analysis which have been identified as key molecules in anorexigenic signalling. 

The genes PHIP, KSR2, NPY, MRAP2, SH2B1, NTRK2, PCSK1, GIPR, BDNF, ADCY3, 

HDAC5, DGKI and PRLH were considered for further discussion (as shown in Figure 3.18). 

Interestingly, all these genes are associated with 5HT2cR and having a role in regulation of 

food intake and energy expenditure in obesity and other overeating disorders. 
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Figure 3.18: DEGs associated with obesity and energy expenditure: The gene expression in 

SHSY5Y derived neurons after 25 µg/mL of CFE treatment for 48 h and 96 h. All the 

expression values are represented with adjusted p values. 

 

PHIP (Pleckstrin homology domain interacting protein): Individuals with developmental 

delay, intellectual disability, and dysmorphic characteristics have been documented with 

deletions and frameshift mutations in this gene, and in some instances, patients have been 

observed to be overweight (Marenne et al., 2020). The functional consequences of the 

seventeen coding variations (as shown in Figure 3.19) observed in obese individuals. 

 

 
Figure 3.19: The variants of PHIP found in obese cases and control samples of a clinical study, 

the diagram adopted from (Marenne et al., 2020). 

Human PHIP is divided into two isoforms, each of which has a different cellular location. 

Insulin and insulin-like growth factor (IGF-1) signalling need a small cytoplasmic PHIP (104 

kDa) isoform that interacts with insulin receptor substrate (IRS)-1 and -2 (Webster et al., 2016). 

On the other hand, the nucleus is exclusively home to a long (230-kDa) PHIP isoform. Nuclear 

PHIP (known as DDB1- and CUL4-associated factor 14 (DCAF14) or replication initiation 

determinant protein (REPID)) is a chromatin-binding protein that promotes DNA replication 

and gene transcription by binding directly to chromatin (Farhang-Fallah et al., 2000). Using a 

POMC luciferase reporter experiment, it was discovered that in the absence of leptin, wild-

type (WT) PHIP potentiated POMC transcription, while PHIP mutations reduced POMC 

transcription. Furthermore, four mutants (T289P, D594E, Q1343X, and R1505Q) display a 

PHIP KSR2 NPY MRAP2 SH2B1 NTRK2 PCSK1 GIPR BDNF ADCY3 HDAC5 PRLHR DGK1 HTR2C
Ct48 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tr48 -0.008 0.036 -0.123 0.042 0.072 0.074 0.151 -0.023 0.295 0.034 0.16 0.28 0.02 0.24
Ct96 0.243 0.287 -0.159 0.082 0.097 0.014 0.122 0.400 -0.025 -0.036 0.06 0.24 0.16 0.16
Tr96 0.438 0.422 -0.376 0.153 0.290 -0.234 0.468 -0.044 0.280 -0.006 0.12 0.52 0.31 0.46

-0.5
-0.4
-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5
0.6

lo
g 

2 
 (F

ol
d 

ch
an

ge
)



VBSC THUNUGUNTLA           The CFE with lorcaserin as combination in obesity 

 94 

dominant-negative effect in co-transfection assays with various WT and mutant PHIP doses 

(Farhang-Fallah et al., 2000). These findings potentially help with the mechanism-based 

therapy of PHIP variant carriers with a melanocortin receptor agonist, which is now being 

tested in clinical trials and leads to significant weight loss in people with severe obesity 

(Marenne et al., 2020). The current results showed an increase in PHIP expression in SHSY5Y 

neurons of 96 h CFE treatment. Earlier studies suggest an average level of PHIP is required to 

promote POMC transcription, and POMC is directly involved in satiety regulation and energy 

expenditure, as discussed in the literature chapter.  

 

KSR2 (Kinase suppressor of Ras 2): Multiple signalling pathways are aided by this 

intracellular scaffolding protein. KSR2 deletion causes obesity in mice, implying that it plays 

a function in energy regulation (Pearce et al., 2013). The Ras kinase suppressors (KSR1 and 

KSR2) were discovered by genetic screening in Drosophila and C. elegans. Both KSR1 and 

KSR2 bind to Raf/MEK/ ERK, as kinase cascade and activation of these proteins (Kim, 2010). 

Some of the energy balance and metabolism problems reported in Ksr2-/- mice, such as obesity, 

elevated insulin levels, and reduced glucose tolerance, have been linked to the interaction 

between KSR2 and AMPK (Kim, 2010).  

 
Figure 3.20: KSR2 - AMPK mediated lipid oxidation in energy expenditure (Kim, 2010) 

 

Although one significantly obese person was homozygous for two KSR2 mutations (R253W 

and D323E), twenty-three of the discovered variations were only detected in obese people 

(Pearce et al., 2013). Several of these variations were predicted to be functionally unfavourable 
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as they altered highly conserved residues, implying that they could have functional effects. 

KSR2 controls food intake, basal metabolic rate, FAO, and glucose oxidation in humans. As 

shown in Figure 3.20, the KSR2 interaction with AMPK may play a crucial role in glucose 

intolerance and high insulin circulation. Modulation of the amplitude and duration of ERK 

signalling could be one mechanism linking KSR2 mutations to metabolic illness (Kim, 2010). 

Diet-induced obesity in mice and humans is linked to increased ERK1 activity in adipose 

tissue, whereas ERK1-/- mice appear to be resistant to obesity and remain insulin sensitive even 

when fed an HFD (Pearce et al., 2013). The SHSY5Y derived neurons after CFE treatment for 

96 h showed enhanced KSR2 mRNA expression compared to control cells.  

 

NPY (Neuropeptide-Y): The first group of orexigenic peptides that produce appetite-

stimulating effects during a metabolic shortage are AgRP and NPY (Tran et al., 2021). NPY 

antagonists have been identified as possible anti-obesity therapeutic targets in several 

investigations. (Tamura et al., 2012) and (Kurebayashi et al., 2013) found that repeated 

injection of NPY antagonists had anti-obesity effects in diet-induced obesity (DIO) mice 

without any aberrant behaviour. Furthermore, (Fukasaka et al., 2018) investigated the impact 

of two new NPY receptor antagonists, S-2367 and S-234462, on body weight growth and food 

consumption. NPY subtype Y5 KO mice, on the other hand, had higher adiposity, food intake, 

and body weight (Shi et al., 2010). NPY acts as an orexin by inhibiting the binding of 

melanocortin system family members, supporting positive energy balance, and activating the 

hunger state (Shi et al., 2013). Overall, the downregulation of NPY expression observed in the 

current study after 48 and 96h of treatment with CFE may be an additional inhibitory signal 

for food appetite. 

 

MRAP2 (Melanocortin-2 receptor accessory protein): MRAP and MRAP2 are small 

transmembrane proteins that promotes melanocortin receptors assembly in the endoplasmic 

reticulum. The role of MRAP2 on food intake and energy expenditure was briefly illustrated 

in Figure 3.21. The MRAP involves in G-coupled receptor subunit Gs binding to ACTH and 

further activation of MC2R. The MC2R activation leads to functioning of adenylate cyclase, 

further producing cyclic adenosine monophosphate (cAMP) (Berruien and Smith, 2020). 

Because effective ACTH signalling is required to produce glucocorticoids, genetic variations 

of MRAP have been related to familial glucocorticoid insufficiency (Novoselova et al., 2018). 

The brain and the adrenal gland have significant levels of MRAP expression, and MRAP has 

been shown to alter the differentiation of progenitor cells inside the adrenal gland. MRAP2 has 
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about 40% sequence homology with MRAP and forms a heterodimer (Berruien and Smith, 

2020). However, unlike MRAP, which supports MC2R localisation and signalling, MRAP2 

does not. The signalling of melanocortin receptors (MC1-5), orexin receptor, ghrelin receptor, 

and growth hormone secretagogue receptor 1a (GHSR-1a) is influenced by MRAP2, which has 

lower receptor fidelity (Berruien and Smith, 2020). Both MC3 and MC4 play significant roles 

in appetite regulation, and their deficits have been associated with obesity. Data from in vitro 

studies, MRAP2 transgenic mice, and MRAP2 variants in metabolic syndrome populations 

show that MRAP2 regulates appetite control, with MRAP2 genetic variants causing obesity 

(Berruien and Smith, 2020). In line with previous statements, MRAP2 is upregulated in CFE-

induced neurons suggesting that CFE may play a role in MRAP2-based anorexigenic gene 

cluster activation to increase satiety. 

 
Figure 3.21: The MRAP2 signalling hypothalamic pathway illustration (Rouault et al., 2017) 

 

SH2B1 (Src-homology 2 B adapter protein 1): Leptin is a 16-kDa systemic hormone that 

regulates energy balance via leptin receptor-expressing hypothalamus neurons (LEPR) (Doche 

et al., 2012). Resistance to endogenous and exogenous leptin characterises diet-induced obesity 

in rodents and typical forms of obesity in humans (Doche et al., 2012). A congenital lack of 

leptin and its receptor causes severe obesity in mice and humans, suggesting that leptin-

mediated signalling regulates food intake, energy expenditure, carbohydrate metabolism, and 

neuroendocrine function (Doche et al., 2012). SH2B1 is an endogenous positive regulator of 

leptin sensitivity. Mutation or deletion of SH2B1 resulted in severe leptin resistance, insulin 

resistance, morbid obesity, and glucose intolerance in SH2B1 knock out mice (Ren et al., 

2007). The signal transducer and activator of transcription 3 (STAT3) are activated through the 

action of SH2B1 (Figure 3.22). With the use of Tubby bipartite transcription factor (TUB), 
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STAT3 will move to the nucleus and activate its target genes involved in energy balance and 

mediate the anorexigenic actions of leptin (Doche et al., 2012). Moreover, insulin resistance 

and insulin signalling are also compromised in SH2B1-null mice (Doche et al., 2012). SH2B1 

is expressed in many isoforms in the brain, but neuron-specific restoration of recombinant 

SH2B1β alone is enough to retrieve from obesity symptoms in SH2B1 knockout mice (Doche 

et al., 2012). SH2B1 mutations, on the other hand, were discovered to have a crucial role in 

obesity-related behaviours such as aggression and anxiety, according to the study. 

 

 
Figure 3.22: Leptin - melanocortin pathway regulates food intake in PVN of the hypothalamus 

showing the influence of SH2B1 (Yazdi et al., 2015) 

 

NTRK2 (Neurotrophic tyrosine kinase receptor type 2): During 48 and 96 hours of 

treatment, the CFE-induced SHSY5Y neurons had higher NTRK2 expression than the control 

samples. When NTRK2 is injected into the ventromedial hypothalamus (VMH) and 

paraventricular nucleus (PVN) of the hypothalamus, it inhibits feeding and increases energy 

expenditure (Rask-Andersen et al., 2011). FTO (fat mass and obesity gene) may influence 

BDNF-NTRK2, PRKACB, STAT3, and PFN2 to control ligand-induced neural plasticity 

(Gray et al., 2007). BDNF plays a role in neuronal survival, differentiation, and memory 

formation and reduced expression of BDNF has been linked to obesity in GWA (genome wide 

association) investigations (Rask-Andersen et al., 2011). The current study results showed both 

48, and 96h of CFE-induced neurons enhance BDNF expression. 
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Figure 3.23: NTRK2 mediated food intake regulation signalling in the arcuate nucleus of the 

hypothalamus (Choquet and Meyre, 2010) 

PCSK1 (proprotein convertase kexin type 1): Prohormone convertase 1/3 (PC1/3) is a serine 

endoprotease involved in converting a range of pro-neuropeptides and prohormones. The 

PCSK1 gene encodes PC1/3 (Stijnen et al., 2016). An obese mouse strain was found to have 

the N222D mutation in the PCSK1 gene. When mice were fed an HFD, their body weight 

increased significantly, and their body fat content increased (Stijnen et al., 2016). As a result, 

the PC1/3-N222D mice are glucose intolerant (but insulin sensitive), hyperphagic, have 

increased fat gain efficiency and average resting energy expenditure, as shown by others 

(Ramos-Molina et al., 2016). PCSK1 is a crucial molecule for processing the POMC-mediated 

signalling cascade in the arcuate nucleus. As a result of this mutation, the processing of 

substrates such as proinsulin and hypothalamic and pituitary POMC was reduced. The 

discovery of severely obese patients who are heterozygous for PCSK1 mutations and the link 

between PCSK1 SNPs and obesity has been studied (Ramos-Molina et al., 2016). These SNPs 

do not affect PCSK1 expression, RNA stability, or PC1/3 function. More research is required 

on the effects of PCSK1 SNPs and mutations on PC1/3 function and expression (Stijnen et al., 

2016). Interestingly, after 96 h of CFE treatment, the PCSK1 expression was increased, 

suggesting that CFE might be used to treat POMC-mediated satiety signalling. 

 

GIPR (Glucose-dependent insulinotropic polypeptide receptor): The GIP was one the two 

incretin hormones, which involves in food intake with systemic metabolism. GIPR agonism 

and antagonism both are positively impacting obesity symptoms (Campbell, 2021). Human 

genome-wide association studies (GWAS) have identified GIPR as a gene that contributes to 

body mass index, further GIP is having possible involvement in obesity (BMI) (Campbell, 
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2021). The functional loss of GIPR was promoted by polymorphisms in the GIPR locus linked 

to increased glycemia, decreased insulin production, and reduced incretin response. In addition, 

it was linked to a low body weight gain in GIPR knockout mice, confirming pre-clinical 

findings (Killion et al., 2018, Boer et al., 2021). Further, compared to diet-matched controls, 

GIPR-/- mice BAT (brown adipose tissue) had higher UCP1 levels and much-reduced lipid 

accumulation (Campbell, 2021). Further, GIPR-/- animals did not maintain their body 

temperature during a cold challenge, suggesting that the absence of the GIPR increases 

thermogenesis. BAT-specific GIPR knockout mice (GIPRMyf5-/-) were created utilising Myf5-

Cre mice to test this directly (Campbell, 2021). On the other hand, in rodents, a HFD increases 

GIP expression in the intestine, which drives K cell (cells found in duodenum) hyperplasia and 

boosts GIP levels in the blood. Depending on the extent of agonism produced, chronic GIPR 

agonism in mice is either weight-neutral or weight-reducing (Campbell, 2021). The literature 

supports the idea that a GIPR chronic agonism and antagonist activities could be a potential 

anti-obesity strategy. However, it was poorly studied to understand both agonist and antagonist 

activity of GIPR effecting weight loss. The current transcriptome data revealed, that the CFE 

treated SHSY5Y neurons showed decrease in GIPR expression levels during 96h of treatment 

compared to control cells. 

 

PrRPR (prolactin-releasing hormone receptor): The gene PRLH in humans encodes the 

anorexigenic prolactin-releasing peptide. PrRPR is named for its capacity to stimulate prolactin 

secretion from cell lines in culture (Cheng et al., 2021). However, it does not affect prolactin 

release in humans. PRLH, which is found mainly in the nucleus tractus solitarius (NTS), lateral 

reticular nucleus (LRt), and dorsomedial hypothalamic nucleus (DMH), regulates food intake 

and expenditure (Cheng et al., 2021). Overexpression of PRLH decreased food intake and body 

weight in a PRLH mouse model, according to a recent study by (Cheng et al., 2021) (Shown 

in the Figure 3.24).  
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Figure 3.24: PRLH mouse model study illustrating the importance of food intake and body 

weight (Cheng et al., 2021) 

Food intake and weight gain are inhibited by PRLH-NTS neuron transmission, especially 

during HFD eating. The weight loss occurred during optical stimulation (20Hz, 1 Second with 

430nm) of AgRP neuron in hypothalamus, where AgRP neurons showed overexpression of 

PRLH.(Cheng et al., 2021). Increased PRLHR expression may improve NTS-mediated satiety 

signals to overcome orexigenic hypothalamic signals and restrict food and obesity. The CFE 

treated SHSY5Y neurons were expressed two-fold quantity of PRLH gene compared to control 

cells. 

 

DGKI (diacylglycerol kinase iota): DGKI is a potential DGK isoform involved in energy 

balance and metabolism because it is expressed in multiple brain regions (hippocampus, 

hypothalamus, caudate nucleus, and cortex) as well as the thyroid (Marenne et al., 2020). DAG 

kinases inhibit DAG signalling and are critical regulators of synaptic plasticity mechanisms 

like induction and long-term depression (Marenne et al., 2020). According to phenotyping, 

homozygous DGKIem1(IMPC)Wtsi mice exhibit larger fat mass and fat percentage, poorer bone 

mineral density, and elevated plasma glycerol. In addition, DGKI knockout mice have delayed 

habituation to unfamiliar surroundings (Yoon et al., 2019). The biological function of DGKI is 

unknown, as is the mechanism by which they maintain energy homeostasis. The current data 

reveals increased expression of DGKI in 96h CFE treated SHSY5Y neurons. 

 

5HT2cR: The serotonin 2c receptor expression was increased in CFE induced neurons at 48 

and 96h. The CFE effect on 5HT2cR expression was consistent with qPCR quantification and 

whole transcriptome data. As described in the literature, 5HT2cR promotes POMC mediated 
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satiety signal, and the Figure 3.25 shows 5HT2cR association with other obesity influencing 

genes discussed in this chapter. 

 

Figure 3.25: The string database derived protein network: Overall genes associated with food 

intake and weight loss were clustered to understand the 5HT2cR interaction with them. 

Outcomes of the study 

• In CFE-treated SHSY5Y neurons, functional 5HT2cR expression was increased, while 

the expression of truncated 5HT2cR was reduced. 

• Whole transcriptome analysis of CFE-treated neurons reveals effects on anorexigenic 

genes that may promote satiety. 

• The pilot scale transcriptome data shows interesting results towards CFE influence on 

different anorexigenic genes either directly or indirectly in pathways. The data pointing 

to assess a greater number of replicates for further confirmation of CFE impact on 

energy homeostasis.  
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3.5 Conclusion 
The experiments and analyses in this chapter show that CFE treatment of neuronal cells induces 

the expression of several genes that influence appetite and energy homeostasis. The genes like 

BDNF, PCSK1 and 5HT2cR have a key role in POMC neuron activation in the hypothalamus. 

On the other hand, it is interesting to explore how 5HT2cR expression could be altered in case 

of PWS, where PWS loci mutations (SNORD115) play a key part in 5HT2cR-fn expression. 

Transcriptome data showed increased expression of genes like SNURF, MAGEL2 (MAGE 

family member L2) and NDN (Necdin) genes, which are present on PWS loci in chromosome 

15q11-q13. The mechanism of CFE in 5HT2cR expression is a big challenge to understand at 

the level of messenger RNA processing and transcript assembly. However, at this stage, 

increased expression of the functional receptor is evident in SHSY5Y neurons, implying CFE 

influence in satiety signalling. It is significant to recognise the CFE effect on SHSY5Y neurons, 

however it is correspondingly valuable to understand how CFE involved in different 

physiological and behavioural aspects. Further elucidation of the effect of CFE on behaviour, 

weight reduction and body composition of mice maintained on an obesogenic diet is discussed 

in the next chapters.  
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Chapter 4 Food and water intake rate and behaviour response 

in CFE and Lorcaserin treated high-fat diet mice model 
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4.1 Abstract 
The critical prevalence of obesity and overeating metabolic disorders are emerging in 

populations worldwide. Obesity is prevalent due to high caloric intake and reduced activity. 

The food intake rate is regulated by appetite and satiety pathways centrally in the hypothalamus 

of the brain region. A hypercaloric diet influences several neuropeptides like MSH, POMC, 

NPY, and AgRP in the brain. In addition, it can impact mood and behavioural parameters like 

anxiety and depression levels. Studies confirm that 5HT2cR-linked activation of POMC 

neurons is responsible for activating satiety signals via anorexigenic pathways. The 5HT2cR 

is not limited to the satiety signal; it also plays a crucial role in regulating anxiety and 

depression behaviours. Therefore, it is essential to realise how anti-obesity drugs or overeating 

disease therapies alter individuals' mood and behavioural changes parallel to body weight 

regulation. The current chapter of the thesis used a speciality diet to induce obesity in C57BL/6j 

mice within eight weeks of feeding. The HFD-induced mice were randomised to CFE, LOR 

and CFE+LOR treatment groups. The HFD-induced mice went through 8weeks of treatment; 

and were continuously monitored for food, water intake and body weight changes. In addition, 

animals were assessed for exploration, anxiety, and depression behavioural changes with 

respect to given treatments. The observations revealed food and body weights of CFE+LOR 

and CFE treated groups showed significant differences and resistance to HFD. Interestingly, 

behavioural experiments indicated CFE+LOR treatment group data resembling the control 

diet-fed group anxiety and depression parameters. The study concludes that body weight and 

behaviour parameters due to induced HFD were effectively sustained in CFE+LOR treatment 

rather than in CFE and LOR-alone treatment groups. 
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4.2 Introduction 
Obesity may increase the risk of developing pathological health conditions, including diabetes 

mellitus, anxiety, depression, and gastrointestinal disorders. High-calorie foods (high in sugar 

and fat) and low energy expenditure contribute to obesity development (Mavanji et al., 2022, 

van Galen et al., 2021, Loos and Yeo, 2021). The role of hypothalamic peptides in modulating 

feeding behaviour and energy homeostasis has been demonstrated in mouse studies. 

Neuropeptide Y (NPY) is well-known for its orexigenic effects, mediated by NPY neurons in 

the hypothalamus. However, many peripheral factors also affect these neurons, which provide 

energy status signals to the brain (Pondugula et al., 2021, Aghili et al., 2021, Fu et al., 2020, 

Petridou et al., 2019). Leptin, for example, is a hormone released by adipocytes that reduces 

NPY expression, induces satiety, and promotes energy expenditure (Sarma et al., 2021, 

Fernández-Galaz et al., 2010). Surprisingly, leptin resistance, which is common in obesity, is 

related to increased NPY transcription levels and a higher incentive for feeding behaviour, 

which frequently activates the obsessive-compulsive phenotype seen in obese patients 

(Manocha and Khan, 2012, Fernández-Galaz et al., 2010, Crowley et al., 2002).  

 

In addition, Orexins are highly produced in the hypothalamus lateral and dorsomedial areas, 

projected throughout the brain and spinal cord; orexins increase appetite (Mavanji et al., 2022, 

Pondugula et al., 2021). The OX1R and OX2R, like orexin-A (OXA) and B (OXB) peptides, 

in the central neuraxis and isolated peripheral areas. Orexin therapy increases the expression 

of peroxisome proliferator-activated receptor-gamma (PPAR- γ and improves adipose tissue 

browning (Mavanji et al., 2022, Borgers and Heemels, 2014). Furthermore, orexin treatment 

of adipose tissue causes an increase in glycerol release, indicating enhanced lipolysis. The role 

of OX1R in eating behaviour has been demonstrated in previous research. For example, the 

OX1R antagonist SB334867 reduces OXA-induced feeding, self-administration of high-fat 

pellets in food-restricted rats and ad-libitum-fed mice, binge-like intake of palatable food in 

mice and rats, and cue-driven food consumption in mice and rats (Sharf et al., 2010, Cason and 

Aston-Jones, 2013b).  

 

Similarly, knocking down OX1R in the paraventricular nucleus of the thalamus (PVT) with 

OX1R shRNA (short/small hairpin RNA) lowers food intake in rats. At the same time, 

SB334867 treatment to the fourth ventricle inhibits high-fat meal-conditioned location 

preference (Mavanji et al., 2022, van Galen et al., 2021). Moreover, according to a recent study, 
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mice lacking OX1R develop obesity resistance when fed an HFD (Teske et al., 2006), whereas 

mice were lacking OX2R develop decreased thermogenesis when fed an HFD (Needham et al., 

2022, Mavanji et al., 2022, Lama et al., 2022b, Yoshizaki et al., 2020).  

 

Other neurotransmitter, serotonin regulates leptin internalisation and subsequent action in the 

brain leads to satiety signalling. As a result, serotonin can alter appetite and energy homeostasis 

via regulating leptin and activation of the anorexigenic pathways in the brain (Cason and 

Aston-Jones, 2013a, Crowley et al., 2002). According to previous research, serotonin activates 

spinal cord motor neurons and increases the frequency of locomotor activity. Following DRN 

(dorsal raphe nucleus) GABA treatment, mice exhibited depression-like behaviour (Mavanji et 

al., 2022, van Galen et al., 2021, Loos and Yeo, 2021, Yoshizaki et al., 2020). Furthermore, 

serotonergic neurons in the DRN have been found to influence several behavioural 

characteristics in mice, including sensory input, motor action, and reward, implying serotonin 

importance. A human study found that the specific binding ratio of the serotonin transporter 

(SERT) in the pons was favourably connected with BMI in obese subjects' midbrain and 

negatively correlated with BMI (la Fleur and Serlie, 2014). In addition, hypermethylation of 

the SERT promoter gene (SLC6A4) increases BMI and waist circumference in obese people 

(Mavanji et al., 2022, Petridou et al., 2019). Moreover, hypothalamic SERT gene expression 

increased in rats fed with a high-carbohydrate diet, indicating that serotonin turnover role in 

developing visceral adiposity (la Fleur and Serlie, 2014). 

 

The key mechanism for serotonin's involvement in the energy balance is activating the 5HT2c 

receptor. The literature indicates that 5HT2cR mutant mice have abnormalities in mRNA 

expression for proteins involved in energy balance, hyperphagia, and late-onset obesity. In 

addition, overeating disorders like PWS are interlinked with 5HT2cR mutation or under-

expression conditions (Griggs et al., 2018b). The activation of 5HT2cR showed a significant 

reduction in body weight and waist circumference in overweight individuals (Chaiyasut et al., 

2021). Therefore, a specific agonist like Lorcaserin was developed to treat obesity. In obese 

people, lorcaserin substantially reduces calorie consumption, weight gain, and cardiometabolic 

problems. Unlike fenfluramine and dexfenfluramine, which has non-specific serotonergic 

agonistic activity on all 5HT receptors (5HT2a, 2b, 2c), lorcaserin (LOR) has an 8 to 15-fold 

greater potency for 5HT2cR compared to 5HT2aR and a 45- to 90-fold more potency for 

5HT2cR compared to 5HT2bR (Hebras et al., 2020, Fu et al., 2020). 
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As a result, activation of 5HT2aR and 5HT2bR is unlikely, although theoretically possible, 

depending on the plasma drug level. However, after a re-evaluation by the FDA in 2012, 

lorcaserin was approved with a cardiovascular outcome trial (Nonogaki, 2022). There is no 

substantial increase in valvulopathy or neuropsychiatric symptoms (depression or suicidal risk) 

with lorcaserin. Nausea, dizziness, and a temporary headache are the most common side effects 

reported with lorcaserin. The FDA subsequently reported in 2020 that an examination of the 

data from the CAMELLIA-TIMI 61 trial revealed that 462 patients (7.7% of the cohort) treated 

with lorcaserin developed cancer, compared to 423 patients (7.1%) in the placebo group. 

Pancreatic, colorectal, and lung cancers were more common in the lorcaserin group, among the 

several cancer types reported. As a result, the FDA requested that the drug manufacturer, Eisai, 

voluntarily withdraw the medicine from distribution in the United States (Mathai, 2021). 

 

However, it was recommending, lorcaserin to increase safety while maintaining a therapeutic 

effect on weight loss. These conditions were including a short-term adjunct therapy to diet and 

exercise, in a lower dose, in combination with other weight-loss medicines, are considered as 

possible alternate options to continue Lorcaserin treatment (Mathai, 2021, Patel et al., 2020). 

The literature (chapter I) mentioned that altering 5HT2cR expression consequences lead to 

changes in animal behaviours like mood, depression, and anxiety.  

 

The current study aims to reduce the risk factors by dropping Lorcaserin dose to 5mg compared 

to normal dosage in mice 9mg/kg bwt/day (He et al., 2021) and CFE of 100mg/kg body weight 

per day. The HFD-induced mice are the recommended animal model to determine the effect of 

anti-obesity drug response (He et al., 2021). The current chapter is to study the influence of 

CFE and Lorcaserin treatment response in HFD-fed mice. The food and water intake and body 

weight parameters were considered as primary factors to know the obesity influence. From 

chapter III, the CFE enhancing 5HT2cR expression SHSY5Y derived neurons. In addition, the 

5HT2cR was identified as crucial molecule in representing mood, depression and anxiety like 

behaviour as discussed in chapter I.  

 

4.3 Materials and methods: 

4.3.1 Animal food, water, and body weight measurement:  

The C57BL6/J mouse obtained from ARC were acclimatised for one week after arrival at 

Victoria University, Werribee facility. The animals were assessed for behavioural parameters 
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during weeks 4, 8 and 16; week 4 data considered familiarisation of animals with different 

behavioural experiments. Bodyweight is the crucial parameter to elucidate overweight or 

obesity conditions in animal models. The intake of food and water quantity was measured in 

grams (g) using the standard weighing machine available in the facility. The animal body 

weights were measured every week and monitored for the HF-diet induction effect. Promethion 

experimental period data were excluded in all the food and water intake data groups shown in 

this chapter.  

 

4.3.2 Behavioural Experiments: 

 Animal behaviour research has profited from recent technical breakthroughs in machine vision 

and machine learning, which have enabled the capture and automatic quantification of massive 

volumes of data (Moulin et al., 2021). Behavioural patterns that a human observer previously 

overlooked can now be studied at multiple scales and eliminating human error, by allowing 

uniformity among studies. The Cleversys TopScan tool has been used to validate the behaviour 

video data from Open field, elevated plus maze, light and dark box, and Y-maze experiments. 

The depression-scan suite was used to measure the depression-like behaviour data from Tail 

suspension and forced swim test recordings. All the behavioural testing was performed during 

light phase of the animals dark/light cycle. The behavioural room temperature was always 22 

± 3 °C. C. The animals with home cages were transferred to behavioural testing room 30min 

before to each test to acclimatise. 

 

4.3.4 Exploration behaviour:  

Animal exploration behaviour can be measured by placing the animal in an unfamiliar field to 

explore (Crawley, 1985). The animal explorative behaviour was estimated based on time spent 

in the unknown areas and distance travelled. The current study chose open field and Y-maze 

experiments (Foroozan et al., 2021, Nemes et al., 2019) to measure the explorative behaviour 

of the animal groups. 

 

4.3.5 Open field analysis:  

The area of 72 x 72 x 60 cm (l x b x h) was placed under an analogue camera unit with 50lux 

light intensity. The animals were placed for 10min duration at the centre of the open field area 

(Yoshizaki et al., 2020). The instrument was cleaned and dried between each animal placement 

to avoid potential behavioural influences of the previous animal. The recordings were analysed 
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using Cleversys top-scan software. The following parameters, such as total distance covered, 

average speed, time spent in the outer area, and centre area (approximately 36 x 36 cm area), 

were measured and quantified.  

 

4.3.6 Y-maze analysis: 

 The primary aim of the test is to determine the locomotion and transitional relativity or 

spontaneous activity of the animal. In mice, the Y-maze can be used to test short-term memory. 

Spontaneous alternation, a test of spatial working memory, is measured by letting mice explore 

all three arms of the maze. It is motivated by rodents' natural desire to explore locations they 

have never seen before (Schachter et al., 2018, Jin et al., 2018). A mouse with healthy working 

memory, and thus healthy prefrontal cortex functioning, will remember the arms it has visited 

previously and will be more likely to enter a less recently seen arm. The hippocampus's spatial 

reference memory can also be assessed by placing the test mice in the Y-maze with one arm 

closed off during training. The animal was initially exposed to two arms of the Y-maze. After 

exploring for 3min, the animal was allowed to explore the unknown arm/ third arm for the rest 

of the experiment time (Yoshizaki et al., 2020, Kraeuter et al., 2019b). In a total experiment 

period of 10min, parameters of unknown arm entries and time spent in the novel arm are 

considered for evaluating spontaneous exploration behaviour. All the experiments were 

recorded with a standard camera setup, and the video recordings were used for desired 

parameter analysis. 

 

4.3.7 Anxiety and depression assessment: 

In the lateral habenula (LHb), anxiety-like behaviours were accompanied by neuronal 

hyperexcitability and downregulation of M-type potassium channels (M-channels); and 

serotonin (5-HT) activated LHb neurons via type 2C receptors (5HT2cR). In mouse 

hypothalamic neurons, 5HT2cR activation is also known to decrease M- channels function (Di 

Giovanni and De Deurwaerdere, 2016, Fu et al., 2020). 

 

4.3.8 Elevated plus maze (EPM): 

 The elevated plus maze comprises four elevated arms that radiate from a central platform in 

the shape of a plus symbol. Aside from the ceiling, entrance and exit points, the remaining two 

opposed arms should be open. In the experiment, the animal was placed in the centre of the 

maze and then left to explore it for 10min duration. As a measure of worry or fear, the amount 
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of time spent in the walled arms contrasts with the amount spent in the open arms. In theory, a 

less anxious mouse will explore open arms frequently (Kraeuter et al., 2019a). Conversely, 

more anxious animals spend more time in walled arms. The experiments were recorded, and 

the videos were used to measure the time spent in open and closed arms, the number of 

bouts/entries into open arms and centre area exploration time.  

 

4.3.9 Light and dark box analysis (LDB): 

 Like EPM, LDB is also used to measure anxiety levels in mice. The instrument is made of 

white and black chambers separated by a wall and consists of a narrow opening via a sliding 

door to cross between the sections. The animal was initially exposed to the dark compartment 

for 1min and allowed to explore the brighter compartment (Jin et al., 2018) with 150lux light 

intensity for the rest of the experimental period. An anxious animal will spend more time in 

the dark chamber, whereas a less anxious one can visit the lightroom more times.  

 

4.3.10 Tail suspension test (TST): 

 The tail suspension test was used to determine the depression-like behaviour in all the animal 

groups. The animal tail was tied with surgical tape to the hook attached to the roof of the testing 

chamber (Foroozan et al., 2021, Wu et al., 2021). The animal was allowed to sustain the stress 

due to hanging for 6 min, and recorded videos were used to do the depression scan analysis. 

 

4.3.11 Forced swim test (FST):  

The animal was placed in a 3L beaker filled with a 2L depth of (temperature between 23 to 26 
oC) water level. The animal was left in the water for 6 min and video recorded from side view 

to analyse depression parameters (Hassan et al., 2019). The water was replaced after each run; 

each animal activity after the test was monitored in a dry towel containing cage placed at 27 
oC incubator for 15min.  

 

4.3.12 CleverSys tool conditions: 

All the behavioural experiments were recorded with a camera module, and videos were used 

to do the offline analysis by CleverSys software. The TopScan module was used to measure 

the behavioural parameters from Open field, Y-maze, EPM and LDB (overview shown in 

figure 4.1). A Depression suite scan from CleverSys was used to assess the video recordings 

from TST and FST (Grech et al., 2019, Ong-Pålsson et al., 2022, Fang et al., 2022).  
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Figure 4.1: Cleversys TopScan and depression analysis: (A) TopScan suite analysis for EPM 

and OFA (B) Y-maze and LDB analysis using TopScan suite; Depression scan suite for (C) 

TST, (D) FST analysis, and (E) After analysis tracking patterns from TopScan data. 

 

4.3.13 Statistical analysis:  

All the data were statistically validated at 95% confidence by Two-way ANOVA with 

correction factor by Sidak's post-hoc multiple comparison test. The data analysis was 

performed using Graph Pad Prism version 9.3.1.  

 
4.4 Results and Discussion: 

4.4.1 Effect of CFE and Lorcaserin on body weight, food, and water intake:  

One of the essential factors in proving obesity in animal models is body weight. Compared to 

the control diet-fed animals, the current findings revealed a significant increase in body weight 

of the high fat diet-fed groups. The treatments were aimed to restrict the body weight gain 
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during high fat diet feeding as shown in Figure 4.2. Over 12 weeks, diet-induced obesity 1.5-

fold increases body weight gain and body composition (fat mass) in the C57BL/6 strain 

(Parande et al., 2022, Yoshizaki et al., 2020).. The equilibration of energy intake and 

expenditure are regulating factors of energy homeostasis. Therefore, the balance between 

energy intake and energy expenditure is crucial for maintaining body weight (Yan and Li, 

2022). During the first week of treatment, there is no significant difference between the HFD, 

CFE, LOR and CFE+LOR groups.  

 

 
Figure 4.2: Bodyweights during 16 weeks of the study: The animal body weight is shown each 

week during high-fat diet induction from week 0 to week 8. The body weights represented from 

week 9 to week 16 are during treatment with CFE and Lorcaserin. All the data are derived with 

n=16 mice in each group and values plotted are Mean ± SEM. The statistical significance p-

value < 0.5 as '* 'represents the comparison between control and HF groups,' #' represents HFD 

with CFE+LOR, and '$' represents LOR with CFE+LOR (where Control: control diet group, 

HF: high-fat diet group, CFE: high-fat diet with CFE, LOR: high-fat diet with Lorcaserin 

treatment, CFE+LOR: high-fat diet with CFE and lorcaserin treatments. 

 

Figure 4.2 shows that during the treatment period (week 9 to week 16), there was a significant 

increase in body weight gain in the treated groups compared to the control group. However, 
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from week 12, the CFE+LOR group showed significantly restricted weight gain than the HFD 

group. From week 12 to week 16, the CFE+LOR group showed considerably reduced body 

weight than the conventional drug Lorcaserin treated animals. Compared to individual drug 

treatments with CFE and LOR, the CFE+LOR treated group weight gain weight gain was 

significantly decreased from Figure 4.3. The weight gain comparisons revealed more details 

about weight gain phenomena with respect to CFE and LOR treatments in HFD-fed mice.  

 

 
Figure 4.3: Change in weight gain during 16 weeks of the study: The weight gain of all the 

groups during HFD induction and treatment periods are represented individually. Each group 

had n=8 mice and values plotted are Mean ± SEM. (where Control: control diet group, HF: 

high-fat diet group, CFE: high-fat diet with CFE, LOR: high-fat diet with Lorcaserin treatment, 

CFE+LOR: high-fat diet with CFE and lorcaserin treatments). Statistically significant 

differences between the groups (p-values <0.05) are shown. 

 
The weight gain body weight of the HFD group was significantly higher than the control diet 

group with significance of p<0.0001 during pre- (0 to 8 weeks) and post- treatment (8th to 16th 

week) periods. However, the CFE+LOR group showed a significantly (p = 0.011) decreased 

weight gain than the HFD group. Moreover, overall weight gain plotted in figure 4.4, 

demonstrates CFE+LOR group was also significantly reduced weight gain compared to the 

HFD and LOR groups. Despite considerable changes in daily food consumption and energy 

expenditure, most adults maintain nearly consistent body weight. As a result, it requires 

consideration of a complex physiological system to understand energy expenditure and food 

intake (Hill et al., 2012). Energy balance is modulated by peripheral signals (hormones) 



VBSC THUNUGUNTLA           The CFE with lorcaserin as combination in obesity 

 114 

integrated with brain regions such as the hypothalamus, brainstem, and reward centres 

(Wallace and Fordahl, 2021). Some hormones, such as leptin, insulin, and possibly adiponectin, 

reflect the body's long-term nutritional status. In contrast, ghrelin, peptide YY, pancreatic 

polypeptide, oxyntomodulin, glucagon-like peptides 1 and 2, and cholecystokinin, act more 

acutely to initiate or terminate a meal and cause appetite stimulation or satiety (Wallace and 

Fordahl, 2021, Heisler et al., 2006). 

 

 
Figure 4.4: Overall weight gain during 16 weeks of the study: The body weight change 

between week 0 to week-16. Each group had n=16 mice and values plotted are Mean ± SEM. 

(where Control: control diet group, HF: high-fat diet group, CFE: high-fat diet with CFE, LOR: 

high-fat diet with Lorcaserin treatment, CFE+LOR: high-fat diet with CFE and lorcaserin 

treatments). Statistically significant differences between the groups (p-values <0.05) are 

shown. 
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Figure 4.5: Water and food intake: The cumulative (A) Food and (B) Water intake represent 

the change in intake with respect to treatments from week 9 to week 16. The weekly (C) Food 

and (D) Water intake data are drawn on a line plot. Each group had n=8 mice and values plotted 

are Mean ± SEM. (where Control: control diet group, HF: high-fat diet group, CFE: high-fat 

diet with CFE, LOR: high-fat diet with Lorcaserin treatment, CFE+LOR: high-fat diet with 

CFE and lorcaserin treatments). Statistically significant differences between the groups (p-

values <0.05) are shown. 

 
The energy consumption via cumulative food intake (Figure 4.5 A) was measured from weekly 

data, and the results revealed that CFE and CFE+LOR groups have less overall food intake 

than HFD and LOR groups. However, the reduction is not significant due to higher variations 

in individual animals in the group. In contrast, the water intake significantly increased in the 

CFE+LOR group compared to the HFD group. There was a decrease in water intake with an 

increase in food intake of db/db mice (Chen et al., 2018). From Xiao et al 2021, HFD mice 

consumed less sucrose water than control mice; this reveals overall fluid intake was less when 

the mice increased their intake of high-calorie food (Xiao and Guo, 2021). The current study 

showed the cumulative water consumption (Figure 4.5 B) in the CFE+LOR group increased 

when compared to the HFD group. Overall, food and water consumption during treatment time 
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are shown in Figures 4.5C and 4.5D. Different animal and human studies proposed that CFE 

influences the control of food intake. However, the exact mechanism of action of CFE is 

unclear. The food intake alteration was observed in snord116del mouse with CFE treatment 

(Griggs et al., 2018a). 

 

Similarly, other Caralluma species like Caralluma dalziel with a low level of toxicity (with an 

LD50 larger than 2000 mg/kg body weight) decreased body weight by 7.1% in the rats given 

400 mg/kg, compared to a 38.16% increase in the positive control (Ugwah-Oguejiofor et al., 

2019). Food intake and body weight are reduced synergistically when lorcaserin and a 

glucagon-like-peptide-1 (GLP-1) co-agonist are combined. Compared to individual treatments, 

repeated treatment with lorcaserin and the co-agonist resulted in increased body weight loss 

over time, owing to a reduction in fat mass (subcutaneous, retroperitoneal, mesenteric, and 

epididymal fat) (Patel et al., 2020). The current study is designed to validate Lorcaserin in 

combination with CFE effect on HFD-fed mice. The results discussed in this chapter supporting 

positive impact on weight gain and fat deposition with CFE+LOR treatment. 
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Table 4.1: Bodyweight measurements during 16weeks of the study: The table represents the weekly body weights of each group with n=16 

animals, the data represented with Mean ± SEM. The significant changes represented p<0.0001 (****/####/$$$$), p<0.001(***/###/$$$), p<0.01 

(**/ ##/$$), and p<0.05 (*/#/$) where '* 'represents the comparison between control with all HFD groups,' #' represents HFD with CFE+LOR, and 

'$' represents LOR with CFE+LOR. (Where Control: control diet group, HF: high-fat diet group, CFE: high-fat diet with CFE, LOR: high-fat diet 

with Lorcaserin treatment, CFE+LOR: high-fat diet with CFE and lorcaserin treatments. 

Week Control HFD CFE LOR CFE+LOR 

Wk-0 23.49 ± 1.28 23.43 ± 1.33 23.55 ± 1.67 23.88 ± 2.01 23.49 ± 1.40 

Wk-1 24.47 ± 1.33 25.26 ± 1.58 25.01 ± 1.86 25.30 ± 2.04 24.94 ± 1.39 

Wk-2 25.38 ± 1.65 27.01 ± 1.72 26.52 ± 1.92 27.11 ± 2.32 26.07 ± 1.55 

Wk-3 26.50 ± 1.74 29.11 ± 1.93 28.22 ± 2.03 28.48 ± 2.42 27.28 ± 1.67 

Wk-4 27.49 ± 2.15 30.40 ± 2.24 29.63 ± 2.48 30.44 ± 2.48 28.87 ± 1.90 

Wk-5 27.75 ± 1.99 31.55 ± 2.45 30.39 ± 2.44 31.44 ± 2.84 29.19 ± 1.93 

Wk-6 28.52 ± 2.34 32.94 ± 2.63 31.28 ± 2.64 32.86 ± 3.23 30.54 ± 2.17 

Wk-7 29.28 ± 2.39 34.36 ± 2.61*** 32.65 ± 2.92** 34.70 ± 3.69** 31.99 ± 2.21** 

Wk-8 29.21 ± 2.42 34.81 ± 3.01*** 33.09 ± 3.24*** 35.25 ± 3.69*** 32.69 ± 2.48*** 

Wk-9 29.64 ± 2.42 37.16 ± 3.75*** 34.85 ± 3.38 37.22 ± 4.55 33.74 ± 2.99 

Wk-10 31.14 ± 2.63 39.53 ± 4.23**** 36.70 ± 3.73 39.54 ± 4.49 35.44 ± 3.08 

Wk-11 31.66 ± 2.75 41.28 ± 4.43**** 38.34 ± 3.94 41.35 ± 4.67 36.87 ± 3.19 

Wk-12 32.62 ± 3.09 43.19 ± 4.47**** 40.30 ± 4.16 43.65 ± 4.33 38.46 ± 3.09#$ 

Wk-13 33.42 ± 2.93 44.48 ± 4.33**** 41.81 ± 4.29 45.24 ± 3.84 39.67 ± 3.18#$ 

Wk-14 33.61 ± 2.83 45.68 ± 4.17**** 43.06 ± 4.55 46.68 ± 3.82 40.87 ± 3.48#$$ 

Wk-15 33.09 ± 3.12 46.05 ± 4.24**** 43.58 ± 4.68 46.77 ± 3.87 41.30 ± 3.94#$ 

Wk-16 34.26 ± 3.51 47.88 ± 4.05**** 45.50 ± 4.56 48.37 ± 3.41 42.74 ± 3.98#$$ 
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4.4.2 The effect of CFE and Lorcaserin on behavioural changes:  

The behavioural changes due to variations in 5HT2cR expression were discussed in chapter-I. 

In previous investigations, HFD-fed animal models demonstrated alterations in mood, anxiety, 

and depression symptoms (Fu et al., 2020, Sarma et al., 2021, Baptista-de-Souza et al., 2022, 

Needham et al., 2022, Parande et al., 2022). The animals were tested for changes in anxiety 

and depression-like behaviours in response to CFE and Lorcaserin treatment. According to the 

results plotted in figure 4.6 open-field analysis, both the control and CFE, LOR, and CFE+LOR 

treated groups of mice significantly increased the number of bouts/entries into the centre arena 

(As shown in figure 4.6 A). During the 16th week, the time spent in the central region was 

more (p = 0.0305) in the CFE+LOR group than in the HFD group (Figure 4.6 C).  

 

 
Figure 4.6: Open field analysis (OFA) - During exploring Centre area: The behavioural testing 

for exploration parameters before and after treatment with CFE and Lorcaserin. The OFA 

parameters included are (A) Number of entries into the centre area, (B) Distance covered in 

mm during centre area exploration, (C) Time spent in the centre area and (D) Number of 

random wall-climbing efforts attempted during exploration. Each group had n=8 mice and 

values plotted are Mean ± SEM. (where Control: control diet group, HF: high-fat diet group, 

CFE: high-fat diet with CFE, LOR: high-fat diet with Lorcaserin treatment, CFE+LOR: high-

fat diet with CFE and lorcaserin treatments). Statistically significant differences between the 

groups (p-values <0.05) are shown. 
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Furthermore, there was a considerable increase in time spent in the centre area in the CFE+LOR 

group from week 8 to week 16. Spending more time in the centre of the open field was 

considered as superior exploratory behaviour than time spent in the corner zones (Parande et 

al., 2022). In the present study, the open field results showed an increase in the number of 

entries significantly into the centre area within the group between pre and post treatment 

assessments. Moreover, CFE+LOR group spent more time in centre area of the open field 

compared to the HFD group as well as within the group from week 8 to week 16 (Figure 4.6 

C). In the (Rebai et al., 2021) study, the HFD groups showed a reduced time in climbing 

activity. Interestingly, figure 4.6 D also showed reduced wall climbing efforts in the HFD 

group compared to the control diet group. On the other hand, in the HFD with CFE+LOR 

group, climbing activity was significantly greater than in the HFD group. Figure 4.7 C 

demonstrates that time spent in the outer area by LOR and CFE+LOR treated groups 

significantly decreased with p = 0.035 and 0.008 during week 16 than HFD group. In contrast, 

the HFD group significantly increased in outer area duration compared to the control diet-fed 

group with a p-value of 0.0009. 

 

 
Figure 4.7: Open field analysis - During the exploration of the Outer area: The behavioural 

testing for exploration parameters before and after treatment with CFE and Lorcaserin. The 

OFA parameters included are (A) The number of entries into the outer area, (B) the distance 

covered in mm during outer area exploration, and (C) the time spent in the outer area.  Each 

group had n=8 mice and values plotted are Mean ± SEM. (where Control: control diet group, 



VBSC THUNUGUNTLA           The CFE with lorcaserin as combination in obesity 

 120 

HF: high-fat diet group, CFE: high-fat diet with CFE, LOR: high-fat diet with Lorcaserin 

treatment, CFE+LOR: high-fat diet with CFE and lorcaserin treatments). Statistically 

significant differences between the groups (p-values <0.05) are shown. 

 

 

Figure 4.8: Y-maze analysis - Centre area and known arms exploration: The behavioural 

testing for exploration parameters before and after treatment with CFE and Lorcaserin. The Y-

maze parameters included are (A) Time spent in the outer area, (B) Distance covered in mm 

during centre area exploration, (C) Time spent in the known arms, and (D) Distance covered 

in known arms.  Each group had n=8 mice and values plotted are Mean ± SEM. (where Control: 

control diet group, HF: high-fat diet group, CFE: high-fat diet with CFE, LOR: high-fat diet 

with Lorcaserin treatment, CFE+LOR: high-fat diet with CFE and lorcaserin treatments). 

Statistically significant differences between the groups (p-values <0.05) are shown. 

 
On the other hand, the Y-maze study reveals spontaneous memory and the exploratory nature 

of the animals based on unknown arm entries and the frequency with which the same arm is 

revisited. From figure 4.9 A, the HFD group’s number of entries into the unknown arm 

decreased from week 8 to 16. In contrast, the treated groups' number of entries remained almost 

unchanged before and after the treatment study. The time spent in the unknown arm also 

increased in the CFE+LOR group in post-treatment experiments than in pre-treatment 

conditions. However, the Y-maze data shown in Figures 4.8 and 4.9 was not statistically 

significant. However, the current study found HFD was not showing hyperlocomotion 
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behaviour, which can be concluded from a greater number of altered entries to the arms. 

Interestingly, time spent in centre area of the Y-maze was significantly decreased in CFE+LOR 

treatment group compared to HFD. The decreased time spent in central area of the Y-maze was 

indicating an improved spontaneous memory of the rodents (Wei et al., 2022). The reduced 

time spent in central area was revealing a new dimension of the study, there could be a chance 

of CFE's role in memory signal cascade. However, this was too early to state CFE role in 

memory improvement, needs further memory functioning tests to measure. 

 

 
Figure 4.9: Y-maze analysis - Unknown arm exploration: The behavioural testing for 

exploration parameters before and after treatment with CFE and Lorcaserin. The Y-maze 

parameters included are (A) Number of entries into the unknown arm, (B) Time spent in the 

unknown arm, and (C) Distance covered in the unknown arm.  Each group had n=8 mice and 

values plotted are Mean ± SEM. (where Control: control diet group, HF: high-fat diet group, 

CFE: high-fat diet with CFE, LOR: high-fat diet with Lorcaserin treatment, CFE+LOR: high-

fat diet with CFE and lorcaserin treatments). Statistically significant differences between the 

groups (p-values <0.05) are shown. 

 
4.4.3 Anxiety-like behaviour alteration assessment:  

HFD may cause dysfunction in the hypothalamic-pituitary-adrenal axis (HPA) and leading to 

higher circulating corticosterone levels (Mello et al., 2003). Increased systemic inflammation 

and behavioural problems have been linked to excessive corticosterone production. Even in the 

absence of dyslipidemia, which may be linked to anxiety, the HFD has detrimental effects on 
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neurovascular coupling and cerebrovascular function (Takao et al., 2013, Jin et al., 2018, 

Adingupu et al., 2019, Braga et al., 2021). The EPM analysis describes (Figure 4.10 A) the 

CFE+LOR group number of entries into open arms significantly (p=0.036) more compared to 

HFD during post treatment assessment. In continuation, time spent in open arms plotted in 

Figure 4.10 B, describes LOR and CFE+LOR treated animals spent substantially more time in 

open arms with p = 0.023 and 0.036 than the HFD group during post-treatment experiments. 

Previous mice study unfolding an increase in open arm entries and time spent in open arms 

proportional to a decrease in anxiousness of the animals  (Parande et al., 2022) ; current EPM 

results were correlating with it. In addition, all the treated groups showed significantly increase 

in distance covered in open arms within groups during EPM assessment of post treatment 

compared to pre-treatment stage. The results revealed that CFE+LOR significantly reduced 

anxiety-like behaviour in HFD-induced animals. In addition to this, the time spent in closed 

arms and the number of entries to closed arms were reduced in treated groups. Moreover, 

Figure 4.12 shows time spent in the centre area reduced in CFE and CFE+LOR groups 

compared to HFD fed group during week 16. The time spent in central area of EPM 

significantly reduced in CFE and CFE+LOR groups compared to HFD. The anxiety like 

behaviour was determined from previous studies stating that, animals explore open field central 

area were explore open arms in EPM. In addition, rodents were measured for anxiety like 

behaviour through spending more time in EPM central area (Knight et al., 2021). The current 

data was supporting anxiety like behaviour from HFD reverted by CFE+LOR treatment. The 

time spent in central area of EPM was significantly reduced with CFE, CFE+LOR treatment 

compared to HFD.  
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Figure 4.10: Elevated plus maze analysis - to validate anxiety-like behaviour: The behavioural 

testing for anxiety level before and after treatment with CFE and Lorcaserin. The EPM 

parameters included are (A) Number of entries into the open arms, (B) Time spent in open 

arms, and (C) Distance covered in open arms. Each group had n=8 mice and values plotted are 

Mean ± SEM. (where Control: control diet group, HF: high-fat diet group, CFE: high-fat diet 

with CFE, LOR: high-fat diet with Lorcaserin treatment, CFE+LOR: high-fat diet with CFE 

and lorcaserin treatments). Statistically significant differences between the groups (p-values 

<0.05) are shown. 

 

 
Figure 4.11: Elevated plus maze analysis - to validate anxiety-like behaviour: The behavioural 

testing for anxiety level before and after treatment with CFE and Lorcaserin. The EPM 

parameters included are (A) Time spent in the centre area of EPM and (B) Distance covered in 

the EPM centre area. Each group had n=8 mice and values plotted are Mean ± SEM. (where 

Control: control diet group, HF: high-fat diet group, CFE: high-fat diet with CFE, LOR: high-



VBSC THUNUGUNTLA           The CFE with lorcaserin as combination in obesity 

 124 

fat diet with Lorcaserin treatment, CFE+LOR: high-fat diet with CFE and lorcaserin 

treatments). Statistically significant differences between the groups (p-values <0.05) are 

shown. 

 

 
Figure 4.12: Elevated plus maze analysis - to determine anxiety: The behavioural testing for 

anxiety level before and after treatment with CFE and Lorcaserin. The EPM parameters 

included are (A) Number of entries into the closed arms, (B) Time spent in closed arms, and 

(C) Distance covered in closed arms. Each group had n=8 mice and values plotted are Mean ± 

SEM. (where Control: control diet group, HF: high-fat diet group, CFE: high-fat diet with CFE, 

LOR: high-fat diet with Lorcaserin treatment, CFE+LOR: high-fat diet with CFE and 

lorcaserin treatments). Statistically significant differences between the groups (p-values <0.05) 

are shown. 

 



VBSC THUNUGUNTLA           The CFE with lorcaserin as combination in obesity 

 125 

 
Figure 4.13: Light and dark box analysis - to determine anxiety-like behaviour: The light and 

dark box parameters included are (A) The Number of nose bouts in the light area, (B) the Time 

spent in the brighter chamber area, and (C) the Distance covered in the light area. Each group 

had n=8 mice and values plotted are Mean ± SEM. (where Control: control diet group, HF: 

high-fat diet group, CFE: high-fat diet with CFE, LOR: high-fat diet with Lorcaserin treatment, 

CFE+LOR: high-fat diet with CFE and lorcaserin treatments). Statistically significant 

differences between the groups (p-values <0.05) are shown. 

 

4.4.4 Depression-like behaviour analysis:  

Depression is a mental illness caused by genetic, environmental, and psychological factors. 

According to recent research, chronic neuroinflammation has been linked to changes in mood 

and behaviour (Cui et al., 2012, Halford and Harrold, 2012, Relkovic and Isles, 2013, Parande 

et al., 2022). Both HFD and chronic mild stress (CMS)-treated rats (Wang et al., 2018) 

displayed more abnormal behaviour than HFD-fed mice (Wu et al., 2019), showing that both 

HFD and CMS may cause animals to acquire depression-like behaviour. An investigation with 

34 healthy volunteers who received an intravenous LPS injection revealed higher levels of 

cortisol and proinflammatory cytokines in the blood and increased anxiety, which negatively 

impacted on mood and behaviour (Schachter et al., 2018). However, it is complex to 

differentiate depression and anxiety from animal behaviour. The current results from the tail 

suspension test (TST) and forced swim test (FST) were used to infer the behavioural effects of 

CFE and Lorcaserin treatment in the HFD model.  
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Antidepressant research has used TST-based immobility time as an effective index of 

depression in mice. The animal immobility time is proportional to depression level, and several 

antidepressant drugs reduce the immobility time in TST and promote escape behaviour (Cryan 

et al., 2005). The TST based depression assessment revealed that the HFD caused depression-

like symptoms in mice (Figure 4.14). There was a significant decrease in the immobility of the 

mice within the control diet and treated groups, whereas the HFD group did not show any 

variation. The CFE (p=0.015), LOR (p=0.005), and CFE+LOR (p=0.001) groups all showed a 

significant reduction in immobilisation in TST between pre-and post-treatment runs. In 

addition, the CFE+LOR post-treatment significantly decreased the immobility time compared 

to HFD with p value 0.02.   

 

 
Figure 4.14: Tail suspension analysis - to determine depression behaviour: The behavioural 

testing for depression level before and after treatment with CFE and Lorcaserin. The tail 

suspension parameters included are (A) Mobility and (B) immobility duration during test time; 

Each group had n=8 mice and values plotted are Mean ± SEM. (where Control: control diet 

group, HF: high-fat diet group, CFE: high-fat diet with CFE, LOR: high-fat diet with 

Lorcaserin treatment, CFE+LOR: high-fat diet with CFE and lorcaserin treatments). 

Statistically significant differences between the groups (p-values <0.05) are shown. 

. 
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Figure 4.15: Forced swim test (FST) analysis - to determine depression level: The behavioural 

testing for depression behaviour before and after treatment with CFE and Lorcaserin. The FST 

parameters included are (A) Floating time, (B) Swimming time, and (C) Struggling time. Each 

group had n=8 mice and the values plotted are Mean ± SEM. (where Control: control diet 

group, HF: high-fat diet group, CFE: high-fat diet with CFE, LOR: high-fat diet with 

Lorcaserin treatment, CFE+LOR: high-fat diet with CFE and lorcaserin treatments). 

Statistically significant differences between the groups (p-values <0.05) are shown. 

 
Similarly, the forced swim test parameters like floating represents immobility of the mice 

during swim test. Antidepressants like serotonin reuptake inhibitors showed reduced 

immobility duration in FST and promoted escape behaviour. The molecules with 

antidepressant activity showed decrease in immobility and improved swimming duration in 

mice (Monchaux De Oliveira et al., 2021). In correlation to this, current study results showed 

reduced floating/immobile time in CFE (p=0.007) and CFE+LOR (p=0.001) groups compared 

to HFD in post treatment experiments as shown in Figure 4.15. In addition, CFE+LOR group 

significantly (p-value = 0.036) improved escape behaviour as shown in Figure 4.15A, where 

floating time reduced within the groups when comparing pre- and post-treatment analysis. On 

the other hand, the CFE+LOR treatment group was indicated significant improvement in 

swimming duration with p values 0.005 and 0.03 compared to HFD and LOR, respectively.  
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Outcomes of the study:  

• HFD-induced mice bodyweight/weight gain is restricted by CFE+LOR treatment 

• Food intake and water uptake were controlled by CFE as well as CFE+LOR treatments 

• The Anxiety and Depression behaviours induced by the HFD were alleviated in the 

CFE+LOR group, indicating that activation of 5HT2cR signalling may be mediating 

the improvement in mood as assessed by the behavioural parameters. 

 

4.5 Conclusion:  
In summary of the current chapter, the HFD-fed mice showed a significant increase in anxiety 

and depression-like behaviours compared to control diet mice. The CFE, LOR and CFE+LOR 

treatments showed significant effects of restoring the typical behaviour of the mice. Together, 

from the TST and FST experiments, one can conclude that depression-like behaviour was 

reversed with CFE+LOR treatment. while LOR alone did not significantly recover HFD-fed 

mice from depression-like behaviour; there was a significant effect of CFE to improve escape 

behaviour in the mice. In addition to behavioural effects, the treatments reduced weight gain 

and food intake during HFD feeding. However, the metabolic rate and energy homeostasis are 

further key elements in obesity regulation. The next chapter describes the energy expenditure 

and body composition (fat and lean mass) data to elucidate the effects of CFE+LOR treatment 

in HFD-fed mice. 
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Chapter 5   Effect of CFE and Lorcaserin on energy 

expenditure and vascular dysfunction in a high-fat diet-

induced mice model of obesity 
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5.1 Abstract:  

Energy homeostasis is one of the critical factors in regulating body weight in obesity and 

related metabolic diseases. In general, energy homeostasis is associated with caloric intake and 

expenditure coordinated by compensatory modulation within the system. Obesity occurs when 

one's energy intake exceeds energy expenditure for an extended period. The alteration to energy 

homeostasis with excess calorie intake led to fat deposition. Fat storage will result in an 

increase in body weight, which will cause disease conditions like obesity and related 

comorbidities. In humans’ obesity may raise the risk of cardiac diseases; however, in HFD-

induced mice, limited data is available. The present study aims to validate the energy 

expenditure of CFE and LOR treatments. Further, we measured vascular dysfunction by 

isometric tension analysis of abdominal aortic rings. The energy expenditure was estimated 

using the Promethion metabolic cage system. The study looked at body fat composition and 

the effects of HFD induction on vascular dysfunction in addition to energy expenditure. The 

results unveiled CFE and LOR treatment influencing body fat and energy expenditure in HFD-

fed mice. The fat deposition was decreased in CFE and CFE+LOR groups compared to HFD 

and LOR-treated groups. Interestingly, the energy expenditure was significantly higher in CFE 

and CFE+LOR groups compared to the HFD-fed group. Furthermore, according to the 

isometric tension study, all the treated groups of mice were protective against vascular 

dysfunction compared to HFD mice. In conclusion, CFE and LOR treatments were potentially 

working against fat accumulation and low energy expenditure. In addition, CFE and LOR 

treatment may reduce cardiac risk factors in obesity.  
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5.2 Introduction: 
Obesity is associated with a broad disruption of metabolic homeostasis, which results in insulin 

resistance, dyslipidemia, irregular blood pressure management, and an increased risk of 

diabetes and cardiovascular diseases (Lang et al., 2019). A new expression, "cardiometabolic-

based chronic disease" (CMBCD) (Mechanick et al., 2020), was recently coined to encourage 

prompt and ongoing preventative therapy for cardiometabolic disorders caused by genetics, 

environment, and behavioural signals. CMBCD has been linked to coronary heart disease, heart 

failure, and atrial fibrillation (AF), common in obese people (Ren et al., 2021). According to 

population-based data, increased BMI is also linked to early CVD morbidity or 

cardiometabolic multimorbidity (Khan et al., 2018).  

In the recent times, Coronavirus disease 2019 (COVID-19) is a pandemic respiratory sickness 

caused by a novel coronavirus. It can cause severe acute respiratory syndrome (SARS-CoV-2) 

and was discovered in late 2019 in Wuhan, China, before quickly spreading worldwide (Aghili 

et al., 2021). Obesity and the severity of COVID-19 have been linked in recent research. 

Obesity was associated with a higher risk of critical illness in COVID-19 patients in a meta-

analysis encompassing 7,196 individuals from 13 different trials (Goldenshluger et al., 2021, 

Aghili et al., 2021). Obesity is becoming apparent as an independent risk factor for heart failure, 

as evidence of abnormalities in cardiac structure and function in moderately obese person 

growth. This scenario could be enlarged to include cardiac irregularities in obese people, which 

are not caused by coronary artery disease, hypertension, diabetes mellitus, or any other 

complicating cause (Nieto‐Martínez et al., 2021). With the emergence of the "obesity paradox," 

the relationship between BMI and cardiac function becomes increasingly sensitive (Ross and 

Bradshaw, 2009). Arterial stiffness, a chronic pathological process characterised by a 

progressive loss of major artery distensibility, emerges as an independent risk factor that 

worsens cardiovascular disease progression (CVD) in obese people (Sarma et al., 2021, Ren et 

al., 2021). Endothelial dysfunction, extracellular matrix remodelling, calcification, and 

inflammation all contribute to the initiation and progression of vascular stiffness, which 

compromises vascular function(Ren et al., 2021). The fundamental driving forces for Left 

ventricular (LV) wall stress in normotensive obesity are higher central blood volume, stroke 

volume, and CO, which tend to lead to LV dilatation and eccentric hypertrophy (Aghili et al., 

2021, Buettner et al., 2007). If LV wall thickening does not keep up with chamber dilatation, 

systolic dysfunction can develop later because of excessive wall stress. Previous research on 

the association between BMI and aortic valve stenosis (AVS) has yielded mixed results 
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(Aggarwal et al., 2013). Obesity increases blood pressure, which can cause geometric 

alterations in the LV and aortic valves (Martínez-Martínez et al., 2021, Mechanick et al., 2020). 

Elevated plasma lipids cause lipid deposits on the aortic valve leaflets and valvular interstitial 

injury (Martínez-Martínez et al., 2021). 

On the other hand, Pancreatic polypeptide (PP) levels in fasting plasma are much lower, but 

leptin levels are significantly higher (Dimitriadis et al., 2013). Ghrelin secretion from the 

stomach was known to influence hunger and glucose homeostasis by interacting with plasma 

peptide YY (PYY), leptin, glucagon-like peptide-1 (GLP1), cholecystokinin (CCK), and the 

hypothalamic anorexigenic and orexigenic pathways (Wren and Bloom, 2007). Depleting 

central serotonin with selective neurotoxins causes hyperphagia and obesity (Lam et al., 2008). 

Unlike the absence of other serotonin receptors in mice, animals lacking 5HT2cRs were 

observed to be hyperphagic and fat (Clifton et al., 2000). As a result, the 5HT2cR was identified 

as a potential target for in obesity and other overeating disorders. According to an earlier study, 

functional 5HT2cR needed to maintain energy homeostasis and to avoid excess weight gain 

(Nonogaki et al., 2008, Lam et al., 2008). Pharmaceutical agents that increase 5HT2cR 

function, such as d-fenfluramine, inhibit hunger and help to reduce weight (Higgs et al., 2011). 

The therapeutic success of a broadly acting serotonergic medication d-fenfluramine, sparked 

interest in discovering selective 5HT2cR agonists. Unfortunately, d-fenfluramine was linked 

to cardiac valvulopathy and pulmonary hypertension, leading to its discontinuation from 

clinical usage. (Nonogaki, 2022, Jais and Brüning, 2022). The overall role of different 

serotonin receptors in the system are important to regulate different functions. Hence, it is 

necessary to identify specific agonist for 5HT2cR which has a role in mood, behaviour, and 

satiety regulation. 

Research continued to find specific agonist compounds after considering the risk factors in the 

absence of 5HT2cR activation. Lorcaserin, a selective 5HT2cR agonist, marketed in the United 

States under the brand name Belviq since 2013, received FDA approval in 2012 (He et al., 

2021, Hayden and Banks, 2021). Lorcaserin is the first selective 5HT2c receptor agonist 

approved for human use, and its full clinical potential is unclear because of problems since its 

recent approval (Mathai, 2021). Precision medicine is the practice of tailoring therapies to a 

patient's unique traits, including genetics, environment, and lifestyle factors (Hayden and 

Banks, 2021). Therefore, Lorcaserin’s full clinical potential for other diseases was unknown. 

Combining Lorcaserin with other pharmaceutical or nutraceutical molecules could be a better 
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approach in treating body weight gain in obesity (Singh and Singh, 2020). The Caralluma 

fimbriata (C. Fimbriata), a succulent plant native to India, Pakistan, and Afghanistan, belongs 

to the Asclepiadaeceae family. Pregnane glycosides are found in plants of the Asclepiadaceae 

family, including C. Fimbriata, and have appetite-suppressing actions in the hypothalamus 

(Rao et al., 2021). Previous research has suggested that C. Fimbriata extract (CFE) suppresses 

appetite by downregulating ghrelin synthesis in the stomach and neuropeptide Y (NPY) in the 

hypothalamus (Vitalone et al., 2017). However, the specific mechanism of action was 

unknown. The CFE's appetite-suppressing and weight-loss effects have been studied in humans 

(Rao et al., 2021) and animals (Vitalone et al., 2017, Gujjala et al., 2019) models. The clinical 

data of the CFE group maintained their baseline body mass during the 16-week 

supplementation period, but the placebo group significantly increased body mass. In addition, 

the placebo group experienced an increase in android fat that was not observed in the CFE 

group. The CFE group's body mass maintenance was accompanied by a considerable reduction 

in calorie consumption and was not found in the placebo group. Despite reducing calorie intake 

in the CFE group, the postprandial satiety score remained the same (Rao et al., 2021). In 

addition, CFE also showed appetite suppression in snord116del mouse (Griggs et al., 2018a). 

These findings suggest that CFE supplementation helped maintain body weight by lowering 

calorie intake and limiting fat development.  

Literature states, CFE can regulate appetite and fat deposition in overweight condition. On the 

other hand, Lorcaserin a selective agonist for 5HT2cR improved satiety signal and decreased 

weight gain (Hall et al., 2022, Vlaardingerbroek et al., 2021, van Galen et al., 2021, Georgescu 

et al., 2021). The current study aims to understand the energy homeostasis balance in HFGD-

fed mice with CFE and LOR treatments. The impact of given treatments on body composition 

and energy expenditure was estimated. The study's outcome revealed that a CFE+LOR therapy 

by lowering the Lorcaserin dose might regulate obesity and other overeating disorders 

simultaneously, and additionally reducing the Lorcaserin side effects with long-term usage. A 

limited study on HFD induced mice model and vascular dysfunction estimation is available. 

Abdominal aortic rings were used to estimate the involvement of high cholesterol diet influence 

in vascular endothelial dysfunction by vascular dilation with isometric tension analysis (Zulli 

et al., 2003). The HFD induced obese mice showed significantly reduced vasodilatory activity 

compared to the mice maintained on the control diet. The percentage of vascular dilation in 

HFD induced mice was increased by CFE, LOR and CFE+LOR treatments in this study. The 
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treatments showed potential reduction of vascular pathology dysfunction compared to HFD 

group. 

5.3 Materials and Methods: 
5.3.1 Body composition analysis:  

The body composition of the mice was determined using EchoMRI equipment (Echo-MRITM 

900, Houston, TX, United States of America) and works on the principle of nuclear magnetic 

resonance (NMR). In mice, EchoMRI is a reliable approach for determining body composition 

(Taicher et al., 2003). EchoMRI is a non-invasive technique for determining body composition 

in live mice that does not require anaesthesia. The instrument entailed using canola oil, the fat 

content in the oil was given as standard to calibrate the instrument. To assess body composition, 

animals were placed in a cylindrical holder with breathing vents and scanned three times in an 

EchoMRI as shown in Figure 5.1. Mice were acclimatised to the process at week four, after 

which measurements were obtained at week 8 (baseline) and 16 (post-treatment). The time 

points of Echo MRI analysis for all the groups during the study period was mentioned in the 

Figure 5.1. The data obtained from Echo MRI consists of Fat mass (all fat molecules in the 

body), Lean mass (tissues containing water, excluding fat, bone minerals, and substances that 

do not contribute to the NMR signal, such as hair and claws), and total water content (water 

contained urine, tissue, and blood); all these parameters were expressed in grams with respect 

to bodyweight.  
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Figure 5.1: EchoMRI-900 and workflow of the body composition measurement: (A) Canola 

oil holder for EchoMRI calibration with fat content of 35.68g, (B) The red holder is used to 

place the animal to measure the body composition, (C) The slot to place the animal holder into 

the instrument, (D) After placing the animal holder into the system, and (E) workflow of 

EchoMRI to measure the mice body composition. 

 
5.3.2 Promethion cage monitoring:  

The Promethion cage monitoring system was used to measure the metabolic data with 

behavioural synchronisation (Kanshana et al., 2021). The Promethion system used in this study 
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was supplied by Sable systems international, North Las Vegas, USA. The system consists of 

individual animal cages with food, water, and body weigh measuring/ housing hoppers 

connected with mass modules as shown in the Figure 5.2. In addition, each cage is individually 

supplied with a controlled gas inlet (2000ml/min) and outlet channels connected to a standard 

gas analyser to measure O2 and CO2 utilisation during mouse monitoring. The study was 

conducted excluding running wheel and gated food access; we used mass modules to measure 

food, water, and body mass (housing); gas analysis to estimate energy expenditure, lipid 

oxidation, and glucose oxidation parameters. The animals were familiarised with the 

Promethion cage environment during week-4 of the study time. The animals were under 

Promethion cage monitoring for 72 hr during week-8 and 16, as pre-and post-treatment time 

points. A live software platform controlled the Promethion system, and the raw data obtained 

was converted by Expdata conversion tool and Universal Macros tool as shown in the workflow 

Figure 5.2G.  
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Figure 5.2: Components of Promethion cage and workflow of Promethion metabolic cage 

monitoring: (A) Promethion cage base with gas channel, (B) and (C) cage lid with mass module 

inserts, (D) Different hoppers that can go with each mass module in the cage, (E) Hoppers 

hanging to the respective mass module, (F) Gas tubes connected to the gas channel in the cage 

and (G) Overall brief workflow of Promethion system handling 

The gas analyser data was utilised to calculate individual mice's energy expenditure, glucose, 

and lipid oxidation during overall, light, and dark cycles. The data initially obtained from 

software consist of 5min interval points and are manually segregated to each hour for all the 

data. The rodent nature, active cycle timings, and treatment timing were considered, during 

dark cycle metabolic rate. The hourly based data was used to separate the first day one night 

as acclimatisation time the second day 7 am to 7 pm, considered as first light cycle and the 

second day 7 pm to the third day 7 am as a first light cycle shown in the figure. The two dark 

cycles (2nd and 3rd day night 12hrs) average were considered as overall dark cycle average 

data points to compare between the groups. All the data from different mouse groups of 

treatments comparisons obtained from Promethion was used for statistical analysis.  
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5.3.3 Isometric tension analysis:  

Isometric tension study on abdominal aortic rings was used to examine the CFE and Lorcaserin 

influence on blood vessel function of HFD induced mice. Isometric tension analysis was a 

functional study used to identify pharmacodynamic effects on blood vessel function (Zulli et 

al., 2009, Zulli and Hare, 2009). In Hyperhomocysteinemia (HHcy) (Yun et al., 2013) and 

atherosclerosis (Wang et al., 2017, Zhou and Austin, 2009), severe endothelial and vascular 

dysfunction leads to decreased vasodilation in response to Ach (Acetylcholine). Therefore, 

abdominal aortic rings were constricted with phenylephrine (a post-synaptic alpha-1 adrenergic 

receptor agonist) and relaxed by cumulative doses of the neurotransmitter Ach to assess the 

capacity of the different treatments to improve vasodilation. For statistical analysis, the 

responses to vasodilation were converted to a percentage (Qaradakhi et al., 2019). The 

isometric tension analysis brief description has been mentioned in Figure 5.3. 

 

 
Figure 5.3: Isometric tension analysis workflow description 

 

• The abdominal aorta of a mouse was removed, cleaned of connective and adipose 

tissue, and dissected into 2-3 mm rings. 

• Rings were acclimatised in Krebs solution-filled organ baths for 30 minutes at 37 

degrees Celsius, with 95% carbogen continually bubbling. 

• The rings were stretched to 0.2 to 0.3 g of tension between two metal organ hooks 

connected to force-displacement transducers. 

• Rings were re-stretched and refreshed after 30 minutes with buffer. 

Week-23 of the 
study

End of the experiment
From all the treatment groups n=8 mice 
• Anesthatised to collect hypothalamus and stored in liquid nitrogen 
• Gut column collected to conduct gut motility experiments
• Abdominal aorta collected for Isometric tension analysis
• Other tissues like, liver, spleen, heart, pancreas, kidney , etc. collected 

• From all the groups n=8 mice anesthatised and perfused for brain collection 

Isometric tension analysis instrumentation:

Mouse 
abdominal 
aortae ring
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• A 5uL injection of U46619 (bath concentration of 2´10-5M) was used to constrict the 

rings (a thromboxane analogue) 

• An acetylcholine dosage response (bath concentration of 1´10-8 M to 1´10-5 M serial 

dilutions) was used to dilate arteries once a plateau is reached.  

• Dilation responses were translated to percentages, and significance effects determined 

by statistical analysis.  

 

5.3.4 Statistical analysis: 

All the data were statistically validated at 95% confidence by Two-way ANOVA with Sidak's 

post-hoc multiple comparison test. The data analysis was performed using Graph Pad Prism 

version 9.3.1.  

 
5.4 Results and Discussion: 
The 5HT2cR is highly expressed in brain compared to peripheral tissues and they influence 

feeding behaviour in mice (Levine et al., 1987). Leptin-independent hyperphagia is resulting 

in mice with a genetic mutation in 5-HT2cRs, which leads to late-onset obesity, insulin 

resistance, and decreased glucose tolerance (Sarma et al., 2021, Singh and Singh, 2020, Levine 

et al., 1987). The 5HT2cR mutants may cause hyperphagia condition before hyperinsulinemia 

and weight gain (Hayden and Banks, 2021). The findings are stating that 5HT2cR do not 

directly govern the central outflow of the vagal nerve to the pancreatic cells (Aghili et al., 2021, 

Nonogaki, 2012). Furthermore, 5HT2cR mutants are more sensitive to high-fat and high-

sucrose diets than wild-type mice, resulting in obesity and type 2 diabetes at an earlier age. 

Hyperphagia is associated with decreased hypothalamic POMC expression and increased 

hypothalamus orexin activity in 5HT2cR mutants. Increased wakefulness in 5HT2cR mutants 

could be due to a compensatory increase in functional orexin activity (Nonogaki et al., 2008, 

Bovetto and Richard, 1995, Kitchener and Dourish, 1994, He et al., 2021). 

 

Thus, the 5HT2cR-mediated regulation of feeding and energy balance, is acts through anorexic 

pathways plays a critical role in obesity regulation (He et al., 2021). Energy expenditure (EE) 

is mainly depending on thermogenesis, basal metabolic rate, and physical activity. In the body, 

protein and carbohydrate synthesis and breakdown are linked to variations in water and 

extracellular fluid levels (Hall et al., 2012). Protein is made up of amino acids and not "stored" 

in higher-order structures like carbohydrates or triglycerides (Martínez-Martínez et al., 2021, 
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Goldenshluger et al., 2021, Gepner et al., 2019, Patel et al., 2018). Protein synthesis was 

requiring more energy than glycogen or triglyceride synthesis. As a result, low-carbohydrate 

diets can increase total energy expenditure. Diet-induced EE alterations depend on how the 

nutrients are processed, partitioned into tissues, and mobilised (Blüher, 2019). A regulatory 

feedback loop may control energy expenditure and intake, connecting central and peripheral 

nervous systems and neuroendocrine signalling. By adjusting energy homeostasis and, 

integrating these signals helps the body to maintain its weight and fat composition (Nieto‐

Martínez et al., 2021, Kanshana et al., 2021, Singh and Singh, 2020, Löffler et al., 2021). Even 

when there is no change in body weight, fat mass rises, and lean mass declines, commonly 

associated with ageing (Lang et al., 2019). Variations in body composition could be caused by 

changes in resting metabolic rate and macronutrient oxidation. Obesity can cause a positive 

energy balance, with low resting metabolic rate and low non-exercise activity thermogenesis 

(NEAT) being two risk factors in a high energy intake scenario (Löffler et al., 2021). Even 

though majority of experimental methods used in neuroscience have been effective in probing 

brain mechanisms and circuits, it is still unclear to what extent artificial activation or inhibition 

of neurons can recreate their physiological function. Homeostatic circuits must constantly 

integrate sensory inputs with the caloric content of food; how these pathways are affected by 

obesity-predisposing factors, such as the ingestion of HFD, is still a debatable challenge 

(Moura-Assis et al., 2021). Additionally, a complex CNS network regulates autonomic outflow 

to regulate interescapular brown adipose tissue (iBAT) thermogenesis and white adipose tissue 

(WAT) metabolism. Like peripheral insulin sensitivity, peripheral glucose metabolism is but 

not entirely controlled by the central nervous system (Moura-Assis et al., 2021). 

 

The body composition results from Echo MRI were showing increased lean mass and a decline 

in fat content of HFD mice during CFE and CFE + LOR treatments. In detail, the fat content 

of the HFD group showed in the Figure 5.4 increased 8.99g during week 8 to week 16 with a 

significance of p<0.0001 compared to control diet mice (increased 3.33g only). On the other 

hand, the LOR treated group fat content increased similarly to the HFD group and determining 

LOR treatment alone was not effective with the selected dose. Interestingly CFE alone 

significantly (p=0.0306) reduced the fat mass deposition in HFD induced animals after week-

16 when compared to HFD group. Similarly, CFE+LOR (7.51 g) treated mice reduced 

significantly (p-value 0.0179 and 0.0108 respectively) in fat mass gain compared to both HFD 

(8.99g) and Lorcaserin (9.14g) groups. The increase in fat mass of the Lorcaserin group may 

be due to the low dose 5 mg compared to regular 9mg/kg bwt/day (He et al., 2021). 
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Figure 5.4: Fat content - change in fat during the treatment period (8weeks): Echo MRI based 

fat mass measurement difference between week 8 to week 16. Each group had n=8 mice and 

values plotted are Mean ± SEM. (where Control: control diet group, HF: high-fat diet group, 

CFE: high-fat diet with CFE, LOR: high-fat diet with Lorcaserin treatment, CFE+LOR: high-

fat diet with CFE and lorcaserin treatments). Statistically significant differences between the 

groups (p-values <0.05) are shown. 

 

The study from Rao et al (2021), describes the potential influence of CFE in fat content 

regulation and waist circumference reduction in humans during 16 weeks of CFE treatment 

(Rao et al., 2021). In the current study body composition data also showed a significant 

decrease in fat mass during CFE and CFE+LOR treatments. In line with it, percentage of fat 

mass showed in the Figure 5.5A also demonstrating significant decrease with CFE+LOR 

treatment compared to HFD and LOR groups. The fat percentage was significantly more during 

week 8 in all the groups than control diet-fed fed mice with p=0.001. Interestingly, after 

treatment assessment in week 16 results revealed fat content of animals treated with CFE and 

CFE+LOR were significantly reduced compared to the HFD group as shown in Figure 5.4. 

However, fat percentage from Figure 5.5A describing, the CFE treatment group was not 

significant. Whereas CFE+LOR treated mice showed a significant decrease when compared to 

both HFD (p=0.03) and the LOR treated (p=0.09) mice. In addition, there was a significant 

increase in lean mass percentage CFE+LOR treated group compared to HFD mice. The 

macronutrients like glucose and lipid oxidation were measure using indirect calorimetric 

analysis from Promethion cage monitoring to further support the CFE and LOR effect on fat 

deposition. 
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Figure 5.5: Fat and lean mass percentage with respect to bodyweight: (A) Fat mass percentage 

(B) Lean mass percentage during the 8th and 16th week of all the groups with respect to 

bodyweights by Echo MRI; Each group had n=8 mice and values plotted are Mean ± SEM. 

(where Control: control diet group, HF: high-fat diet group, CFE: high-fat diet with CFE, LOR: 

high-fat diet with Lorcaserin treatment, CFE+LOR: high-fat diet with CFE and lorcaserin 

treatments). Statistically significant differences between the groups (p-values <0.05) are 

shown. 

 
As described earlier in this chapter, low resting metabolic rate is one of the factors of energy 

expenditure in obesity condition. To understand the HFD effect on resting metabolic rate as 

well as CFE and LOR treatment influence in restoring resting metabolic rate animals were 

assessed in promethion cages. The energy expenditure measured by indirect calorimetry was 

calculated based on the method described in a previous study (Kaiyala et al., 2019) description. 

The VO2 (Volume of oxygen consumed) and VCO2 (Volume of carbon dioxide produced) gas 

analyser data from Promethion cages was assessed for energy expenditure, glucose, and lipid 

oxidation parameters. The data in Figure 5.6A, representing no significant changes of EE 

during pre-treatment analysis irrespective of the diet. Surprisingly, HFD mice EE was 

relatively low (p=0.0008) during post-treatment assessment of the study compared to control 

fed animals. In the CFE-treated group during week 16, EE was maintained at a 1.4-fold greater 

than the HFD group (with p<0.0001 significance). Similarly, CFE+LOR treated group EE was 

significantly (p=0.0002) higher than HFD in week 16. 

 

As described previously, macronutrients (lipid and carbohydrates) can be stored in their higher-

order structures, unlike proteins; the degradation/ oxidation of these higher-order structures for 

energy production is essential for balancing energy equilibrium. The glucose oxidation (GOX) 

and lipid oxidation (LOX) data were plotted in the Figure 5.6B and 5.6C for all the study 
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groups. The GOX was significantly decreased from week 8 to 16 in HFD animals as shown in 

Figure 5.6B. Whereas, the lipid oxidation (LOX) was significantly decreased in week 16 

compared to week 8 of HFD mice. Interestingly, the after-treatment LOX was describing in 

Figure 5.6C that, all the treatments significantly increased in lipid oxidation compared to HFD 

mice with p-values 0.017 (CFE), 0.0196 (LOR) and 0.0021(CFE+LOR). Therefore, from fat 

content data and lipid oxidation were concluding influence of CFE+LOR may retrieve the mice 

from HFD stress by improving LOX (macronutrient oxidation) and EE to reduce obesity 

symptoms. 

 

 
Figure 5.6: Energy expenditure, glucose, and lipid oxidation analysis: (A) Energy expenditure 

(B) Glucose oxidation and (C) Lipid oxidation during the 8th and 16th week of all the groups 

with respect to bodyweights. The glucose and lipid oxidation were calculated by estimating 

VO2 and VCO2 gas emission values from each cage using the Promethion system. Each group 

had n=8 mice and values plotted are Mean ± SEM. (where Control: control diet group, HF: 

high-fat diet group, CFE: high-fat diet with CFE, LOR: high-fat diet with Lorcaserin treatment, 

CFE+LOR: high-fat diet with CFE and lorcaserin treatments). Statistically significant 

differences between the groups (p-values <0.05) are shown. 
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Figure 5.7: Respiratory quotient over 48hr (RQ): The VCO2/VO2 ratio was represented as RQ 

for all the groups during week 8 and week 16. Each group had n=8 mice and values plotted are 

Mean ± SEM. (where Control: control diet group, HF: high-fat diet group, CFE: high-fat diet 

with CFE, LOR: high-fat diet with Lorcaserin treatment, CFE+LOR: high-fat diet with CFE 

and lorcaserin treatments). Statistically significant differences between the groups (p-values 

<0.05) are shown. 

 
Besides EE, LOX and GOX estimation, the current study was measured respiratory quotient 

(RQ) as plotted in the Figure 5.7. The respiratory quotient (RQ) is a ratio of VCO2 to VO2 that 

generally ranges between 0.7 and 1.0, depending on the proportions of carbohydrate, fat, and 

protein combusted. Perfusion occurs through the alveoli's capillary network when inspired 

oxygen is collected in the alveolar sac. The red blood cell transports the perfused oxygen to the 

surrounding tissues. When blood passes through the capillary bed, oxygen is liberated from the 

RBC and delivered to the tissue site. During this time, the tissue releases CO2 into the red blood 

cell transports it to the lungs. The breakdown of carbs, fats, and proteins requires oxygen in the 

presence of macronutrients. Carbohydrates (C6H12O6 + 6O2) have a six-carbon chain and 

metabolise to two pyruvate substrates via glycolysis, generating CO2 as a by-product when 

converted to acetyl CoA. When two-carbon acetyl CoA combines with 4-carbon citrate in the 

Krebs cycle, 3-CO2 is produced in each metabolising cascade. If the starting molecule is a fatty 

acid with 12, 18, 20, or 22 carbon molecules, it undergoes beta-oxidation to produce acetyl Co-

A, not carbon dioxide. As a result, when fat is used as a fuel instead of carbs, less CO2 is 

produced per unit of oxygen consumed. The results showed a significant decrease in RQ value 

in HFD during week-16 than week-8 run. However, Luger et al. 2021, mentioned that RQ was 

controversial phenomenon during weight gain or reduction. Modifications in macronutrient 
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intake per unit mass (fats versus carbohydrates) during the day have been accompanied by 

changes in oxidation rates, implying a link between RQ and plasma substrate concentrations 

(e.g., glucose and fatty acids) (Goldenshluger et al., 2021). 

 

Furthermore, increased postprandial RQ was associated with a higher glycemic index of meals 

(Galgani et al., 2008). There was limited evidence that variations in RQ are linked to diet type 

rather than individual macronutrients (Goldenshluger et al., 2021). Tea has been observed to 

alter RQ in varied ways throughout the day, lowering RQ found after resting and fasting but 

not right after drinking tea (Zhang et al., 2020). A greater RQ in a fasted state has been linked 

to increased weight gain and fat accumulation (Weinsier et al., 1995). However, sticking to our 

current results, reduced LOX values and reduced RQ of HFD mice indicate less CO2 release, 

increased fat deposition and prone to obesity risk. This scenario was regulated, and RQ values 

of treated groups unchanged from week 8 to 16 means CFE and Lorcaserin promote lipid 

oxidation against positive energy balance in HFD induced mice.  

 
Figure 5.8: Promethion analysis - Dark cycle: (A) Total walking distance (B) Average speed 

of walking, (C) total percentage of walking, and (D) Still percentage (immobility) during 8th 

and 16th week of all the groups. Each group had n=8 mice and values plotted are Mean ± SEM. 

(where Control: control diet group, HF: high-fat diet group, CFE: high-fat diet with CFE, LOR: 

high-fat diet with Lorcaserin treatment, CFE+LOR: high-fat diet with CFE and lorcaserin 

treatments). Statistically significant differences between the groups (p-values <0.05) are 

shown. 
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Thus, the intake of macronutrients will be affecting the energy expenditure, GOX, LOX and 

RQ during metabolic cage analysis in the dark cycle. Further investigated the regular activities 

like walking, sleeping, food and water intake were changing with treatments in dark cycle. The 

total walking distance was significantly reduced from pre-treatment to post-treatment study in 

HFD, CFE and LOR groups as shown in the Figure 5.8A. Surprisingly, as shown in Figure 

5.8C, walking percentage and average speed of walking increased with the CFE+LOR 

treatment in week-16 compared to week-8. In addition, walking percentage was significantly 

increased in CFE+LOR compared to both HFD and LOR groups in week 16 with p-values 

0.014 and 0.0065, respectively.  

 
Figure 5.9: Promethion analysis- Dark cycle: (A) Food intake, (B) Water intake, (C) Sleep 

percentage, and (D) Sleep hours during the 8th and 16th week of all the groups. Each group had 

n=8 mice and values plotted are Mean ± SEM. (where Control: control diet group, HF: high-

fat diet group, CFE: high-fat diet with CFE, LOR: high-fat diet with Lorcaserin treatment, 

CFE+LOR: high-fat diet with CFE and lorcaserin treatments). Statistically significant 

differences between the groups (p-values <0.05) are shown. 

 
The dark cycle sleep percentage and sleep hours were significantly reduced with CFE and 

CFE+LOR compared to HFD and Lorcaserin groups from the Figure 5.9C and 5.9D. This 

implies CFE and CFE+LOR treatment animals were active during the dark cycle compared to 

other HFD groups. Interestingly, the sleep percentage of CFE and CFE+LOR groups is 

approximately equal to control diet-fed mice. The water intake of CFE and CFE+LOR groups 
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during the dark cycle was significantly higher than HFD with p-values 0.023 and 0.0169, 

respectively as showed in Figure 5.9B. The Food intake from Figure 5.9A was showing 

variation between groups; however, it is not significant. We are suspecting the food intake 

measurement was not giving much information because all the HFD fed mice were just making 

the food crumbled powdered in 24hr of Promethion acclimatisation as showed in Figure 5.10. 

Multiple studies were assessed to understand the interaction between sleep and overweight in 

obesity. However, majority of these studies were conducted in knockout animals like 

narcoleptic mice, leptin deficient (ob/ob) mice, and polygenic rats like OP/OR models 

(Panagiotou et al., 2018). Only limited number of studies available on diet induced rats or mice; 

probably diet induced models are more closure to human obesity. There were different 

characteristic changes found in sleep of humans with obesity or excess body weight. In rodents 

circadian sleep distribution is polyphasic, whereas in humans, it is monophasic. Apart from 

this variation overall homeostatic, circadian, and neurochemical signalling of sleep are similar 

in all species (Panagiotou et al., 2018).  
 

 
Figure 5.10: During Promethion run HFD fed mice making food pellets into smaller particles 

and the Promethion system couldn't measure exact food intake. The figure shows (A) 

Organised food before the run, (B) end of the run most of the food is in powder form and unable 

to differentiate from bedding, (C) Except control diet animals all HFD groups are doing same 

in all three runs (week 4, 8 and 16), and (D) After 24h of Promethion run one that just pulled 

all the food out of the hopper. 
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Overall sleep cycle from Promethion cage monitoring reveals that, HFD mice were 

significantly sleepier in active/dark cycle compared to treated groups. The sleep percentage 

during dark cycle of CFE alone and CFE+LOR groups were relatively low compared to HFD 

in week 16 with p-values 0.001 and 0.004. In similar CFE and CFE+LOR treated animals 

showed reduced sleep percentage in week 16 than LOR treated mice.  

 

The Promethion cage XYZ-beam break analysis correlating with waking percentage and 

average speed of walking during the dark cycle. The z-beam break assessment describing 

climbing efforts of mice, where CFE treated, mice were significantly increased compared to 

both HFD and LOR (from Figure 5.11C). The regular activity in dark cycle may influence the 

positive metabolic homeostasis in treated mice and benefiting the animals to increase energy 

expenditure. 

 

 
Figure 5.11: Promethion analysis- Dark cycle: (A) Y-axis Lane crossing counts (B) X-axis 

Lane crossing counts, (C) Z-axis Lane crossing counts (climbing), and (D) XY- plane walking 

distance, during 8th and 16th week of all the groups. Each group had n=8 mice and values plotted 

are Mean ± SEM. (where Control: control diet group, HF: high-fat diet group, CFE: high-fat 

diet with CFE, LOR: high-fat diet with Lorcaserin treatment, CFE+LOR: high-fat diet with 

CFE and lorcaserin treatments). Statistically significant differences between the groups (p-

values <0.05) are shown. 
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Figure 5.12: Promethion analysis- Interaction with hoppers: (A) Interaction with food hopper 

(TFODA), (B) Interaction with water hopper (TWATR), (C) Time spent in housing hopper 

(IHOME), during 8th and 16th week of all the groups. Each group had n=8 mice and values 

plotted are Mean ± SEM. (where Control: control diet group, HF: high-fat diet group, CFE: 

high-fat diet with CFE, LOR: high-fat diet with Lorcaserin treatment, CFE+LOR: high-fat diet 

with CFE and lorcaserin treatments). Statistically significant differences between the groups 

(p-values <0.05) are shown. 
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The food, water, and housing hoppers interaction data in the Figure 5.12 reveal that HFD mice 

spent more time interacting with the food hopper than the animals that received the treatments. 

There is no significant difference in interaction with the water hopper during the dark cycle.  

 

Isometric tension analysis: 

Through excess weight and adiposity, obesity is linked to metabolic and cardiovascular 

problems. Diet-induced obesity has been an excellent experimental model for studying the 

pathophysiology of obesity-related comorbidities like metabolic syndrome and cardiovascular 

abnormalities (Powell-Wiley et al., 2021). For eight weeks, mice fed the HFD exhibited a 

significant rise in body and epididymal fat weight and increased total cholesterol, triglycerides, 

and glucose, confirming the model's appropriateness. Individuals with central adiposity are 

more likely to develop neurogenic hypertension (Pavlovska et al., 2021, Nieto‐Martínez et al., 

2021, Löffler et al., 2021). Recent human research suggests that beta-adrenergic receptors play 

a crucial role in preventing sympathetically mediated vasoconstriction and consequently 

sympathetic blood pressure support. Blood vessels adjust their structure in response to 

mechanical and hemodynamic stimuli associated with several disorders, including 

hypertension, diabetes, and obesity, resulting in changes in vessel lumen calibre (Martínez-

Martínez et al., 2021).  

 

 
Figure 5.13: Isometric tension analysis of abdominal aortic rings: The abdominal aortic rigs 

were used to measure the vasodilation pattern of HF-diet induced mice with CFE and 

Lorcaserin treatments. Each group had n=6 (only HF group had n=5) mice and values plotted 

are Mean ± SEM. (where Control: control diet group, HF: high-fat diet group, CFE: high-fat 
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diet with CFE, LOR: high-fat diet with Lorcaserin treatment, CFE+LOR: high-fat diet with 

CFE and lorcaserin treatments). Statistically significant differences between the groups (p-

values <0.05) are shown. 

Vascular remodelling occurs due to normalising wall stress and restoring wall tension to 

maintain the proper lumen size for normal blood flow. Obesity is linked to vascular 

remodelling, characterised by media thickening and arterial stiffness in large arteries like the 

aorta and smaller ones like the mesenteric, renal, and coronary arteries (Gil-Ortega et al., 2016). 

This remodelling was also seen in overweight or obese hypertension patients' subcutaneous 

small arteries, accompanied by an increase in fibrosis or a decrease in flexibility. Vascular 

homeostasis necessitates a finely tuned equilibrium between a vasodilator state, often linked to 

antioxidant, anti-inflammatory, and antithrombotic qualities, and a vasoconstrictor state, which 

is linked to prooxidant, pro-inflammatory, and prothrombotic properties (Zeeni et al., 2015, 

Wang and Liao, 2012, Sampey et al., 2011). The endothelium maintains vascular homeostasis 

by counteracting the effects of vasodilators such as nitric oxide (NO), prostacyclin, and 

hyperpolarising factor, which are produced by the endothelium vasoconstrictors like 

endothelin-1, angiotensin II (Ang II), and thromboxane A2 (Zulli et al., 2009, Nonogaki, 1999, 

Nonogaki et al., 1998, Tecott et al., 1995). Obesity is a risk factor for heart disease and 

metabolic disorders. Endothelial dysfunction, a condition in which endothelial cells convert to 

a pro-atherosclerotic phenotype, is one of the early vascular changes seen in obesity. The risk 

of obesity in cardiovascular dysfunction and limited results on mice model with HFD induced 

cardiac dysfunction analysis motivated us to understand how the desired treatments influence 

cardiac vessels. The isometric tension analysis of abdominal aortic rings with response to Ach 

showed significant variations among the study groups.  

 

The output of percentage vasodilation plotted in the Figure 5.13 and Figure 5.14A demonstrates 

HFD group vascular dilation was significantly reduced compared to the control diet-fed mice 

group during different doses of Ach. As a result, the aortic rings were not reaching baseline 

after constricting with U46619 in the HFD group. Whereas CFE (Figure 5.14B), Lorcaserin 

(Figure 5.14C), and CFE+LOR (Figure 5.14D) treated mice were significantly improved 

vasodilation and deviated significantly from HFD mice during Ach based dilation. The current 

data considered as pilot scale plot, the vascular dysfunction and HFD induced cardiovascular 

risk factors need to be assessed in future with larger group numbers at various time points of 

the study. 
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Figure 5.14: Isometric tension analysis of abdominal aortic rings: Statistical difference 

comparison of the percentage of vasodilation between (A) Control vs HFD, (B) HFD vs CFE 

treated, (C) HFD vs LOR treated, and (D) HFD vs CFE+LOR groups. Each group had n=6 

(only HF group had n=5) mice and values plotted are Mean ± SEM. (where Control: control 

diet group, HF: high-fat diet group, CFE: high-fat diet with CFE, LOR: high-fat diet with 

Lorcaserin treatment, CFE+LOR: high-fat diet with CFE and lorcaserin treatments). 

Statistically significant differences between the groups (p-values <0.05) are shown. The 

significant changes were represented with p<0.0001 (****), p<0.001(***), p<0.01 (**), and 

p<0.05 (*).  

Therefore, isometric tension analysis of aortic rings was demonstrating, there is a considerable 

influence of CFE and LOR treatment on HFD induction. The treatments were rescuing mice 

from HFD stress and might be leading to reduced cardiovascular risk factors. 
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Outcomes of the study:  

• The study shows that HFD induced mice can be rescued from fat deposition and 

reduced energy expenditure by the CFE + LOR combination treatment.  

• Promethion metabolic cage analysis showed that macronutrient oxidation and increased 

physical activity (walking and climbing) contributes to the overall increase in energy 

expenditure of the HFD-fed mice treated with CFE + LOR. 

• The HFD-fed obese mice model can be recovered from vascular endothelial 

dysfunction parameters by CFE and CFE+LOR treatments may help in reducing the 

risk of hypertension and cardiovascular risk factors with obesity. 

 

5.5 Conclusion: 
CFE and LOR treatments in HFD induced obese mice for 8-weeks reduced fat deposition and 

improved energy expenditure. However, CFE+LOR treatments showed significant variation 

compared to the HFD group in fat percentage and metabolic parameters as shown by 

Promethion cage analysis. The outcomes of the ex-vivo studies of abdominal aortic rings by 

isometric tension analysis revealed CFE, Lorcaserin and CFE+LOR treatments significantly 

improved vasodilation dysfunction induced by the HFD. The role of CFE+LOR in obesity and 

cardiovascular diseases. In summary, the combination of CFE+LOR showed a stronger effect 

on HFD mice in most of the parameters compared to the effect of CFE and LOR alone. The 

combination treatment could be a better alternative in terms reducing of obesity risk factors 

and improvement of energy homeostasis. 
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Chapter 6 Overall Summary 
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Obesity and related comorbidities are increasing in prevalence due to changes in dietary habits 

and low energy expenditure in sedentary lifestyles. As mentioned in Chapter I, the current 

treatments available for weight management have limitations in terms of their efficacy and 

long-term usage. The hydroethanolic extract of Caralluma fimbriata has been shown to reduce 

body weight and food intake in different studies. However, the exact mechanism of action of 

CFE is unclear and preliminary studies had suggested that central signalling of satiety via the 

serotonin 5HT2c receptor was involved. Similarly, Lorcaserin is a specific 5HT2cR agonist 

that induces body weight reduction, and it was approved as a treatment for obesity. However, 

recent studies have reported on potential side effects such as increased incidence of cancer, and 

it has been withdrawn from use in some countries (Mathai, 2021). Thus, there is an ongoing 

need to develop new compounds and strategies to treat obesity. The current study investigates 

an alternative treatment where a lower concentration of Lorcaserin is used in combination with 

CFE to reduce obesity. As discussed in Chapter I, the 5HT2cR may alter mood and behaviour 

in addition to mediating anorexigenic pathways that increase satiety signalling. The role of 

CFE in 5HT2cR expression in modified 3T3L1 cells (unpublished results from Stefan Stamm’s 

lab) prompted replication of this effect in SHSY5Y neuroblast cells. The 5HT2cR expression 

studies are complex due to expression in two major isoforms from alternate mRNA splicing. 

The two major isoforms of the 5HT2cR proteins differ in their cellular location within neurons. 

Functionally active receptor (5HT2cR-fn) is located as a transmembrane surface protein 

expressed from six exon mRNA sections. In comparison, the non-functional or truncated form 

(5HT2cR-tr) of the receptor remains on the endoplasmic reticulum surface due to a lack of the 

exon Vb region in its expressed mRNA. The ratio of 5HT2cR-fn to the truncated form was 

identified as a key factor in weight gain in overeating diseases like PWS (Stamm et al., 2017). 

  

In the initial experiments described in chapter III, the SHSY5Y-derived neurons showed a 

significant increase in functional 5HT2cR compared to truncated receptor mRNA expression 

after CFE treatment. This study was also designed to investigate the expression of other genes 

involved in anorexigenic pathways by transcriptome analysis. The overall study revealed that 

CFE concentrations of 25 and 50 µg/mL treatment for 48 and 96h of duration significantly 

increased functional receptor mRNA expression more than two-fold. The whole transcriptome 

analysis further revealed that the expression of genes associated with anorexigenic pathways 

and satiety signalling was upregulated. The increase in PCSK1 and BDNF gives some insight 

of how CFE may influence anorexigenic pathways. Figure 3.25 from chapter III briefing 
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proteins involved in satiety regulation by anorexigenic pathway and their relationship with 

5HT2cR. Transcriptome analysis confirmed the results from the qPCR study that CFE 

treatment increases 5HT2cR expression in SHSY5Y neurons. However, the transcriptome 

analysis needs to be extended in the future with more replicates, to further clarify CFE’s role 

in satiety regulating pathways. 

  

Chapter IV investigated the in vivo effect of combined CFE and Lorcaserin treatments in HFD 

mice. The animal groups were fed with 23.5% HFD, as mentioned in Chapter II, for eight 

weeks to induce obesity. The HFD successfully increased body fat composition and weight 

gain compared to control diet-fed mice. The animals treated with CFE and CFE+LOR showed 

significant improvement in depression-like behaviour compared to the HFD group (during tail 

suspension and forced swim tests). In addition, the increased time spent in open arms of the 

EPM and light chamber of the LDB analysis reveals reduced anxiety-like behaviour in 

CFE+LOR treated mice compared to HFD group. The mice showed a reduction in anxiety-like 

behaviour by spending less time in open arms of EPM and exploring for more time in the bright 

chamber of LDB (Lama et al., 2022b). Body weight gain was significantly decreased by the 

CFE+LOR combination treatment compared to the control HFD treatment. These results are 

consistent with the effects of CFE to increase functional 5HT2cR mRNA expression and the 

increased activation of these receptors by Lorcaserin. Importantly, the observations of reduced 

obesity and fat mass were accompanied by an improvement in mood-based parameters. For 

instance, CB-1 receptor antagonist, rimonabant is increasing depression like mood disorders 

and anxiety (Juhasz et al., 2009). The data supports the potential use of a CFE+LOR combined 

treatment to improve body weight management and reduce obesity. In future studies, the 

measurement of 5HT2cR mRNA or protein in the hypothalamus (by in situ hybridisation or 

immunohistochemistry) may confirm the action of CFE on neuronal pathways involved in food 

intake and energy metabolism.  

  

In chapter V, the body composition and energy expenditure data were showed that CFE+LOR 

had a positive effect inn HFD mice. The fat percentage was significantly reduced in CFE+LOR 

treated group of mice compared to LOR treatment alone as well as high fat fed mice. In addition 

to animal behaviour and energy expenditures, the current treatments also showed beneficial 

towards cardiovascular function. The isometric tension analysis of abdominal aortic rings of 

CFE and LOR treatments showed and improved vasodilatory responses in comparison to the 

HFD mice. Although blood pressure was not measured in this study, this result indicates an 
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unexpected cardiovascular benefit of the CFE and LOR treatments. Since hypertension and 

other cardiovascular co-morbidities are often associated with obesity, this treatment may have 

an added therapeutic effect of improving vascular health.  

  

In summary, CFE can be considered as a potential treatment to assist with healthy weight 

management. Lorcaserin showed long-term side effects like cancer showed in studies like 

CAMELLIA-TIMI 61, making a question on lorcaserin usage in future obesity treatment with 

current dosage (Mathai, 2021). However, other studies have also addressed improved 

lorcaserin effect with the combination of other drugs. The Lorcaserin (7.5mg/kg bwt) in 

combination with GLP-1 agonist liraglutide (0.1mg/kg bwt) was proposed as alternate weight 

loss treatment. The results from LOR+ liraglutide in combination reduced short-term feeding 

in GLP1-RNTS knockdown and MC4R null mice (Wagner et al., 2022). Similarly, another GLP-

1R agonist exendin-4 was used in combination with LOR (10mg/kg bwt); resulting short-term 

feeding reduction in MC4R null mice (Wagner et al., 2022). The current combination of CFE 

and 5mg/kg bwt of lorcaserin could be one of the alternative treatments in obesity and other 

overeating disorders. The role of CFE in appetite generation PWS like diseases was mentioned 

in recent studies. In this study, CFE+LOR treatment in high fat fed mice showed a significant 

reduction of fat composition and body weight reduction. In addition, to physiological 

parameters, the current treatments showed positive effects on depression and anxiety-like 

behavioral parameters. Further, beneficial effects on vasodilation may suggests that reduced 

cardiovascular risk factors with obesity. However, the mechanism through which CFE 

increases functional 5HT2cR expression is still unclear, needing more genetic analysis to 

understand the active pathways behind in this effect. The systemic effects of CFE shown in 

this study can be extended further by studying hypothalamic pathways involved with POMC 

neurons to regulate satiety signalling.  
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Future directions and limitations of the current study: 

Overall, this thesis has measured that CFE treatment reduces body weight and fat composition 

in obese mice. While the evidence suggests that the effects are mediated through the increase 

in 5HT2c receptor expression, the exact mechanism of action of CFE stays unclear. The 

limitations of each chapter are noted below and considered for future extension of the study. 

From chapter III, the SHSY5Y neurons are showing increased functional mRNA expression 

from CFE treatment. However, it would be important to confirm the functionality of these 

receptors by further investigation. This could be done by a confocal imaging study, where the 

control and CFE-treated cells are measured for 5HT2cR activity by increased intracellular 

calcium release in response to treatment of the cells with LOR. The 5HT2cR antagonist 

SB242084 could be used to show the specificity of the activation of this receptor by LOR. In 

addition, more replicates (minimum of n=6) of CFE-treated SHSY5Y neurons will be assessed 

for transcriptome analysis in future to further define the patterns of gene expression 

underpinning the amplifying effect of CFE on functional 5HT2cR expression. 

  

From the animal studies mentioned in Chapter IV and V, physiological and behavioural 

parameters showed the effects of CFE and LOR treatments against HFD-induced changes. The 

genetic analysis of functional vs truncated receptors of 5HT2cR, BDNF, MC4R and PCSK1 

like anorexigenic molecules could be an added advantage in CFE role explanation. Future 

studies with brown fat quantification and thermogenesis estimation can give us CFE and LOR 

treatment influence on batokines (Myostatin and FGF21, etc.) secretion and metabolic diseases. 

Apart from behavioral and physiological effects, the study revealed cardiovascular benefits 

with CFE+LOR treatments. Nitric oxide (NO) is a key mediator of vasodilation in peripheral 

vessels. The Nitricoxide synthase (eNOS) is a crucial enzyme in NO mediated vasodilation 

(Mees et al., 2007) the increased activity of eNOS can be measured with immunohistochemical 

analysis of a range of markers including TypeIII eNOS, serine 1177 (phosphorylation of 

eNOS), and nitrotyrosine. NADPH oxidase-2 (NOX2), NOX3 and NOX4 enzymes are 

involved in superoxide mediated inactivation of nitric oxide; by measuring these markers it is 

possible to determine the mechanisms underpinning the improvement of vascular function that 

was induced by CFE+LOR treatments.  

  

The confocal imaging study and immunohistochemistry experiments were initially part of the 

thesis. However, due to COVID19 lockdowns delayed the overall study and further affected 

funds and scholarship deadlines that prevented the execution of planned experiments. The 
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animals culled at the end of the study from all the groups collected gut columns to understand 

rhythmic contraction of the gut (Swaminathan et al., 2016) and enteric nervous system (ENS) 

functioning with HFD and CFE+LOR treatments. However, the experiments were performed, 

and motility videos were recorded for future analysis. In addition, the significant increase in 

energy expenditure that was observed during CFE+LOR treatment can be further investigated 

by quantifying further markers from liver steatosis (AMPK and SREBP1c), skeletal muscles -

lipid quantification (Delgadillo-Puga et al., 2020), and brown adipose tissues (UCP-1) 

(Andrade et al., 2014). The gut motility study with faecal energy quantification and 

microbiome analysis together may determine the overall treatment effect, on gut health and 

enteric nervous system functioning.  
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