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Transcriptional Regulation of Melanocortin 4 Recept or by Nescient Helix-

Loop-Helix-2 and its Implications in Peripheral Ene rgy Homeostasis  

Umesh Deorao Wankhade 

ABSTRACT 

Mutations in the melanocortin 4 receptor (MC4R) are the most frequent 

cause of monogenetic forms of human obesity. Despite its importance, the MC4R 

signaling pathways and transcriptional regulation that underly the melanocortin 

pathway are far from being fully understood. The transcription factor Nescient 

Helix Loop Helix 2 (Nhlh2), is known to influence the melanocortin pathway. It 

regulates the transcription of genes by binding to the E-Box binding sites  present 

in the promoter region. Here in this dissertation, Nhlh2’s role as a transcriptional 

regulator of Mc4r and the effects of deletion of Nhlh2 on peripheral energy 

expenditure, glucose homeostasis and fatty acid oxidation are reported. To 

investigate the transcriptional mechanisms of Mc4r and the involvement of Nhlh2, 

gene expression analysis, DNA-protein binding, transactivation assays, and 

SiRNA induction were used. We show that Nhlh2 regulates the transcription of 

Mc4r by binding to the three E-Boxes present on the promoter at -553, -361 and 

+47. Further, SiRNA knockdown of Nhlh2 in the N29/2 cell line depresses Mc4r 

expression which suggests the requirement of Nhlh2 for Mc4r transcription.  

Development of adult onset obesity in the absence of evident hyperphagia 

questions the ability of mice which lacks Nhlh2 (N2KO) to utilize energy substrate 

efficiently. To test the effect of deletion of Nhlh2 in N2KO, body composition 

analysis, tissue specific characterization, fatty acid oxidation and glucose and 
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insulin homeostasis were assessed. N2KO mice have a higher fat content than 

WT at the age of 12 weeks. There are architectural differences in adipose tissue 

of N2KO. White adipose tissue (WAT) shows infiltration of macrophages, and 

increased mRNA and serum levels of interleukin 6 which suggests the presence 

of a systemic inflammatory state in the N2KO mice. Sympathetic nervous system 

tone is reduced in both brown adipose tissue (BAT) and WAT, as evidenced by 

gene expression analysis, and this may be because of overall reduced 

melanocortinergic tone in N2KO mice. N2KO mice have an impaired glucose 

tolerance on the basis of their late glucose clearance on glucose (non-significant) 

and insulin (significant) challenges. Fatty acid oxidation (FAO) is higher in red 

fibers of skeletal muscle, and the respiratory exchange ratio (RER) is lower in 

N2KO, which is indicative of using fat as a preferential energy source. Increased 

expression of genes involved in the lipid metabolism in skeletal muscle and liver 

supports the RER and FAO, and are indicative of high turnover of lipids in N2KO.  

Findings from these studies implicate Nhlh2 as a transcriptional regulator 

of Mc4r which has a direct relevance to the ever increasing epidemic of obesity. 

Characterization of N2KO mice sheds light on the adult onset obesity phenotype. 

Knowledge gained from these findings will help us  understand the monogenetic 

form of obesity more completely and could lead to the design of improved  

pharmacological therapies that  target Nhlh2 or Mc4r or modify physical activity 

behavior.  
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Chapter 1  

Introduction 

During the past two decades there has been a tremendous increase in the 

obesity rate in United States, and worldwide. Despite ongoing efforts by both 

scientific organizations and public health officials, individuals fail to increase 

physical activity and reduce their energy intake to healthy levels suggested by 

government guidelines. According to Centers for Disease Control and Prevention 

(CDC), the Body Mass Index (BMI) range for a normal individual lies between 

18.5 to 24.9 kg/m2, whereas the range 25.0 to 29.9 kg/m2 would classify an 

individual as overweight and a BMI equal to or greater than 30.0 kg/m2 would 

classify an individual obese (1). The latest data released from CDC for  the years 

2007-2008 indicated that over 34% and 68% of total United States population are 

obese and overweight, respectively (2). The ever increasing epidemic of obesity 

is also responsible for significant financial costs. These costs include medical 

expenses to cover overweight , obesity and associated  complications, and was 

9.1% of total U.S. medical expenditures; the costs once reached as high as 

$78.5 billion in 1998 and $92.6 billion in 2002 (3). Along with the increasing 

percentage of obesity, related complications such as coronary heart disease, 

type 2 diabetes, cancers (endometrial, breast, and colon), hypertension (high 

blood pressure), dyslipidemia (for example, high total cholesterol or high levels of 

triglycerides) and stroke are also damaging human health at great extent. 

Dramatic accretion in the worldwide obesity percentage can be attributed 

to different factors such as genetic make-up, environment, food habits, sedentary 
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lifestyles, and reduced levels of physical activity. Among the genetic factors 

responsible for causing obesity, single nucleotide polymorphisms (SNP) or other 

mutations in different genes controlling energy homeostasis and body weight 

maintenance directly or indirectly are responsible for the increasing cases of 

obesity due to genetic origin. Recently detected mutations in melanocortin 4 

receptor (MC4R) have been associated with human obesity and reduced 

physical activity levels in up to 5.6% of the population (4, 5). The crucial role of 

MC4R in maintaining energy homeostasis and body weight regulation, 

accompanied by the high number of human carriers of MC4R mutations, makes 

MC4R one of the most important etiological factors of obesity of genetic origin.  

The melanocortin pathway is an essential endocrine pathway, which is 

instrumental in maintaining body weight and energy expenditure.  Mechanisms 

maintaining energy balance and body weight involve complex regulatory signal 

transduction pathways within the central nervous system, the gut and the fat 

depots of the body. Genes involved in energy homeostasis maintenance are 

regulated transcriptionally (i.e., promoter-mediated gene regulation) and post-

transcriptionally (i.e., by post-transcriptional mRNA stability and protein 

translation). Despite being critical for energy homeostasis, the melanocortin 

pathway is not fully explored as far as its transcriptional regulation, downstream 

signaling and its tissue specific effects in overall body fat metabolism pathways 

are concerned. Therefore, it is necessary to explore the melanocortin pathway, 

its molecular physiology behind regulation of energy expenditure and body 
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weight maintenance to better understand the molecular and physiological basis 

of genetics origin of obesity.  

In our laboratory, we study the transcription factor, Nescient helix-loop-

helix 2 (Nhlh2), which belongs to the family of basic helix-loop-helix (bHLH) 

transcription factors. bHLH transcription factors bind to E-box sequences 

(CANNTG) and form heterodimers with other bHLH family members to enhance 

or depress the transcription of genes (6-8). The expression pattern of Nhlh2 

varies depending on the energy status availability in the body (9).   Nhlh2 co-

localizes in 33% of the proopiomelanocortin (POMC) expressing neurons in the 

arcuate nucleus (ARC) and 41% of the TRH expressing neurons in the 

paraventricular nucleus (PVN) (9). In mice with the targeted deletion of Nhlh2 

(N2KO mice), POMC mRNA expression is normal (10). However, POMC derived 

peptide, α-melanocyte stimulating hormone (α-MSH), is 50% reduced in protein 

levels in N2KO mice compared to WT mice (9, 10). Levels of Prohormone 

Convertase 1/3 (PC1/3) and PC2 are also reduced significantly, which is 

supported by the fact that PC1/3 is transcriptionally regulated by Nhlh2, in a co-

regulatory complex with Signal transducer and activator of transcription 3 

(STAT3).  Reduced levels of α-MSH in N2KO mice are consistent with the fact 

that Nhlh2 regulates PC1/3 at transcriptional level, leading to reduced peptide 

processing of POMC. Reduced levels of melanocortin ligands such as α-MSH in 

N2KO mice, and transcriptional control over important genes such as PC1/3 by 

Nhlh2, suggest that Nhlh2 may have direct or indirect influence over the 

regulation of many genes and processes in the melanocortin pathway. 
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Earlier work from our laboratory has shown that targeted deletion of Nhlh2 

in mice leads to adult onset obesity preceded by reduced physical activity levels 

(11, 12).  Surprisingly, before the onset obesity, N2KO mice have normal food 

intake which suggests no problem with energy intake side of the equilibrium. 

However, increased body weight gain is indicative of impairment of in energy 

expenditure pattern. The established role of Nhlh2 in transcriptional regulation of 

PC1/3, reduced levels of endogenous melanocortin ligand such as α-MSH and 

development of adult onset obesity makes the N2KO mouse model perfect to 

study melanocortin pathway in detail. In the present two-phase study, we 

explored the role of Nhlh2 in transcriptional regulation of Mc4r and the 

downstream effects on energy expenditure and metabolism.  In the first phase of 

the project, determination of Mc4r expression in N2KO mice and an examination 

of Nhlh2’s transcriptional control of the Mc4r promoter were examined. In the 

second phase, the peripheral metabolic pattern in the N2KO mouse was 

examined using gene expression, a glucose-insulin homeostasis, and a fatty acid 

oxidation study. Findings from this research have direct relevance to 

understanding one of the major threats society currently faces: obesity and its 

complications. A detailed understanding of the genetic basis for obesity gained 

from the findings from this project will help to design best possible alternative 

therapeutic regimens or preventive strategies to treat this disorder. 
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Chapter 2  

Specific Aims  

Energy homeostasis, or the equilibrium between calorie intake and 

expenditure, is administered by neuroendocrine and autonomic pathways arising 

from, and controlled by, the central nervous system (CNS). Different neuronal 

populations in the ARC and the PVN play critical roles in maintaining the balance 

between energy intake and expenditure (13). The whole process of energy intake 

and expenditure is regulated transcriptionally (i.e., promoter-mediated gene 

regulation) and post-transcriptionally (i.e., by post-transcriptional mRNA stability 

and protein modification) as well as by subsequent signal transduction pathways 

activated and repressed by the protein products of the regulated genes. One of 

the transcription factors involved in the neuro-circuitry controlling body weight 

and energy expenditure is Nhlh2. Nhlh2 belongs to the family of bHLH 

transcription factors and is expressed in the ARC and PVN of the hypothalamus. 

Nhlh2, like other bHLH transcription factors, has a special binding affinity to E-

Boxes (CANNTG) and forms heterodimers with other bHLH family members to 

regulate the transcription of genes (6-8). Nhlh2 is co-localized with leptin-

receptors containing POMC and thyroid releasing hormone (TRH) neurons of the 

hypothalamus. Its expression is stimulated in response to leptin or food (10). In 

N2KO mice, PC1/3 levels are reduced by 50%, leading to a 40% reduction of α-

MSH levels (10). Disrupted gene regulation at the CNS level can be transmitted 

to the peripheral tissues of the body through the sympathetic nervous system 

(SNS) (14) (Figure 1). 
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Nhlh2 as a transcriptional regulator of PC1/3 implicates its role in the 

processing of α-MSH, an endogenous ligand of the Mc4r. Promoter region of the 

Mc4r gene, which also possess E-Boxes, putative binding sites where Nhlh2 can 

bind and regulate the transcription. Functional polymorphisms in the Mc4r gene 

contribute to some of the most common causes of genetic obesity and to 

reduced physical activity in humans (5, 15, 16). Furthermore, two unrelated 

human families with obesity were recently shown to carry a polymorphism in the 

promoter of MC4R within an E-box motif that binds human NHLH2 (4). On the 

other hand, the N2KO mouse model shows adult onset obesity with reduced 

physical activity (11, 12). This phenotype is similar to the Mc4r knockout 

(Mc4rKO) mice or humans with functional polymorphism in MC4R (4, 17).  Taken 

together, these data suggest a definite link between Mc4r expression and Nhlh2 

and its role in the regulation of body weight. 

The N2KO mouse model develops adult onset obesity mainly because of 

reduced physical activity which results in reduced energy expenditure (12). In the 

Mc4rKO mouse, defects in energy expenditure are evident in the form of 

differences in substrate utilization and nutrient partitioning (17, 18). The 

Melanocortin pathway controls glucose homeostasis and fatty acid metabolism 

(18, 19). Functional polymorphism(s)/mutation(s) may lead to disturbances in 

binding sites for Nhlh2, eventually disrupting normal melanocortin signaling in the 

N2KO mouse.  

Our published data, as well as reports from other labs, clearly suggests 

that there is direct neuroendocrine control over peripheral cell metabolism and 
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which represents an important element of central nervous system control over 

adiposity (20, 21). Based on findings from the literature and from our lab, we 

propose that the disruption of the melanocortin signalling cascade in the central 

nervous system is due to the absence of Nhlh2, which leads to early adult onset 

obesity and disrupted glucose homeostasis and fatty acid metabolism in N2KO 

mice (10-12). We hypothesized that Nhlh2 regulates the melanocortin pathway at 

the transcriptional level by directly binding to the promoter of MC4R (Figure 1). 

As a consequence, N2KO mice have disrupted glucose homeostasis and fatty 

acid oxidation due to the lack of normal transcriptional regulation of Mc4r.  

Specifically we propose: 

1. To determine if Mc4r is a transcriptional target  of Nhlh2 

Polymorphisms/mutations in MC4R are one of the most common causes of 

genetic obesity and reduced physical activity in humans (5, 15, 16). Recently two 

unrelated human families with obesity were shown to carry a polymorphism in the 

promoter of Mc4r within an E-Box motif that binds human NHLH2 (4). These data 

clearly suggest a link between the requirement of Nhlh2 and Mc4r expression 

and its function. In this specific aim we asked the following key questions: 

a) Are Mc4r mRNA levels altered in N2KO mice? 

b) Does Nhlh2 bind to the putative binding sites in the Mc4r promoter region 

to regulate its transcription?  

c) Does a mutation in one or more E-Box binding sites affect Mc4r 

transactivation in the presence of Nhlh2? 
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Transactivation assays, chromatin immunoprecipiation, electrophoretic mobility 

gel shift assays and qRT-PCR are the techniques were used to answer the 

above questions. 

2. To determine the effect of Nhlh2 deletion on ove rall energy expenditure 

and glucose homeostasis: In the past we have shown that N2KO mice are 

physically less active which makes them obese at an early adult age. However, 

the absence of hyperphagia in these mice leads to questions about their ability to 

utilize energy substrates normally (12). Disrupted melanocortin signaling in Mc4r 

knockout mice alters glucose homeostasis and fatty acid metabolism (18, 22). 

Based on our previous observation that N2KO mice have reduced α−MSH and 

PC1/3 (23), we anticipated lower levels of Mc4r as well. We proposed here that 

the N2KO mouse has disrupted melanocortinergic tone, which mimics the effect 

of the targeted deletion of Mc4r. In this specific aim, we asked the following key 

questions:  

a) Do N2KO mice have a normal glucose and insulin homeostasis? 

b) Do N2KO mice have an altered energy expenditure pattern? 

c) What are the downstream gene targets of the disrupted melanocortin 

pathway in N2KO mice? 

We addressed the questions in this aim by studying the effects of Nhlh2 

whole body deletion on energy expenditure patterns using whole body metabolic 

phenotyping, fatty acid oxidation, glucose and insulin tolerance tests, mRNA 

expression of genes involved in energy homeostasis.  
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Introduction 

Obesity-related traits such as body mass index (BMI), fat mass and leptin 

levels are 40-70% heritable (24-26). Mutations in genes controlling body weight 

and energy homeostasis are the largest contributing factor to genetic origins of 

obesity. The prevalence of obesity is 32.2% among adult men and 35.5% among 

adult women in the United States, which is significantly higher than what it was 

just a decade before (2). Changes in food habits and reduced physical activity 

are the two important environmental factors leading to today’s increasing rate of 

obesity (27). However, it is crucial to consider the role of genetics in controlling 

body weight and energy homeostasis, especially with respect to the manner in 

which it contributes to the causes of obesity. Monogenic forms of obesity caused 

by polymorphism(s)/mutation(s) in genes such as carboxypeptidase E (CPE), 

Leptin, Leptin receptor, TUB, melanocortin 4 receptor (MC4R) and pro-

opiomelanocortin (POMC) leads to impaired energy homeostasis (28-34). While 

single gene obesities obey the rules of Mendelian inheritance, these are rare 

when compared to the more common, polygenic form of obesity, in which many 

genes make minor contributions in determining the phenotype. Considering the 

importance of genetics in transmitting the traits to the next generation, detailed 

studies of the genetic aspects of this disorder are necessary to better understand 

the molecular physiology of obesity. Knockout mice provide a model for 

understanding the role that a single gene may play in the etiology of more 

complex human diseases. 
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Deletion of nescient helix-loop-helix 2 (Nhlh2) in mice results in adult-

onset obesity with reduced exercise related energy expenditure (11, 12). Nhlh2 is 

a basic helix-loop-helix transcription factor which binds to the canonical E-box 

motifs for this family of transcription factors, CANNTG (7).  Nhlh2 is 

predominantly expressed in the paraventricular (PVN) and arcuate nucleus of the 

hypothalamus (10), where its expression is modulated by energy availability (9, 

35).  One of the gene regulatory targets of Nhlh2 is the promoter for prohormone 

convertase 1/3 (PC1/3) (23).  In response to leptin stimulation, Nhlh2 forms a 

heterodimer with the signal transducer and activator of transcription 3 (STAT3) 

transcription factor, leading to increased PC1/3 expression in hypothalamic 

neurons.  As expected, N2KO mice have reduced expression of PC1/3 mRNA 

and neuropeptides of proopiomelanocortin (POMC) that would normally be 

processed by PC1/3, such as alpha melanocyte stimulating hormone (α−MSH) 

(10). 

We have been actively trying to identify other possible targets of Nhlh2.  In 

addition to mutations affecting the amino acid sequence of MC4R, several 

groups have identified mutations in non-coding regions of the gene.  Of those, 

four are known to be in the 5’ promoter region (36), with two of these 

polymorphisms potentially affecting the binding site for basic helix-loop helix 

transcription factors, including Nhlh2. The first of these two E-box mutations is 

found in both obese and non-obese controls at a frequency of 5%. This mutation 

-178 A/C, changes E-box #1 from CATCTG to AATCTG (36). The second 

mutation -20delGC (MC4R∆GC) changes E-box #2 from CAGCTG to CA(del)TG 
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(4). This mutation was found in 2 extremely obese, but unrelated children and 

their relatives (4). The group who first identified mutation noticed that it was a 

perfect consensus site for NHLH2 and showed that indeed, human NHLH2 could 

bind to that E-box. However, they could not demonstrate transactivation 

differences between the normal and deleted promoter using a non-neuronal cell 

type (4).  In fact, few studies have analyzed transcriptional activity of the normal 

human MC4R promoter. The only published study shows that the minimal 

promoter required for activity in neuronal and non-neuronal cells lines lies 

between -130 and +10, including E-box #2, the Nhlh2 binding site (37).  

More than 70 different missense mutations have been identified to date 

and more than 90% of these mutations affect amino acids which are 

phylogenetically conserved (38). While it is clear that the melanocortin pathway 

and MC4R in particular, are instrumental in the regulation of body weight, MC4R 

transcriptional regulation is still largely unexplored. Determining the transcription 

factor(s) that regulate Mc4r must be conducted to better understand the control 

mechanisms for one of the most mutated genes leading to human obesity.  
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Results 

Mc4r mRNA levels are reduced in N2KO mouse 

mRNA expression levels of Mc4r were measured in N2KO and WT mice 

using quantitative RT-PCR (qRT-PCR) of RNA isolated from whole 

hypothalamus.  Hypothalamic Mc4r mRNA levels were significantly reduced in 

N2KO mice compared to WT mice (Figure 1; *p≤0.05). 

Knockdown of Nhlh2 in N29/2 cell line by siRNA redu ces Mc4r expression 

To determine the cell line to use to determine transcriptional role of Nhlh2, 

we tested Mc4r and Nhlh2 expression in N29/2 cell line. By using RT-PCR we 

determined that Nhlh2 and Mc4r are both expressed in N29/2 cell line (Figure 

2A). SiRNA targeting of Nhlh2 mRNA was used to knockdown Nhlh2 expression 

in N29/2 cells. Cells containing the SiRNA targeted at Nhlh2 showed 83% 

reduced expression of the endogenous Nhlh2. This level of reduced Nhlh2 in 

N29/2 cells lead to a significant 97% reduction in endogenous Mc4r mRNA 

expression. GAPDH siRNA was used as a positive control and could knockdown 

GAPDH but had no effect on Nhlh2 or Mc4R levels. Likewise, scrambled siRNA 

did not affect expression of any of the tested genes (Figure 2B). 

Putative binding sites for Nhlh2 are present on the  Mc4r promoter 

 In humans, a MC4R promoter mutation which was detected at an E-box 

motif located at -450 has been associated with obesity in two unrelated families.  

This site can bind NHLH2 in vitro (4). The 4-fold reduction of Mc4r mRNA in 

N2KO mice suggests that Nhlh2 may have a positive role in regulating Mc4r 



- 15 - 
 

expression in mice. After analyzing the mouse Mc4r promoter, three different 

binding motifs for Nhlh2 represented by CANNTG were found at -553, -361 and 

+47 (Figure 3).  

Nhlh2 positively regulates Mc4r promoter activity in vitro  

 The presence of Nhlh2 binding motifs in  Mc4r promoter region combined 

with the reduced levels of Mc4r mRNA in N2KO mice, made it likely that Nhlh2 

may directly transactivate the Mc4R promoter. The N29/2 cell line is an 

immortalized cell line used as a model of hypothalamic neurons (39). Mc4r and 

Nhlh2 are both expressed in N29/2 cells at basal levels. To test whether Nhlh2 

transactivates the Mc4r promoter, an 803-bp fragment (–648 to +117) of the 

murine Mc4r promoter which has all three putative E-box motifs was subcloned 

into the pGL3 luciferase reporter plasmid (Fig. 2). Exogenous expression of 

Nhlh2 lead to significantly increased Mc4r promoter transactivation activity 

compared to basal levels (Figure.4). These results suggest that Nhlh2 is required 

for leptin-induced Mc4r promoter activity. 

ChIP and EMSA reveals binding of Nhlh2 to all the t hree E-Boxes on the 

Mc4r promoter 

Increased promoter activity of Mc4r in the presence of exogenously-

expressed Nhlh2 confirmed the role of Nhlh2 in transcriptional regulation of Mc4r. 

However, positive induction of Mc4r promoter activity in the presence of Nhlh2 

did not reveal the mechanism by which Nhlh2 regulates transcription of Mc4r. To 

determine whether Nhlh2 can bind to the Mc4r promoter and therefore directly 

affect Mc4r expression, a ChIP assay was performed on cells expressing myc-
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tagged Nhlh2. Chromatin from N29/2 cells was immunoprecipitated using an anti-

myc antibody to pull down all regions bound to the N2-myc fusion protein. 

Primers to the Mc4r promoter region which amplify a region of DNA containing all 

the three putative E-box motifs were then used to detect the immunoprecipitated 

chromatin. As shown in Figure 5A, this Mc4r promoter region containing the 

putative E-box motifs was pulled down by the antibody to c-myc, indicating that 

N2-myc was occupying the endogenous chromatin region where the Mc4r 

promoter is located. PCR was also performed on a Mc4r promoter plasmid and 

the ChIP input material as positive controls (Figure 5A). Cells not transfected with 

Nhlh2-myc as well as a no-antibody control were included as negative controls 

(Fig. 5A). 

ChIP assays confirmed the binding of Nhlh2 to the Mc4r promoter. 

However, it did not reveal the actual binding site for Nhlh2. To specifically identify 

which of the three E-box motifs that Nhlh2 was interacting with, electrophoretic 

gel mobility shift assays (EMSA) were performed. Three different oligo-

nucleotides (TABLE 1) for each of the three E-Box sites in Mc4r promoter were 

used for EMSA. Oligonucleotides designed to the E-Box motif present on the 

necdin promoter were used as a positive control. Binding of Nhlh2 and necdin 

promoter has been documented (40). Nuclear extract prepared from N29/2 cells 

transfected with Nhlh2-myc showed that necdin and all the three E-Boxes bind 

Nhlh2 (Figure 5B Lane e). Oligonucleotides with a mutation did not bind, or 

showed reduced binding to Nhlh2 (Figure 5B Lane f). Nuclear extract not 

transfected with Nhlh2-myc showed no binding to Necdin and 1st (‘CAAATG’ -
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553) and 2nd E-Box (‘CAGCTG’ -361) with wild type or mutant Oligonucleotides 

(Figure 5B, Lanes g - h). However, the third E-Box (+47) showed binding in 

nuclear extract not transfected with Nhlh2 (Figure 5B, Lane g). Binding of the 

third E-Box may indicate involvement of a transcription factor other than Nhlh2. 

As the N29/2 cell line itself expresses many of the transcription factors 

endogenously (Wankhade and Good unpublished). Competition analysis with 

excess cold Oligonucleotides confirmed that this binding (Figure 5B, Lane e) was 

specific (Figure 5B, Lane i).  

Nhlh2 requires all three E-Box motifs to induce pro moter transactivation of 

Mc4r in N29/2 cell line 

ChIP and EMSA showed that Nhlh2 binds to all three E-Boxes located in 

Mc4r promoter. Mutation was created by using site directed mutagenesis to 

determine the effect of mutation in individual E-Boxes on overall transactivation 

of Mc4r in presence of Nhlh2 (Figure 6A).  Mutation of first E-Box (Mc4r-Mut-1), 

second E-Box (Mc4r-Mut-2) and third E-box (Mc4r-Mut-3) led to significant 

reduction of promoter activity as compared to WT (Figure 6B). Mc4r-Mut-1 

promoter showed almost no transactivation compared to WT Mc4r promoter 

(**p≤0.01). Mc4r-Mut-2 and 3 showed better transactivation rate than increased 

promoter activity than Mc4r-Mut-1, but still was significantly reduced as 

compared to WT Mc4r promoter (**p≤0.01). Although mutation in individual E-

Boxes led to various degree of reduction of promoter activity, synergistic action of 

all three E-Boxes is needed for full promoter induction in presence of Nhlh2.  
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Discussion 

The role of melanocortin pathways in body weight maintenance and energy 

homeostasis is well documented. The results presented here identify a new 

regulatory target for the basic helix-loop-helix transcription factor Nhlh2, placing it 

as a critical upstream regulator of melanocortin signaling through direct 

transcriptional regulation of the Mc4r gene.   

Several other genes are known targets of Nhlh2.  For example, Nhlh2 binds 

to an E-box motif (TTCATGTGGG) on the proximal promoter of necdin (NDN) 

(40).  Ndn regulation by Nhlh2 positively regulates development of gonadotropin 

hormone releasing hormone neurons in the hypothalamus (40).  N2KO mice are 

hypogonadal with reduced sexual activity (11, 41)  providing a strong link 

between Nhlh2 transcriptional regulation of Ndn and sexual development.    

Nhlh2, forms a heterodimeric complex with STAT3, to coordinate the 

regulation of the PC1/3 gene at an overlapping STAT:E-box motif on the PC1/3 

promoter (TTATATTCAAATG) (23).  Reduced expression of PC1/3 in N2KO 

mice leads to reduced synthesis of one of the fully processed POMC peptides, α-

MSH, and the thyrotropin-releasing hormone (TRH) peptide.  Our new results 

suggest that deletion of Nhlh2 has a double effect on melanocortin signaling, 

reducing both levels of the receptor and the peptide which binds the receptor.    

These results identify a new transcriptional target for Nhlh2. In addition 

results also indicate both new and confirmed E-box motifs that interact with 

Nhlh2.  E-box#1 at -553 (CAAATG) on the mouse Mc4r promoter is identical to 

the E-box identified for the PC1/3 promoter (23).  E-box #2 (CAGCTG) has 
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previously been found to bind Nhlh2 in a complex with Bex2 and LMO2, although 

a specific gene that is regulated by this complex was not identified by the study 

which used all  synthetic promoters (42). The sequence of E-box #2 at -361 is 

identical to that E-box in the human MC4R promoter which when mutated by a 2-

bp deletion is linked to obesity in two different human cohorts (4).  E-box #3 

(CAGATG) at +47 in  the Mc4r promoter region, is a novel Nhlh2 binding motif, 

and is interesting in that it is found past the transcriptional start site of Mc4r. 

A promoter reporter construct, which has individual E-Box mutations at all 

three sites led to none or significantly reduced promoter induction. The first E-

Box (CAAATG) mutation led to no promoter activation in the presence of Nhlh2. 

These results are actually consistent with the earlier reports where the CAAATG 

E-Box sequence was shown to have one of the highest affinities for Nhlh2, 

among other E-Boxes (42). The second E-Box (CAGCTG) and third E-Box 

(CAGATG) mutations also led to significantly reduced promoter transactivation. 

These results suggest that all three E-Boxes are critical for Mc4r transcription. 

Reduced expression of melanocortin signaling in N2KO mice is 

hypothesized to lead to reduced sympathetic nervous system (SNS) outflow to 

peripheral tissues including adipose (Wankhade et al., submitted) and increased 

body weights in mutant animals.  Mutations in either PC1/3 or MC4R in humans 

lead to obesity, implicating NHLH2 as a key controller of genes relevant to 

human body weight control. 
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Material and methods 

Experimental animals  

All animal protocols were approved by the Institutional Animal Care and 

Use Committees at the Virginia Polytechnic Institute and State University. Animal 

colony maintenance, breeding and genotyping have been described previously 

(10). N2KO and normal mice were maintained in 12 h light, 12 h dark conditions 

with ad libitum access to food (4.5% crude fat) and water.  Only male mice were 

used for all experiments, to eliminate the need for estrous cycle analysis in 

female mice (WT N=12, N2KO N=10). All mice were euthanized by CO2 

asphyxiation at 13.00 h to standardize hormone and steroid levels that fluctuate 

hourly. 

Quantitative real-time PCR (QPCR) from whole hypoth alamus  

After euthanization, brains were isolated by dissection. A hypothalamic 

block, Mouse Brain Matrix (Zivic Laboratories Inc., Pittsburgh, PA, USA) was 

used to properly dissect the hypothalamus. The brain segment was put into 4 M 

guanidine isothiocyanate buffer and homogenized. Samples were layered over 

5.7 M cesium chloride buffer and spun for 18 h at 120,000 g at 20 °C. The 

supernatant was discarded and RNA was resuspended in DEPC water. RNA was 

then DNAse treated. cDNA was created using reverse transcriptase in a 

magnesium buffer (Promega Corporation, Madison, WI, USA) for 1 h at 42 °C. 

Quantitative real-time PCR (QPCR) for Mc4r expression in the hypothalamus 

was performed using Mouse Mc4r primers (TABLE 1). Mouse β-actin was used 

as a housekeeping control gene.  QPCR was performed by using the 7900HT 
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PCR system and the Power SYBR Green PCR Master Mix (Applied Biosystems, 

Foster City, CA, USA).  mRNA levels of Mc4r were normalized against β-actin. 

Normalized levels of mRNA were measured in triplicate per individual mouse 

from which sample means were calculated for each mouse. Data are reported as 

the fold-difference from the WT ad lib fed experimental group. For each mRNA 

amplified, melting curve analysis was done to confirm the presence of a single 

amplicon. The data presented are means ± SE *p< 0.05, **p<0.01.  

Inhibition of Nhlh2 using Small Inhibitory RNA 

The N29/2 cell line possesses endogenous Nhlh2 expression. To knock 

down Nhlh2 expression, we used SiRNA transfection by targeting the coding 

region of Nhlh2. Silencing of Nhlh2  expression was accomplished using 

Silencer® select predesigned siRNA (Ambion Austin TX) targeted to the coding 

region (sense-5’AGAUCGAGAUUCUGCGCUUtt-3’, antisense-

5’AAGCGCAGAAUCUCGAUCUtg-3’). Silencer® Select GAPDH siRNA (catalog# 

4390849) (Ambion, Austin, TX) was used as a positive control. Silencer® Select 

Negative Control siRNA (catalog# 4390843) (Ambion, Austin, TX) was used as a 

negative control. Cells were transfected using HiPerfect (Qiagen, Valencia, CA), 

SiRNA transfection reagent and after 24 hrs were collected for RNA isolation with 

Trizol method.  

cDNA was created using reverse transcriptase in a magnesium buffer 

(Promega Corporation, Madison, WI, USA) for 1 h at 42 °C. Quantitative real-

time PCR (QPCR) for β−actin, GAPDH, Mc4r and Nhlh2 expression was 
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performed using their respective primers (TABLE 1). QPCR was performed by 

using the 7900HT PCR system and the Power SYBR Green PCR Master Mix 

(Applied Biosystems, Foster City, CA, USA).  mRNA levels of Mc4r were 

normalized against β-actin. Normalized levels of mRNA were measured in 

triplicate per individual well per treatment from which sample means were 

calculated for each mouse. Data is reported as the fold-difference over negative 

control. For each mRNA amplified, melting curve analysis was done to confirm 

the presence of a single amplicon. The data presented are means ± SE *p< 0.05, 

**p<0.01. 

Plasmid reporter construct  

The plasmid reporter construct containing the Mc4r promoter was a gift of 

Kathleen Mountjoy, University of Auckland, New Zealand. It was prepared from 

1098 bp of mouse MC4R promoter sequence and 426 bp of 5′ untranslated 

region (UTR) inserted into pGL3 basic (Promega, Madison, WI) (37). By using 

the above plasmid we prepared a shorter reporter construct by amplifying an 800 

bp region which contained all three E-Box sites of the Mc4r promoter. Primers 

used are listed in Table 1.  The HindIII sites in the forward and reverse primer 

were used to insert the PCR-generated 800bp Mc4r fragment into the pGL3 

basic vector by using a site between the luciferase coding sequence and the 

SV40 polyadenylation sequence. The resulting plasmid was prepared using a 

Qiagen Maxi Plasmid kit (Qiagen Ltd., Valencia, CA).  The plasmid constructs 

containing STAT-3, and leptin receptor (ObRB) were a generous gift from, 
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respectively, Dr. James Darnell, The Rockefeller University, New York, NY, and 

Christian Bjørbæk, Harvard Medical School, Boston, MA.  

Site directed mutagenesis 

The Mc4r E-Box mutant constructs were generated by using PCR-Site 

directed mutagenesis. PCR reaction was performed by using Platinum Pfx DNA 

Polymerase (Invitrogen) along with WT Mc4r promoter construct as a template 

with a 5 min. elongation time. Primer sequences (Table 1) with mutations 

designed for each individual E-Box site were used. The PCR cycle used was; 

denaturation step- 15 seconds at 940 C, annealing- 550 C for 30 and elongation 

time 1kb/min. PCR amplification was confirmed by running 5 ul of PCR product 

stained with Ethidium Bromide (EtBr) run on a 1% agarose gel and visualized 

under UV light. Subsequently, the PCR product was digested with DpnI to 

remove any template DNA. After visualizing DNA on the 1% agarose gel with the 

help of EtBr, the DpnI-digested PCR product was transformed, miniprepped and 

sequenced at the Virginia Bioinformatics Institute.  

Cell culture and transfections  

The hypothalamic N29/2 cell line (Cellutions Biosystems, Toronto, 

Ontario) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine Serum 100 units/ml penicillin, and 10ug/ml 

streptomycin (HyClone, Logan, UT) at 37°C in 5% CO 2.  Cells were transfected 

using Effectene transfection reagent (Qiagen, Valencia, CA) according to the 

recommendations by the manufacturer.  Briefly, cells were plated into 12-well 

plates at a concentration of 2X105 cells/ml 24 hours before transfection and were 
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transfected with 535ng of DNA per well (200ng reporter Mc4r plasmid; 35ng of 

CMV-β-gal plasmid; and 100 ng each of the Nhlh2, Stat3, ObRb and/or empty 

vector (pcDNA-zeo). The CMV-β-gal plasmid was used as the internal control to 

check the transfection efficiency. Transfections were reproduced in triplicate.  In 

all transfections, total input DNA was kept constant and controlled by using the 

empty vector where appropriate.   

Luciferase and ββββ-galactosidase Assays  

24 hours after transfection, N29/2 cells were serum starved overnight.  

Cells were then treated with either 1.2 ug of leptin or vehicle (PBS)/ml of serum-

free media for 2 hours. Two hours after stimulation, cells were lysed in 300µl 

Reporter Lysis Buffer (Promega) according to the manufacturer’s 

recommendations. A 5 µl aliquot was used for the luciferase (luciferase assay 

system, Promega, Madison, WI) and a 20ul aliquot was used for β-galactosidase 

assays (Promega, Madison, WI).  For each assay, the basal WT promoter total 

luciferase activity normalized against β-galactosidase activity was taken to be 1, 

and results were expressed as fold activation over the control value.  The data 

presented are means ± SE (*p< 0.05) of three of more independent experiments.   

Chromatin Immunoprecipitation Assay (ChIP)  

ChIP assays were performed using the Chromatin Immunoprecipitation 

(ChIP) kit (Upstate, Charlottesville, VA) according to the manufacturer’s 

recommendations.  Cells were transfected with Nhlh2-myc (a gift from Dr. 

Thomas Braun, University of Halle-Wittenberg, Germany) and STAT3 and 
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treated with leptin for 15 minutes. Proteins bound to DNA were cross-linked using 

formaldehyde at a final concentration of 1% for 15 minutes at 37°C.  Protein-DNA 

complexes were immuno-precipitated using 1mg myc-tag mouse monoclonal 

primary antibody (Cell Signaling, Danvers, MA).  Nhlh2-myc promoter complexes 

were measured by PCR.  The primers (TABLE 1) flanking the region of the Mc4r 

promoter where all three E-Boxes are located were used for PCR amplification. 

The samples were electrophoresed using a 1% agarose gel, and visualized by 

ethidium bromide staining.   

Electromobility Shift Assay (EMSA)  

Oligonucleotides were annealed and labeled with T4 polynucleotide 

kinase (Promega, Madison, WI) and [γ-32p] deoxy (d)-ATP (PerkinElmer, 

Waltham, MA; 3000 Ci/mmol).  Oligonucleotides used for EMSA analysis are 

listed in TABLE 1.  Labeled oligonucleotides were used as probes or remained 

unlabeled as competitors.  A total of 5µg protein was incubated with 35fmol of 

[γ−32p] dATP-labeled probe in binding buffer (Promega) for 10 minutes at room 

temperature.  For competition experiments, a 10-fold molar excess of unlabeled 

oligonucleotide was added to the binding reaction.  DNA-protein complexes were 

separated from free DNA by electrophoresis on a 6% non-denaturing 

polyacrylamide gel.  All gels were pre-run in 0.5X Tris-borate-EDTA buffer for 30 

minutes prior to electrophoresis at 25V for 1-2 hours.  Gels were dried under 

vacuum and exposed to film (Eastman Kodak, Rochester, NY).   
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Figure legends 

Figure 1: Hypothalamic Mc4r mRNA levels in WT and N 2KO mice  

Whole hypothalamic RNA was isolated from WT and N2KO animals that 

were given ad libitum access to food and water. Relative expression levels of 

Mc4r RNA, which were measured using qRT-PCR and normalized to β-actin, are 

shown. The results are expressed as mean ± SE; *p< 0.05; (WT N= 12 and 

N2KO N=10 animals). 

Figure 2: SiRNA knockdown of Nhlh2 in N29/2 cells r educes Mc4r 

expression  

A. The N29/2 cell line expresses Nhlh2 and Mc4r endogenously. By using RT-

PCR, Nhlh2 and Mc4r expression is determined. Control refers to the PCR with 

tail DNA samples.  

B. SiRNA was used to knockdown the endogenous Nhlh2 expression in the 

N29/2 cell line. As a positive control, GAPDH SiRNA was used. Scrambled 

siRNA was used as a negative control.  After transfection cells were collected 

and used to isolate mRNA. qRT-PCR was used to determine the mRNA 

expression. β-actin was used as normalizing control. The results are expressed 

as mean ± SE; *p< 0.05; 

Figure 3: The Mc4r proximal promoter region 

An 803-bp fragment (–648 to +117) of the murine Mc4r promoter was 

cloned into the pGL3 basic plasmid and used for luciferase reporter assays. The 
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three putative Nhlh2 binding sites (squared in gray) are numbered serially 

towards the transcription start site. 

Figure 4: Mc4r promoter activity is enhanced in pre sence of Nhlh2 in 

transactivation assays  

Activity of the WT Mcr4-luc reporter transfected into N29/2 cells in the 

absence (gray bars) or presence (black bars) of Nhlh2. Luciferase activity was 

measured and normalized to the expression of β-gal-encoding protein. 

Normalized activity is presented relative to the values obtained in cells 

transfected with empty vector PGL-3-luc alone ± SE; **p < 0.01. 

Figure 5: ChIP and EMSA reveal Nhlh2 binds all thre e E-Box motifs on the 

Mc4r promoter 

A. ChIP assay demonstrating binding of Nhlh2-myc to the Mc4r promoter. Lane 

a, PCR positive control using Mc4r plasmid; Lane b, the input included in the 

PCR represents 10% of the total chromatin. Lane c, A ChIP of cells not 

transfected with Nhlh2-myc was included as a negative control. Lane d. the Mc4r 

promoter immunoprecipitated with the Nhlh2-myc chromatin complex.  

B. EMSA experiments demonstrating binding of Nhlh2 to all three E-box binding 

sites and positive control Necdin. The positive control Necdin, E-box motif at –

553 (CAAATG), E-box motif at –361 (CAGCTG) and E-box motif at +47 

(CAGATG) on Mc4r promoter binds to Nhlh2 (Lane a). Mutant Oligonucleotides 

for each of the sites mentioned above fails to bind or shows reduced binding 

(Lane b). WT and Mutant Oligonucleotide by using nuclear extract not 
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transfected with Nhlh2 E-Boxes except the E-Box located at +47 (Lane b and c). 

10X competition (Lane e)  

Figure 6: All three E-Box motifs on Mc4r promoter a re critical for its full 

transactivation in presence of Nhlh2  

A. Substitution mutations in all three E-Box sites were made. Mc4r-WT plasmid 

has a promoter region with all the three E-Boxes intact. Plasmids containing the 

promoter with mutations at -553, -361, and +47 are stated as a Mc4r-Mut-1, 

Mc4r-Mut- 2 and Mc4r-Mut-3, respectively.  

B. Transactivation assays performed by using WT Mc4r promoter and with the 

promoter with mutations in each individual E-Box motifs.  Activity of the WT 

Mc4r-luc reporter (WT) transfected into N29/2 cells in the presence (black bars) 

or absence (gray bars) of Nhlh2. Cells were transfected with the indicated Mc4r-

luc reporter, Nhlh2, and mutated plasmids as stated. The luciferase activity was 

measured and normalized to the expression of β-gal-encoding protein. Activity is 

presented relative to the values obtained in cells transfected with PGL3-luc alone 

± SE. **, p< 0.01; to empty vector expression. 
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Table 1: Primer sequences  

All the sequences used and their purpose are listed below with the sequence 
ordered 5’-3’. 

Primer Sequence 5'--3' Purpose 
Mc4r forward GGAAGATGAACTCCACCCACC 

qRT-PCR & ChIP 
Mc4r reverse AATGGGTCGGAAACCATCGTC 
β-actin forward GGAATCCTGTGGCATCCAT 

qRT-PCR 
β-actin reverse GGAGGAGCAATGATCTTGATCT 

Mc4r Promoter Forward 
GGCCAAGCTTGTTCACAGGCAATACGCTT

TC Plasmid reporter 
construct 

Mc4r Promoter Reverse 
GGCCAAGCTTTTCTCTCTCTCTCAGTGCG

GC 
Mc4r E-Box Site 1 Sense GCAGAAACTGCAAATGGAGAAACAGCT 

EMSA 
 

Mc4r E-Box Site 1 
antisense 

AGCTGTTTCTCCATTTGCAGTTTCTGC 

Mc4r mutant E-Box Site 
1 Sense 

GCAGAAACTGCATGGAGAAACAGCT 

Mc4r mutant E-Box Site 
1 antisense 

AGCTGTTTCTCCATGCAGTTTCTGC 

Mc4r E-Box Site 2 Sense GGAGCCAGGACAGCTGCTTTTCATTTC 
Mc4r E-Box Site 2 
antisense 

GAAATGAAAAGCAGCTGTCCTGGCTCC 

Mc4r Mutant E-Box Site 
2 Sense 

GGAGCCAGGACATGCTTTTCATTTC 

Mc4r Mutant E-Box Site 
2 antisense 

GAAATGAAAAGCATGTCCTGGCTCC 

Mc4r E-Box Site 3 Sense TGTGGGCGCGCAGATGCAGACGCGGCT 
Mc4r E-Box Site 3 
antisense 

AGCCGCGTCTGCATCTGCGCGCCCACA 

Mc4r Mutant E-Box Site 
3 Sense 

TGTGGGCGCGCATGCAGACGCGGCT 

Mc4r Mutant E-Box Site 
3 antisense 

AGCCGCGTCTGCATGCGCGCCCACA 

Necdin sense GGGCCCTCATTTTCATGTGGGGCC 
Necdin antisense CCCCCAGGCCCCACATGAAAATGA 
Necdin mutant sense GGATGGGTGCGTGGGGCC 
Necdin mutant antisense GGCCCCACGCACCCATCC 

E-box site 1 mutant sense 
CCGTTAGAGCAGAAACTGCAACGGGAGAA

ACAGCTACCAGCACG 

Site Directed 
Mutagenesis 

 

E-box site 1 mutant anti-
sense 

CGTGCTGGTAGCTGTTTCTCCCGTTGCAG
TTTCTGCTCTAACGG 

E-box site 2 mutant sense 
GCCTGCTTCGGGAGCCAGGACAGAGGCTT

TTCATTTCTTTTTTTTAT 
E-box site 2 mutant anti-
sense 

ATAAAAAAAAGAAATGAAAAGCctCTGTC
CTGGCTCCCGAAGCAGGC 

E-box site 3 mutant sense 
GCGGTGTGAGTGTGGGCGCGCAGCGGCAG

ACGCGGCTCCCAGCA 
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E-box site 3 mutant anti-
sense 

TGCTGGGAGCCGCGTCTGCCgCTGCGCGC
CCACACTCACACCGC 

Nhlh2 Forward CAGTTGGCGTGAAGAGGTAGA 

qRT-PCR 
Nhlh2 Reverse AATGCCCACGAGAAATACCA 
GAPDH Forward AGGTCGGTGTGAACGGATTTG 
GAPDH Reverse TGTAGACCATGTAGTTGAGGTCA 
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Introduction 

The adipokine leptin is secreted by adipose tissue in proportion to fat 

mass to signal fat storage reserves in the body, and mediate long-term appetite 

controls.  Since the discovery of leptin in 1994 (43), the perspective toward 

adipose tissue as simply a fat storage site has changed due to the recent 

developments in the basic understanding of adipose tissue functions. Leptin is 

now seen as an adipokine that signals starvation rather than energy surplus.  

Leptin levels drop in response to a fast, signaling the organism to eat more and 

decrease energy expenditure as fat storages are low (44).  This is a protective 

mechanism developed by the body to mobilize energy stores for important 

physiological processes and reduce energy consuming processes that are not 

essential for immediate survival.   

White adipose tissue (WAT) plays a major role in peripheral fatty acid 

synthesis and sequestration of triglycerides from normal circulation. Until 

recently, it was thought that the only role of brown adipose tissue (BAT) was in 

thermoregulation in newborns and hibernating animals. However recent studies 

using Positron Emission Tomography scans have shown active BAT depots in 

the cervical, supraclavicular, paravertebral, mediastinal, para-aortic and 

suprarenal regions of adult humans, suggesting that BAT contributes to energy 

balance in human adults as well (45-47).  

Studies to date support a role for the sympathetic nervous system (SNS) 

as the primary initiator of adipose tissue functions in rodents (48, 49) and 

humans (50). For example, SNS ganglia from the thoracic and lumbar regions 
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have been shown to innervate fat pads (51). Increased norepinephrine turnover 

during conditions such as cold exposure and fasting also indicate SNS 

innervation of WAT (52, 53). Cold exposure and fasting also affect adipose tissue 

function through decreases in leptin synthesis and release (54-56).  Even though 

injection of pseudorabies virus into inguinal WAT pads labels cells within the 

paraventricular nucleus of the hypothalamus, bilateral destruction of the 

paraventricular nucleus does not prevent WAT lipid mobilization following fasting 

(57). As in the majority of tissues, the SNS exerts its effects on adipose tissue 

through the central melanocortin system. The melanocortin system may mobilize 

different lipid depots in the body (50, 58-60).  An injection of melanotan II, the 

central melanocortin receptor (Mcr) agonist, provokes a differential sympathetic 

drive of WAT and BAT reflected by an increased norepinephrine turnover (61). 

Recently, Nogueiras and colleagues showed that chemical blockage of Mc4r 

results in alterations in WAT metabolism and insulin sensitivity (18).  Adipose 

tissue is innervated by Mc4r-positive SNS neurons which are ultimately 

responsible for regulating lipid mobilization (60, 62). Expression of both the β-

adrenergic receptor (β-ARs) and uncoupling protein (UCP) family members in 

adipose tissue are controlled by SNS tone (63, 64). Although it is clear that the 

melanocortin signaling pathway plays an instrumental role in transmitting SNS 

signals to adipose and other tissues, the central or peripheral nature of this 

mediation is still unclear.  

In our laboratory, we are studying nescient helix-loop-helix 2 (Nhlh2), a 

basic-helix-loop helix transcription factor expressed in the paraventricular and 
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arcuate nuclei of the hypothalamus, (10).  Expression of Nhlh2 can also be found 

in cranial nerves (Good, unpublished) as well as the gray matter of the cervical 

and thoracic areas of the spinal cord (65). We have previously shown that Nhlh2 

is a key component in the central melanocortin signaling pathway via 

transcriptional regulation of the prohormone convertase 1/3 (PC1/3) gene, 

especially following leptin stimulation (23).  Reduced PC1/3 levels in mice 

containing a targeted deletion of Nhlh2 (N2KO mice) leads to lower levels of α-

melanocyte-stimulating-hormone (α-MSH), the melanocortin receptor-binding 

neuropeptide. (10). 

Considering the adult onset obesity in the mutant mice (11), the reduced 

melanocortinergic tone in N2KO mice (10, 23), and the expression patterns of 

Nhlh2 in the hypothalamus and spinal cord, we hypothesized that a targeted 

deletion of Nhlh2 would result in a disruption of the Mcr-SNS-Adipose tissue 

outflow, leading to defects in adipose tissue metabolism. The response of N2KO 

mice to a fasting challenge with a particular focus on WAT and BAT function was 

assessed in this study.  The possible contribution of inflammation in WAT to the 

physiological changes detected in N2KO mice was explored markers of 

macrophages and systemic inflammation.  Finally, the requirement for functional 

Nhlh2 in SNS inputs to WAT and BAT through expression of β-ARs and UCPs 

was investigated   
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Results 

Fasting leptin levels 

 Ad libitum (ad lib) fed N2KO mice have normal food intake and leptin 

levels until they become overtly obese after 20 weeks of age (11).  Furthermore, 

food intake does not differ significantly in ad lib fed WT and N2KO mice 

measured over two hours, or in mice given two hours of feeding following a 24-

hour fast  (66).  As previously reported in pre-obese mice (35) and confirmed with 

these experiments, ad lib fed N2KO mice did not show significant differences in 

serum leptin levels when compared to ad lib fed WT mice. Interestingly, fasted 

N2KO mice presented a significant, 5.16-fold (*p<0.05) increase in serum leptin 

levels compared to WT mice. Consistent with expected results, fasted WT mice 

showed reduced serum leptin levels compared to ad lib fed WT mice (Fig 1).  

Core body  temperature following fasting 

 Normal mice subjected to fasting, or an energy deficit, will decrease their 

body temperature to conserve energy.  This behavior is known as torpor (67).  A 

failure to reduce leptin can impair the ability of mice to enter torpor (68). Since 

N2KO mice did not reduce serum leptin levels with fasting, body temperature 

was analyzed as an indicator of torpor.  N2KO mice have the same core body 

temperature as WT mice under ad lib feeding conditions (Fig 2), consistent with 

previous results (12). WT mice significantly (*p<0.001) dropped their body 

temperature approximately 3oC during the 24 hour fast (Fig 2), as expected (69).  

N2KO mice only showed a 1oC drop in body temperature with fasting (Fig 2).  
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This 2°C difference between WT and N2KO mice is sig nificantly different 

between the two genotypes (*p<0.001).   

WAT and BAT morphology 

 Based on the impaired leptin response and body temperature in fasted 

N2KO animals, WAT and BAT morphology was examined. Hematoxylin and 

eosin (H&E) stained BAT from N2KO mice shows a vacuolated appearance (Fig 

3A-B), while inset images shows larger lipid vacuoles in BAT From N2KO 

compared to the smaller vacuoles in WT. WAT from N2KO and WT mice shows 

an increased presence of smaller dense cells infiltrating between regions of the 

adipose cells in the N2KO mice (Fig 3C-D).  Inset image shows individual 

adipocytes and adipocytes surrounded by small dense cells in N2KO mice.  

Analysis of Nhlh2 expression in BAT and WAT 

 PCR of cDNA, using a high cycle number was carried out to determine if 

Nhlh2 is expressed in mRNA from either BAT or WAT. As shown in Figure 3, 

Nhlh2 is strongly expressed in mRNA from hypothalamus, as previously 

described (9, 10). However, after 40 cycles of qRT-PCR, Nhlh2 is undetectable in 

mRNA from BAT and WAT. 

WAT Pro-inflammatory gene expression profile 

Considering the altered morphology of WAT from N2KO mice, combined 

with the fact that Nhlh2 is not expressed in WAT, the possibility of indirect 

mechanisms were explored, including macrophage infiltration. RNA isolated from 

WT and N2KO WAT was used to measure specific inflammatory and 

macrophage markers. Interleukin-6 (IL-6) mRNA expression was 3.87-fold higher 
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in N2KO mice (Fig 4A, *p ≤0.05), indicative of an inflammatory state. WAT from 

N2KO mice showed a trend for higher expression levels of the macrophage 

markers EGF-like module-containing mucin-like hormone receptor-like 1 (Emr1) 

(1.66-fold higher) and Cluster of Differentiation 68 (CD68) (1.87-fold higher) in 

N2KO mice respectively when compared to WAT from WT mice (Fig. 5A). 

Consistent with increased IL-6 mRNA expression, serum IL-6 levels were also 

significantly increased (*p<0.05, Fig 5B). 

F4/80, macrophage specific marker protein expressio n in WAT 

 To further examine the possibility of immune cell infiltration to WAT in 

N2KO mice, protein expression of macrophage marker F4/80 was measured. As 

predicted based on the increased levels of inflammatory proteins expressed in 

WAT, this macrophage specific marker is easily detectable in all samples from 

N2KO WAT, as compared to WAT from WT mice which showed only minimal 

expression of the F4/80 marker (Fig 5C).  

Examining SNS Input Expression Profiles In Adipose Tissue 

Activation of the sympathetic nervous system is required to enter torpor as 

well as to initiate lipid mobilization (70, 71). Expression of β-ARs are required for 

a normal torpor response (72) while β-ARs and uncoupling protein (UCP) family 

members expression in adipose tissue are necessary for thermogenesis 

responses (63, 64). The expression of β-AR family members and UCPs were 

measured to determine if SNS input to BAT and WAT was affected in N2KO 

mice. 
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In BAT, β2−ΑR (**p<0.01) and β3−AR (*p<0.05) were significantly down-

regulated in N2KO mice compared with WT mice (Fig 6A). Additionally, UCP-1 

mRNA levels were significantly reduced by 4-fold in N2KO mice (**p<0.01). 

N2KO mice showed a reduced trend in mRNA expression levels of both β1−AR 

and UCP-2 compared to WT mice (Fig 6A).  

In WAT, β2−ΑR (**p<0.01) and β3−ΑR (*p<0.05) mRNA levels were 

significantly down-regulated by 4-fold and 2-fold respectively in N2KO mice 

compared with WT mice (Fig 6B).   Also, UCP-2 mRNA levels were reduced by 

5.63-fold in WAT from N2KO mice compared to WT mice (**p<0.01). Both β1−AR 

and UCP-2 mRNA trended toward reduced levels in N2KO mice compared to WT 

mice levels (Fig 6B).  

Metabolic gene profile in WAT  

In addition to entrance into torpor and lipid mobilization, the SNS controls 

important functions such as lipolysis in WAT (70, 73). The mRNA level of genes 

involved in lipid metabolism, such as carnitine palmitoyltransferase-1α (CPT-1α), 

hormone sensitive lipase (HSL), peroxisome proliferator-activated receptor-

α, and δ (PPAR-α, PPAR-δ) and adiponectin, were measured. CPT-1α  (*p<0.05) 

and adiponectin (*p<0.05) were down regulated in N2KO mice compared with 

matched WT animals. HSL, PPAR-α and PPAR-δ showed trends towards 

reduced expression in N2KO mice (Fig. 7). 
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Discussion 

 There are many mouse models available to study the mechanisms of 

obesity (74). However, only a few of these models can help elucidate the 

transcriptional mechanisms controlling the CNS regulation of fat metabolism. A 

considerable amount of work confirming the role of the SNS in neural control of 

adipose tissue has been conducted (48, 60, 61, 75, 76).  Data presented herein 

shows that whole-body deletion of Nhlh2 leads to phenotypic alternations in both 

brown and white adipose tissue, even though Nhlh2 is not expressed in either of 

these tissues. We provide evidence suggesting that the hypothalamic 

transcription factor Nhlh2 is necessary for SNS-mediated control of BAT and 

WAT.  Lack of Nhlh2 leads to generalized inflammation and a defective torpor 

response in the mutant animals. 

 We have repeatedly reported normal serum leptin levels in 8-week old 

pre-obese N2KO mice (12, 35). In order to assess conditions resulting in 

differential leptin levels in our pre-obese mutant animals, leptin levels in food-

deprived N2KO and WT mice were determined.  The normal physiological 

response to fasting in animals is a lowering of circulating leptin levels.  However, 

leptin levels are elevated in fasted N2KO mice. Conditions such as fasting or cold 

exposure normally stimulate WAT’s sympathetic drive and decreases leptin 

synthesis/release in mice (52, 53),  reducing leptin expression in isolated 

adipocytes (77). These processes are necessary conditions for torpor to occur 

(68).  We have previously reported that N2KO mice also do not reduce circulating 
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leptin levels following 24-hour exposure to cold (35). Taken together, these data 

suggest that N2KO mice have a defective torpor response. 

To further explore the defective torpor phenotype in N2KO mice, we 

examined the expression of  β-ARs. β-ARs are expressed predominantly in 

adipose tissues (78-82), and are required for fasting-induced torpor in mice, as 

β3-AR antagonists block a normal torpor response (68, 72).  Here, we report that 

N2KO mice express β2−ΑR and β3−AR mRNA at significantly lower levels in both 

BAT and WAT indicating lowered SNS input from the CNS. This is consistent 

with earlier findings that N2KO mice have severely reduced innervation of WAT 

including sensory and autonomic nerves (71). Although β3-AR knockout mice 

develop obesity at an early age (3 weeks), this is without hyperphagia, which is 

similar to N2KO mice and suggests an impairment of energy expenditure, rather 

than energy intake pathways (11, 83, 84).   

The aberrant adipose phenotype of N2KO mice includes morphological 

tissue changes.  BAT from N2KO mice appears packed with larger lipid vacuoles 

compared with the dense, small lipid vacuoles in BAT from WT mice.  This 

appearance is similar to that shown by Bachman and colleagues for β1−β3-AR 

double knockout mice, although the authors of this paper state that the BAT 

appears normal (85). Furthermore, in N2KO mice, WAT histology indicates the 

presence of smaller dense cells infiltrating between the adipose cells. Evidence 

of slightly higher levels of macrophage-specific markers, as well as significantly 

increased levels of serum IL-6 and mRNA, suggest an inflammatory state for 

N2KO WAT. Our results are consistent with the reduced peripheral innervation 
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and vascularization of adipose tissue in N2KO mice previously shown to lead to 

preadipocyte and macrophage infiltration to WAT and changes in tissue 

architecture (71).  

 SNS controls many adipose tissue functions including lipolysis and 

lipogenesis, and reduced innervation leads to reduced lipolysis and increased 

lipogensis (48, 61, 70). In the present study, reduced mRNA expression of CPT1-

α and HSL is indicative of reduced lipolysis. Likewise, the reduction of 

adiponectin, PPAR-α and PPAR-δ gene expression contributes to our contention 

that the adipose tissue from N2KO mice has abnormal functionality. Adiponectin 

levels are inversely related increased IL-6 levels as reported earlier (86). 

Considering the inflammatory state of WAT in N2KO, reduced adiponectin levels 

are consistent with previous literature (86). 

 In summary, these results support a role for Nhlh2 in the maintenance of 

SNS tone ultimately affecting adipose tissue.  Loss of SNS tone leads to 

systemic inflammation, altered morphology of adipose tissue, and aberrant 

expression of uncoupling proteins in these tissues.  These results provide an 

explanation for the abnormal leptin response and failure of torpor induction 

following both fasting and cold exposure. As Nhlh2 is not expressed in WAT or 

BAT the transcriptional activity by Nhhl2 within the CNS is proposed to affect the 

peripheral adipose-specific metabolic response. Furthermore, we have previously 

shown that Nhlh2 transcriptionally regulates expression of the neuropeptide 

processing enzyme PC1/3, leading to reduced expression of melanocortins 

throughout the hypothalamus.  As the melanocortin signaling pathway has been 
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implicated in SNS tone and WAT metabolism, our studies suggest a link between 

transcriptional regulation of melanocortin pathway genes by Nhlh2 and 

downstream peripheral effects leading to abnormal adipose functioning. 
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Materials and Methods 

Animals 

All animal protocols were approved by the Institutional Animal Care and 

Use Committee at Virginia Polytechnic Institute and State University, or the 

University of Massachusetts-Amherst (leptin measurements, body temperature 

and adipose histology). Animal colony maintenance, breeding and genotyping 

have been previously described (10). N2KO and WT mice were maintained in 12 

hr light, 12 hr dark conditions with ad libitum (ad lib) access to food (4.5% crude 

fat). At 14 weeks all mice were euthanized by CO2 asphyxiation at 1300 hr to 

standardize hormone and steroid levels that fluctuate hourly. For the fasting 

studies male WT and N2KO mice were individually housed in hanging wire-

bottom cages and given free access to food and water for 48 hours prior to the 

start of the experiment. All experiments began at 11 AM on the day of testing 

(day 1). Animals with ad lib food received a measured amount of approximately 

30 grams of food.  All other animals began a 24 hour fast until 11 AM the 

following day.  At 11 AM on day 2, body temperature was measured using a 

Thermalert TH-5 mouse rectal probe attached to a Physitemp (Clifton, NJ) digital 

thermometer.  All mice are euthanized by 1 PM. Blood was collected by 

exsanguination and serum was used for leptin and Il-6 assays (below). 

Histology 

 WT and N2KO mice were euthanized under ad libitum conditions.  Brown 

adipose tissue (BAT) was isolated by dissecting the interscapular brown fat 

depot.  White adipose tissue was dissected by removing the visceral intra-
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abdominal fat pad from mice.  Tissue was fixed overnight in the tissue fixative 

Histochoice (Amresco, Solon, OH) and then embedded in paraffin blocks at the 

Pioneer Valley Life Sciences Institute (Springfield, MA) or at the 

AML Laboratories Inc. (Rosedale MD).  6µm sections were placed on glass slides 

(VWR Superfrost Plus, West Chester, PA).  After staining with Hematoxylin and 

Eosin, slides were cover-slipped.  Slides were examined under an Olympus BH-2 

microscope (Olympus, Melville, NY) with the same exposure time, brightness and 

contrast for comparison groups.  40X and 10X images were taken.  For both BAT 

and WAT adipose tissue, N = 3 WT and N = 3 N2KO mice examined. 

qRT-PCR from white and brown adipose tissue to dete ct gene expression 

Intra-abdominal visceral WAT was collected from WT (N = 7) and N2KO 

(N = 11) 14-weeks old mice. Intrascapular BAT was collected from WT (N=6) and 

N2KO (N=7)) 14-weeks old mice.  Tissues were homogenized into 4 M guanidine 

isothiocyanate buffer. Samples were layered over 5.7 M cesium chloride buffer 

and spun for 18 h at 120,000 X g at 200 C. The supernatant was discarded, and 

RNA was resuspended in water and stored frozen until use. RNA was then 

DNAse treated prior to cDNA preparation. cDNA was created using reverse 

transcriptase in a magnesium buffer (Promega Corp.) for 1 hr at 420 C. qRT-PCR 

was performed using Power SYBR® Green, PCR master mix (2X). mRNA levels 

of each gene of interest was normalized against β-actin. A list of primer 

sequences used for amplification is found in Table 1.  β−actin levels are constant 

between WT and N2KO animals in all energy states (9). Normalized levels of 

mRNA were measured in triplicate per individual mouse from which sample 
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means were calculated for each mouse. Data is presented as the fold-difference 

relative to the WT control group. For each mRNA amplified, melting-curve 

analysis was done to confirm the presence of a single amplicon. 

Western blot of white adipose tissue to detect F4/8 0 protein expression  

For F4/80 protein analysis, abdominal adipose tissue was collected (N= 3 

WT and N=4 N2KO) in RIPA buffer, homogenized and processed for Western 

analysis using the published methods (87). Equal amounts of protein (20 

µg/lane), as determined using BCA Protein Assay (Pierce, Thermo Scientific, 

Rockford, IL) was run  on a 8% SDS polyacrylamide gel and transferred to 

nitrocellulose membrane. Western blotting was performed using a rat monoclonal 

F4/80 antibody (Abcam, Cambridge, MA) with rabbit anti-rat HRP linked antibody 

as a secondary antibody. Chemoluminescent signal (ECL, Pierce, Rockford, IL) 

was detected. 

Serum protein measurements  

Serum leptin was measured using the mouse leptin ELISA (Quantikine M 

Mouse Leptin immunoassay, R&D 30 Systems, Minneapolis, MN) on trunk blood 

collected from ad libitum fed (N = 6, each genotype) or 24-hour fasted (N = 5, 

each genotype) mice. Serum IL-6 levels were measured by ELISA (Mouse IL-6 

Ready-SET-Go! ELISA Kit, eBiosciences, Inc. San Diego, CA) in serum 

separated from the blood collected from ad libitum fed mice WT (N=7) and N2KO 

(N=11).  
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Non-quantitative Polymerase Chain Reaction 

RNA was isolated from WAT, hypothalamus and BAT by guanidine 

isothiocyanate preparation. cDNA was created using reverse transcriptase in a 

magnesium buffer (Promega Corp.) for 1 hr at 420 C, and DNAse-treated prior to 

amplification.  PCR was performed on 2µl of DNAse-treated cDNA, or mouse 

genomic DNA (control) in a 25 µl reaction volume using Taq DNA Polymerase 

(Qiagen, Valencia, CA) and gene specific oligonucleotide primers (TABLE 1). 

Forty cycles of 1 min at 940C, 1 min at 570C and 1 min at 720C with the extension 

time of 10 min at 720C was performed to amplify.    

Statistical analysis  

All values are expressed as mean ± SEM unless indicated otherwise. 

Comparison of means between two groups was made using unpaired two-tailed 

Student's T-test. Significance is expressed at *p≤0.05; **p≤0.01. 
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Figure Legends 

Fig. 1 Serum leptin levels in ad lib fed and fasted WT and N2KO mice  

Serum leptin was measured in WT and N2KO mice following ad libitum feeding 

(Ad lib), and following a 24 hour fast (Deprived). Data are reported as leptin 

concentration (pg/ml) ± SEM. (*p< 0.05). 

Fig. 2 Core body temperature in ad lib fed and fasted WT and N2KO mice  

Body temperature (oC) was measured using a rectal thermometer in WT and 

N2KO mice following ad libitum feeding (Ab lib) and following a 24-hour fast  (**p 

< 0.01). 

Fig. 3 Histological analysis of Brown and White Adi pose Tissues from 

N2KO and WT mice  

H&E staining of Brown Adipose Tissue (A) or White Adipose Tissue (C) from WT,  

(B) and (D) from N2KO. Scale bars for whole and inset pictures are given.  

Fig. 4 Nhlh2 expression WAT, Hypothalamus and BAT 

Ethidium bromide-stained agarose gel showing PCR results following a 40-cycle 

amplification of mouse genomic DNA (control) or RNA from white adipose 

(WAT), hypothalamus (Brain) and brown adipose (BAT).   

Fig. 5 Expression profile for pro-inflammatory gene s from WT and N2KO 

mice 

A. Relative quantitative expression in RNA from WAT isolated from ad lib fed WT 

and N2KO for interleukin-6 (IL-6), Cluster of Differentiation 68 (CD68) and EGF-
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like module-containing mucin-like hormone receptor-like 1 (Emr1). The data are 

reported as mean expression level relative to WT expression ±SEM. (*p < 0.05).   

B. Serum IL-6 levels were measured from ad lib fed WT and N2KO mice. The 

data is reported as the serum level (pg/ml) ±SEM (*p<0.05).   

C. Western analysis of WAT for F4/80 expression in protein extracted from ad lib 

fed mice.  Equal total protein amounts were added for N=3 WT mice, and N=4 

N2KO mice.   

Fig. 6 Expression profile for genes regulated by SN S input to BAT and WAT 

Relative quantitative expression levels for β−adrenergic receptors (β1AR, β2AR 

and β3AR) and uncoupling proteins (UCP1 and UCP2) in RNA isolated from BAT 

(A.) and WAT (B.). The data is reported as the mean expression level relative to 

WT expression + SEM. (*p<0.05, **p<0.01). 

Fig. 6 WAT metabolic gene expression profile in WT and N2KO mice 

Relative quantitative expression levels of carnitine palmitoyltransferase-1α (CPT-

1α), Adiponectin, hormone sensitive lipase (HSL), and peroxisome proliferator-

activated receptor alpha (PPARα) and delta (PPARδ) in WAT from ad lib fed WT 

and N2KO. All samples were normalized to β-actin expression. The data is 

reported as the mean expression level relative to WT expression ±SEM. 

(*p<0.05, **p<0.01). 
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Table 1: Primer sequences used for quantitative rea l-time RT-PCR assays  
All sequences are to the mouse genes, and the forward and reverse primers are 
indicated. 

Gene Direction  Oligonuc leotide sequence 5’ --3’ 

Adiponectin 
Forward TGTTCCTCTTAATCCTGCCCA 

Reverse CCAACCTGCACAAGTTCCCTT 

β-actin 
Forward GGAATCCTGTGGCATCCAT 

Reverse GGAGGAGCAATGATCTTGATCT 

β1-AR 
Forward GCTGCAGACGCTCACCA 

Reverse GCGAGGTAGCGGTCCAG 

β2-AR 
Forward CACAGCCATTGCCAAGTTCG 

Reverse CGGGCCTTATTCTTGGTCAGC 

β3-AR 
Forward AGACAGCCTCAAATGCATCC 

Reverse CCCAGTCCACACACCTTTCT 

CD68 
Forward CACCACCAGTCATGGGAATG 

Reverse AAGCCCCACTTTAGCTTTACC 

CPT-1α 
Forward AAAGATCAATCGGACCCTAGACA 

Reverse CAGCGAGTAGCGCATAGTCA 

Emr1 
Forward TTGTACGTGCAACTCAGGACT 

Reverse GATCCCAGAGTGTTGATGCAA 

HSL-1 
Forward CCTCATGGCTCAACTCC 

Reverse GGTTCTTGACTATGGGTGA 

Nhlh-2 
Forward CAGTTGGCGTGAAGAGGTAGA 

Reverse AATGCCCACGAGAAATACCA 

PPAR- α 
Forward TGGGGATGAAGAGGGCTGAG 

Reverse GGGGACTGCCGTTGTCTG 

PPAR-δ 
Forward ACAGTGACCTGGCGCTCTTC 

Reverse TGGTGTCCTGGATGGCTTCT 

UCP-1 
Forward AAACAGAAGGATTGCCGAAA 

Reverse TGCATTCTGACCTTCACGAC 

UCP-2 
Forward CTACAAGACCATTGCACGAGAGG 

Reverse AGCTGCTCATAGGTGACAAACAT 
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Introduction 

Mutations/polymorphisms in genes of the melanocortin pathway are one of 

the most common genetic associations with obesity in humans (88, 89). Both 

human and mouse studies have contributed to our understanding of melanocortin 

signaling pathways in the hypothalamus and its role in energy metabolism (89).  

Mainly, melanocortin receptors such as melanocortin 4 receptor (Mc4r) and Mc3r 

sense satiety/anorexigenic signals in the CNS to fed or fasted states, and 

mediate its effects to regulate food intake and energy expenditure. Melanocortin 

transmits its effects through ligands, i.e. α-Melanocyte Stimulating hormone (α-

MSH). Ligands such as α-MSH are generated by posttranslational processing of 

proopiomelanocortins (POMC) by enzymes such as prohormone convertases 

(PC1/3 and PC2) and other peptidases. The crucial importance of the 

melanocortin pathway to energy homeostasis is evident from the obesity 

developed in animals or humans that have mutation(s)/ polymorphism(s) in 

alleles of POMC, MC4R, MC3R and the related neuropeptide processing 

enzymes such as PC1/3 and PC2 (88, 90-92). Within the melanocortin pathway, 

to date, polymorphisms in MC4R are one of the most frequent genetic causes 

responsible for obesity in humans (93). 

While it is clear that the melanocortin signaling pathway is fundamental to 

the regulation of body weight, there is still much to be done to understand the 

upstream and downstream effectors and regulators of this essential pathway.  

We have previously shown that the basic helix-loop helix transcription factor, 

nescient helix-loop-helix 2 (Nhlh2) is a key component in the melanocortin 
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signaling pathway.  Targeted deletion of Nhlh2 in mice (N2KO mice) results in 

adult-onset obesity characterized by reduced physical activity (12).  Nhlh2 is 

required for transcriptional regulation of the PC1/3 gene, especially following 

leptin stimulation [16, 17]. Reduced PC1/3 levels in N2KO mice lead to lower 

levels of the melanocortin neuropeptide, α-MSH (10). Nhlh2 also transcriptionally 

regulates the α-MSH receptor, Mc4r through three E-box motifs on the Mc4R 

promoter (Wankhade et al., in preparation).  Thus, targeted deletion of Nhlh2 

leads to impairment of the melanocortin pathway through regulation of at least 

two distinct genes.  

Adult onset obesity in N2KO in mice occurs in the absence of 

hyperphagia, which suggests the impairment of energy expenditure rather than 

intake. Reduced voluntary physical activity in N2KO mice leads to reduced 

voluntary energy expenditure in these mice, but metabolic changes in the animal 

could contribute to reductions of physiological energy expenditure as well. In the 

present study, we explore the energy expenditure pattern of N2KO mice, 

compared to WT mice. Analysis of glucose homeostasis, fatty acid oxidation, and 

gene expression patterns for liver and skeletal muscle were conducted to 

understand the N2KO mouse phenotype, with respect to peripheral energy 

metabolism.  
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Results  

Body weight and composition of N2KO mice  

Literature published by our laboratory earlier has shown that N2KO mice 

develop adult onset obesity with reductions in voluntary physical activity (11, 12). 

Findings from the present study are consistent with these previous data because 

there were no differences in body weight between two genotypes at the age of 11 

weeks (TABLE 1), although there was a slight trend towards the N2KO animals 

weighing more. These body weights represent pre-obese state of this adult-onset 

obese model. However, MRI scans shows differences in their body composition. 

N2KO mice had higher percentage of body fat compared to their WT 

counterparts (TABLE 1). Lean body weight did not differ between the two 

genotypes. 

Insulin and glucose homeostasis 

Deletion of Nhlh2 results in a 40-60% reduced expression of the 

neuropeptide processing enzyme PC1/3 and reduced levels of  α-MSH 

neuropeptide (10, 94). Because Mc4rKO mice exhibit impaired glucose 

homeostasis (95), glucose and insulin tolerance were assessed in N2KO mice. 

Food deprived N2KO mice exhibited a glucose tolerance similar to WT mice with 

a 2 gm/kg body weight glucose challenge (Figure 1A). N2KO mice were 

significantly compromised in their ability to normalize blood glucose level 

following insulin injection with an elevated glucose reading throughout the 

challenge (Figure 1B). 
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Fatty acid oxidation 

Considering N2KO’s high body fat content and their impaired glucose 

homeostasis, fatty acid oxidation patterns were studied in the mutant animals. 

Fatty acid metabolism was measured in whole homogenates from dissected red 

and white fibers isolated from both quadriceps. In red fibers of quadriceps 

muscle, N2KO mice showed high rates of fatty acid oxidation compared to WT 

animals (Figure 3A) (CO2 production p<0.05, for acid soluble metabolites p<0.1 

and total p<0.02). Neither white quadriceps nor liver showed any significant 

differences between the two genotypes (Figure 3B and 3C).  

Energy expenditure  

To determine N2KO’s energy expenditure pattern and preferred source of 

substrate for energy, indirect calorimetry was performed. Respiratory exchange 

ratio (RER) of WT followed the normal circadian pattern, i.e. during the dark 

phase there was a high RER and during the light phase, a lower RER. However, 

N2KO mice were more active during the light phase with a higher RER than in 

the dark phase where RER was low (Figure 3A). Overall, during the dark phase, 

the RER of the N2KO mice was significantly lower than WT (RER, WT 

=0.85±0.03, N2KO=0.77±0.03 *p<0.05), whereas during the light phase there 

was no difference (Figure 3B).  

Skeletal muscle gene expression  

Increased body fat, impaired glucose tolerance and high fatty acid 

oxidation in the mutant animals prompted additional detailed investigation of the 

expression of skeletal muscle genes involved in fatty acid oxidation. In N2KO 
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mice, two of the four genes responsible for lipogenesis (Figure 4A) showed 

overall increased mRNA expression compared to their WT counterparts. 

Stearoyl-CoA desaturase (SCD) and Sterol Regulatory Element Binding 

Proteins-1c (SREBP1c) were both significantly upregulated (*p< 0.05), while 

Fatty acid synthase (FAS) and Acyl Co-A Carboxylase-α (ACC-α) were 

unchanged. Lipolytic genes such as hormone sensitive lipase (HSL) and 

lipoprotein lipase (LPL) were also examined. Consistent with the high fatty acid 

oxidation rates in skeletal muscle, HSL showed increased expression in N2KO 

(*p< 0.05), whereas LPL was unchanged. The expression of peroxisome 

proliferator activated receptors and their coactivators were also studied, because 

of the role they play in lipid and energy metabolism. PPAR-δ was significantly 

upregulated in N2KO (*p<0.05), whereas PPAR-α and PPAR-γ as well as the 

coactivators PGC1-α and PGC1-β were unchanged.  

Liver gene expression 

To get a better understanding of fatty acid metabolism in other tissues, we 

studied gene expression in liver. SCD mRNA expression was significantly higher 

in N2KO compared to WT (*p<0.05), whereas LPL, FAS, ACC-α and SREBP1c 

were unchanged (Figure 5A). The PPARs and their co-activators were also 

studied. Expression of PPAR-α and PGC1-β mRNA were both significantly 

higher in N2KO as compared to their WT counterpart (*p< 0.05) (Figure 5B). 

However, PPAR-δ and PPAR-γ and PGC1-α were unchanged (Figure 5B).  
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Discussion 

The contribution of genetics to the epidemic of obesity is significant. 

Continuous scientific efforts to study the mechanisms of the genetic origins of 

obesity at the molecular and physiological level are ongoing. Some of the mouse 

models developed have provided excellent tools to explore the underpinnings of 

obesity. N2KO, as a mouse model has its own importance. Since early studies in 

1997, when it was first identified that N2KO mice develops hypogonadism and 

obesity, there has been huge addition of understandings to the role of Nhlh2 in 

body weight and reproductive regulation (9-12, 23, 41, 71, 96, 97). As a 

transcription factor, Nhlh2 regulates the transcription of important genes in the 

melanocortin pathway, including PC1/3 and Mc4r (Wankhade et al., manuscript 

in preparation) (23). Both of these genes are linked as causes of human 

monogenetic obesity (98-101).  Nhlh2 has also been linked to human obesity 

(Good and Bowden, unpublished). In the present study, further understanding of 

the role of Nhlh2 in peripheral energy availability mechanisms is provided, 

specifically implicating Nhlh2 in control of whole body energy expenditure 

pathways. The main objective of this study was to explore the effects of the 

deletion of Nhlh2 on peripheral energy expenditure, glucose homeostasis and 

fatty acid oxidation. As Nhlh2 is already established as a key transcriptional 

regulator in the melanocortin pathway, this study provides an opportunity to 

identify the peripheral effects of impaired transcriptional regulation of two key 

melanocortin pathway genes, Mc4r and PC1/3 (23). Earlier, it has been shown 

that the N2KO mouse develops adult onset obesity due to reduced voluntary 
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physical activity, surprisingly in the absence of hyperphagia (12). Normal food 

intake suggests that the energy intake contributions of total body energy 

equilibrium are undisturbed in the N2KO mice; however energy expenditure is 

impaired. In the present study, body composition, glucose homeostasis, fatty acid 

oxidation pattern and mRNA profiling of skeletal muscle and liver were analyzed.  

Adult onset obesity in N2KO has been reported (12). In this study, while 

there was no difference in the body weight of N2KO and WT at the age of 12 

weeks, there is difference between the fat content between the two genotypes. In 

the present study, N2KO mice had a significantly higher body fat content than 

WT at 12 weeks of age. In an earlier study, body composition analysis was 

conducted using the oven drying method (102), whereas in the present 

experiment, MRI was used to estimate the fat and fat free weight. The oven 

drying method calculates body fat mathematically by considering the water 

content of the body. Carcass weight is weighed separately consisting of brain, 

intestine, and the eviscerated body which makes body composition analysis 

more prone to errors by oven baking method. Whereas, the method we used 

during the present study is based on a magnetic resonance imaging technique, it 

calculates body fat, lean mass and water content based on the body weight on 

unanesthetized animal. For these reasons we suspect that the sensitivity of the 

MRI is higher than the oven drying method.  

N2KO mice were assessed for glucose homeostasis, as glucose 

regulation by peripheral tissues is an important component of energy 

expenditure. Although, there were no significant differences in N2KO and WT for 
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glucose tolerance overall, N2KO mice have a slightly higher fasting glucose and 

their clearance of glucose after a glucose challenge appears to be later and 

slower compared to WT mice. Impaired insulin responses are also present in 

N2KO mice.  These animals are not able to provoke the same kind of response 

as WT mice, suggesting that insulin sensitivity is significantly reduced in N2KOs 

compared to WT. These data are in line with mouse models containing deletions 

of genes in the melanocortin pathway, as Mc4rKO mice do not develop glucose 

intolerance and insulin resistant status until they are challenged with high fat 

feeding (95). Likewise, both PC2 and PC1/3 mutant mice maintain normal 

glucose tolerance in response to glucose injection, but do exhibit 

hyperinsulinemia (103, 104). N2KO mice also require high insulin which is 

evident by their lowered insulin sensitivity to maintain normal glucose tolerance 

where they are struggling to maintain the normal glucose levels after injection of 

glucose in GTT. The N2KO mice were maintained on 4.5% standard chow diet, 

which may be one of the reasons why glucose tolerance level has not 

deteriorated as it did in the Mc4rKO mice.  

In earlier studies, the absence of hyperphagia accompanied by a 

progression towards adult onset obesity led to questions about the energy 

expenditure capacity of N2KO mice. To understand N2KO’s preferred source of 

energy, fatty acid oxidation and indirect calorimetry were conducted. Surprisingly, 

the rate of fatty acid oxidation in red muscle fibers from N2KO mice was higher 

than age- and sex-matched WTs, whereas white muscle fibers and liver showed 

no differences between genotypes. Furthermore, and supportive of this finding, 
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the RER of N2KO mice was in the range of 0.77 to 0.79 and significantly lower 

than the comparable RER measurements of  WT’s, which ranged from 0.81 to 

0.85. The lower RER measurement in N2KO mice suggests that the preferential 

source of energy is fat and carbohydrate, whereas in WT mice, a mix of 

carbohydrates and fats are used as a source of energy. Increased fatty acid 

oxidation in skeletal muscle in N2KO is thus reflected in lower RER.  

Further complimenting these findings, gene expression profiles of skeletal 

muscle corroborated the lower RER and higher fatty acid oxidation rate in N2KO 

mice. In particular, high body fat content, higher fatty acid oxidation and lower 

RER values in N2KO imply that there may be altered nutrient partitioning, with 

N2KO mice preferring fat as a source of energy. Lipogenic genes such as SCD 

and SREBP1c, as well as lipolytic genes such as HSL all have significantly 

higher expression in N2KO compared to WT mice. Increased fatty acid oxidation, 

accompanied by increased expression of genes involved in lipid metabolism, 

suggests that a high turnover of lipids is occurring in skeletal muscle. Cardiac 

muscle of ob/ob mice have been reported to have a high rate of fatty acid 

oxidation in spite of their highly insulin resistant-glucose intolerant status (105). 

Increased lipogenic genes expression in skeletal muscle as well as liver suggests 

an overall higher fatty acid synthesis in N2KO mice, which is consistent with the 

fact that they have higher fat % than WT mice. 

Increased PPAR-δ in skeletal muscle, and PPAR-α and PGC1-β 

expression in liver suggest a  high rate of lipid turnover in these tissues, as 

PPAR-δ and PPAR-α regulates the oxidative processes, whereas PGC1-β has 
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been reported to play role in fatty acid synthesis (106, 107).  Higher PPAR-δ has 

been associated with increased fatty acid oxidation (108) which is consistent with 

the higher fatty acid oxidation in skeletal muscle. The role of PPARs in fatty acid 

oxidation and glucose homeostasis in N2KO is still speculative and detailed 

exploration needs to be undertaken to make any conclusion.  

Earlier, we reported that Nhlh2 controls transcription of several key genes 

in the melanocortin pathway (Wankhade et al., in preparation and (23)) and that 

N2KO mice have a reduced α-MSH production. Reduced MSH secretion and 

Mc4r signaling have been associated with increased weight gain and insulin 

sensitivity in humans (109, 110). In addition, the role of central nervous system 

and melanocortin pathway’s (CNS-Mcr) role in energy expenditure and glucose 

metabolism is well documented (18, 95). Recently, Nogueiras et al. has reported 

that lipid metabolism is also controlled by the CNS-Mcr pathway (18). As Nhlh2 is 

a transcriptional regulator of both PC1/3 and Mc4r (Wankhade et al., in 

preparation) (23), the absence of Nhlh2 in N2KO mice may impair melanocortin 

pathway signaling and lead to reduced melanocortinergic tone in peripheral 

tissues. This reduced melanocortinergic tone is one of the explanations for 

impaired glucose homeostasis and energy expenditure pattern in N2KO.  

Data presented herein, suggests that N2KO mice uses fat as an energy 

substrate and store carbohydrate in the form of fat, as evidenced by increased 

lipogenic gene expression in both liver and skeletal muscle. Results presented 

herein shed new light on the whole-body phenotype of adult onset obesity in 
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N2KO mice, linking transcriptional regulation in the brain to downstream effects 

on tissue-specific and whole-body metabolism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 75 - 
 

Material and methods 

Animals 

All animal protocols were approved by the Institutional Animal Care and 

Use Committee at Virginia Polytechnic Institute and State University. Animal 

colony maintenance, breeding and genotyping have been previously described 

(10). N2KO and WT mice were maintained in 12 hr light, 12 hr dark conditions 

with ad libitum (ad lib) access to food (4.5% crude fat) and water. At 12-14 weeks 

all mice were euthanized by CO2 asphyxiation. Body weight and body 

composition were obtained the day before sacrifice. Body composition was 

determined by using the Minispec LF50 (Bruker Optics, Billerica, MA), an NMR 

analyzer for whole body composition assay of live, unanesthetized mice. Animals 

were sacked at 11-14 weeks of age. Red and white quadriceps was collected for 

fatty acid oxidation study. Gastrocnemius separated from soleus muscle was 

collected in GIT for RNA isolation. Liver was collected in GIT to isolate RNA.  

Glucose and Insulin Tolerance Assay 

Mice were fasted for 12 hr and bled through the caudal vein for 

assessment of fasting blood glucose (FBG) concentrations using FreeStyle 

FREEDOM-lite® Glucometer (Abbott Diabetes Care Inc.). Mice were then 

injected intraperitoneally with glucose (D-Glucose [Sigma-Aldrich, USA]; 2 gm/kg 

body weight) and or insulin (Insulin [Elli-Lily Corp. Indianapolis, USA]; 0.75 U/kg 

body weight), with determination of glucose levels at 15, 30, 90, 120 and 180 min 

(glucose tolerance) and 15, 30, 60, 90 min (insulin tolerance) post challenge.  
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Fatty acid oxidation in skeletal muscle and liver 

Fatty acid metabolism in freshly isolated liver and skeletal muscle was 

studied. Fresh skeletal muscle separated into red and white fibers and liver was 

collected from WT and N2KO mice (WT n=9 and N2KO N=7), minced and 

homogenized in modified sucrose-EDTA medium and then homogenates was 

incubated with [1-14C] palmitic acid (NEN, Boston, MA) for measures of fatty acid 

metabolism. Rate of fatty oxidation was measured by production of 14C-labeled 

acid-soluble metabolites, which is measure of the tricarboxylic acid (TCA) cycle 

intermediates and acetyl esters representing incomplete oxidation and [14C]CO2 

states complete oxidation. Reaction was stopped by addition of 100 ul of 4N 

sulfuric acid after one hr incubation at 370C. CO2 produced was trapped in 1N 

sodium hydroxide. Scintillation counter was used to measure CO2 and acid 

soluble metabolites (27, 28).  

Indirect calorimetry 

Set of mice (WT N=9, N2KO N=7, all male) at the age of 8-10 week were 

placed in metabolic chambers (TSE Calorimetry Systems, Chesterfield, MO) for 4 

d with free access to food and water. During 4 d period, it continuously monitored 

O2 consumption, CO2 production, and ambulatory movement using a photobeam 

break system. Data were collected every 15 min for 96 h, with the first 36 h 

considered an acclimatization period and excluded from analyses. Dark-Light 

cycle was set for 12 h with dark starting at 19.00 h light at 07.00 h. The volume of 

oxygen consumed (VO2; [ml/(kg × h)]) and carbon dioxide produced (VCO2; 
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[ml/(kg × h)]) were measured to calculate RER (ratio of CO2 produced to VO2 

consumed)  

qRT-PCR from skeletal muscle and Liver to detect ge ne expression 

Skeletal muscle (gastrocnemius)  and liver was collected from WT (N = 9) 

and N2KO (N = 7) 11-14 weeks old mice. Tissues were homogenized into 4 M 

guanidine isothiocyanate buffer. Samples were layered over 5.7 M cesium 

chloride buffer and spun for 18 h at 120,000 X g at 200 C. The supernatant was 

discarded, and RNA was resuspended in water and stored frozen until use. RNA 

was then DNAse treated prior to cDNA preparation. cDNA was created using 

reverse transcriptase in a magnesium buffer (Promega Corp.) for 1 hr at 420 C. 

qRT-PCR was performed using Power SYBR® Green, PCR master mix (2X). 

mRNA levels of each gene of interest was normalized against β−actin. A list of 

primer sequences used for amplification is found in Table 1.  β−actin levels are 

constant between WT and N2KO animals (9). Normalized levels of mRNA were 

measured in triplicate per individual mouse from which sample means were 

calculated for each mouse. Data is presented as the fold-difference relative to the 

WT control group. For each mRNA amplified, melting-curve analysis was done to 

confirm the presence of a single amplicon. 

Statistical analysis   

All values are expressed as mean±SEM unless indicated otherwise. 

Comparison of means between two groups was made using unpaired two-tailed 

Student's T-test. Significance is expressed at p≤0.05 (*); p≤0.01 (**). Wherever 

there was more than one variable such as GTT and ITT, statistical analysis was 
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done by analysis of variance (ANOVA) followed by multicomparison Tukey test. 

For ANOVA analyses the F value, degrees of freedom (dF) and significance level 

(P-value) are given. Significance was rejected at p≥0.05 (*); 
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Figure legends 

Figure 1: Glucose and insulin tolerance in WT and N 2KO mice.   

A. Glucose tolerance test on 11 week old mice. WT and N2KO mice were 

injected with 2mg/kg body weight of D-glucose. Blood glucose levels were 

measured at 0, 15, 30, 60, 90, 120 and 180 min time points following injection.  

B. Insulin Tolerance Test conducted 10 days later using same set of mice as for 

the glucose tolerance test. Insulin (0.75 units per kg body weight) and blood 

glucose levels were measured at 0, 15, 30, 60 and 90 min time points. Data are 

reported as mean blood glucose levels + SEM. (*p< 0.05, **p< 0.01)  

Figure 2: Fatty Acid Oxidation pattern in red, whit e quadriceps and liver of 

WT and N2KO animals  

Radio-labeled substrates (palmitate) were used to measure FA metabolism in 

white (A), red quadriceps muscle (B) and liver (C). Fatty Acid Oxidation levels 

are shown for complete (CO2) and incomplete (ASMs) as well as total oxidation. 

Data are presented as mean±SEM. (*p<0.05). 

Figure 3: Respiratory exchange ratio (RER) of N2KO by using Indirect 

calorimetry method  

RER pattern of N2KO vs WT is shown for 60 h divided into 12 h of dark-light 

cycle (Figure 3A). Dark and light phase average RER is shown Figure 3B. Data 

are presented as mean±SEM. (*p<0.05). 

Figure 4: Skeletal muscle gene expression profile i n WT and N2KO mice.    

RNA from WT and N2KO whole gastrocnemius muscle was isolated from ad lib 

fed mice (WT, N=9 and N2KO,N=7) and measured in triplicate using quantitative 
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RT-PCR for the lipogenic (A), Lipolytic (B), and PPARs (C) gene families.  All 

samples were normalized to β-actin expression.  The data is reported as the 

mean expression level relative to WT expression+SEM (*p<0.05, **p<0.01). 

Figure 5: Liver gene expression profile in WT and N 2KO mice.   

RNA from WT and N2KO liver was isolated from ad lib fed mice (WT,  N=11 and 

N2KO,  N=9) and the gene expression measured in triplicate using quantitative 

RT-PCR for the genes involved in lipid metabolism (A) and PPARs (B) genes.  

All samples were normalized to β−actin expression. The data is reported as the 

mean expression level relative to WT expression+SEM (*p<0.05, ** p<0.01). 
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Table 1: Body composition analysis of N2KO mice 

Body composition analysis was done on WT (N=9) and N2KO (N=7) (all male 

age range 10-12 weeks) animals, using the Minispec LF90 (Bruker Optics, 

Billerica, MA), an NMR analyzer for whole body composition assay of live, 

unanesthetized mice. Data is reported as a mean±SEM, significance is 

expressed at (**p<0.01 and ***p<0.001) 

 WT (N=9) N2KO (N=7) p-value 
(**p<0.01 and  ***p<0.001) 

Body Weight 22.99±1.01 26.43±1.91 0.06 

Fat (g) 2.01±0.33 4.64±0.68
**

 0.002 

Fat (%) 8.66±1.24 17.29±1.66
***

 0.0003 

Lean body weight 
(g) 16.89±0.77 16.81±1.18 0.47 
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Table 2: Primer sequences used for quantitative rea l-time RT-PCR assays   

All sequences are to the mouse genes, and the forward and reverse primers are 

indicated. 

Gene Primers Sequence 5'-- 3' 

β-actin 
Forward GGAATCCTGTGGCATCCAT 

Reverse GGAGGAGCAATGATCTTGATCT 

ACC-α 
Forward ATGGGCGGAATGGTCTCTTTC 

Reverse TGGGGACCTTGTCTTCATCAT 

CPT-1α 
Forward AAAGATCAATCGGACCCTAGACA 

Reverse CAGCGAGTAGCGCATAGTCA 

FAS 
Forward AGAGATCCCGAGACGCTTCT 

Reverse GCCTGGTAGGCATTCTGTAGT 

HSL 
Forward CCTCATGGCTCAACTCC 
Reverse GGTTCTTGACTATGGGTGA 

LPL 
Forward AGGACCCCTGAAGACACAG 

Reverse ACATTCCCGTTACCGTCCATC 

PGC-1α 
Forward CGGAAATCATATCCAACCAG 
Reverse TGAGGACCGCTAGCAAGTTTG 

PGC-1β 
Forward AACCCAACCAGTCTCACAGG' 
Reverse ATGCTGTCCTTGTGGGTAGG 

PPAR-α 
Forward TGGGGATGAAGAGGGCTGAG 
Reverse GGGGACTGCCGTTGTCTGT 

PPAR-δ 
Forward ACAGTGACCTGGCGCTCTTC 
Reverse TGGTGTCCTGGATGGCTTCT 

PPAR-γ 
Forward CAGGCTTGCTGAACGTGAAG 
Reverse GGAGCACCTTGGCGAACA 

SCD1 
Forward TGGGTTGGCTGCTTGTG 
Reverse GCGTGGGCAGGATGAAG 

SREBP-1C 
Forward AGCAGCCCCTAGAACAAACAC 
Reverse CAGCAGTGAGTCTGCCTTGAT 
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Chapter 6 

Implications and future directions 

Mutations in the melanocortin pathway, especially those involving the 

MC4R gene, are one of the most common mutations linked to monogenetic 

obesity in humans (15).  While it is clear that the melanocortin pathway is 

fundamental to the regulation of body weight, the signaling pathways, 

transcriptional regulatory mechanisms, its peripheral implications are not well 

explored. Characterization of these molecular pathways is essential so that 

therapeutic interventions, behavioral modifications can be done to treat the 

epidemics of obesity. Experiments performed in this project with the intention of 

understanding the transcriptional pathways involved in body weight control 

regulated by Nhlh2 as a transcription factor, have direct relevance to human 

obesity. Since the genetics has contributed to the cause of obesity immensely it 

is imminent to study the different mutations/polymorphisms involved in genetic 

form of obesity. A detailed understanding of the regulatory mechanism of the 

genes involved in body weight maintenance is critical to understand the basic 

physiology of the body weight maintenance. Nhlh2 is one of the transcription 

factor which has already been reported to play an important role in regulating the 

genes involved in such mechanism, provides an excellent tool to study the 

underpinnings of body weight maintenance.  

N2KO is the only model with targeted deletion of neuronal bHLH 

transcription factor leading to adult onset obesity. Research so far has shown 

that Nhlh2 plays an important role in different physiological functions mainly 
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being body weight maintenance. Here in this project we tried to establish Nhlh2 

as a transcriptional regulator of melanocortin 4 receptor. During this project, we 

asked key questions about the transcriptional regulation of Mc4r and downstream 

peripheral effects of lowered melanocortin signaling. We are able to show that 

Nhlh2 regulates Mc4r transcription by binding to the three E-Boxes sites located 

on Mc4r promoter, and that consistent with lowered melanocortin tone, there was 

aberrant energy and glucose metabolism in peripheral tissues of the mutant 

animals. Findings from the present project will help to link human genetic 

mutations to changes in transcriptional regulation by Nhlh2, and ultimately the 

phenotypes of overweight and obese in the human population. 

During the first part of the project we showed that Nhlh2 binds to three E-

Boxes located on Mc4r promoter and regulate the transcription. Mutation in one 

of those three E-Box (MC4R∆GC) has already been shown responsible for human 

obesity (4). The second of these three E-Box mutations is found in both obese 

and non-obese controls at a frequency of 5%. This mutation -178 A/C, changes 

E-Box #1 from CATCTG to AATCTG (36). These polymorphisms affect the 

binding sites of Nhlh2. With the help of in vitro studies performed in this project 

we were able to understand the actual mechanism might be happening in obese 

individual with these mutations.  

In the second part of the project, by using N2KO mice, we studied the 

tissue specific effects of targeted deletion of Nhlh2. N2KO mice have impairment 

in glucose and insulin homeostasis. Energy expenditure and fatty acid oxidation 

pattern is altered and gene expression also varies compared to WT. Adipose 
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tissue both brown and white has a tissue specific effects because of deletion of 

Nhlh2. BAT and WAT both has reduced sympathetic innervation and WAT shows 

the state of inflammation. Results from this experiment gave us an understanding 

of how events might be unfolding in the obese humans having obesity with Mc4r 

mutations. This was first attempt to fully characterize the N2KO mouse’s 

metabolism. Findings from this experiment will help us to understand the actual 

turn of events in humans and will aid us to devise better therapeutic regimen or 

behavioral modifications.  

Possible mechanism for adult onset obesity and transcriptional regulation 

of Mc4r can be explained in Figure 1. Nhlh2’s energy dependent expression and 

its role as a transcriptional regulator of PC1/3 is already been reported by our 

laboratory (9, 23). Results of this project establish Nhlh2 as a direct 

transcriptional regulator of another key body weight regulatory gene, Mc4r. The 

new work presented in this dissertation firmly situates Nhlh2 as a key 

transcriptional regulator of the melanocortin pathway. 

Taken together, results presented here in establish the Nhlh2’s role as a 

transcriptional regulator of Mc4r and a key part of the melanocortin signaling 

pathway. Characterization of metabolic phenotype revealed many of the 

interesting facets of N2KO mouse model which can now be used to help us 

understand the adult onset obesity at molecular level, and also to further design 

study that could provide clinical measures to prevent human obesity.  
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Future Directions 

Results from the present project have given a better insight into 

monogenic form of obesity. It will help to understand a molecular and 

physiological aspect of obesity of genetic origin. In future, there are several 

directions which will help us better our understandings towards monogenetic 

form of obesity.  

First of all, as explained in Figure 1, reduced melanocortinergic tone is 

one of the possibilities stated in N2KO mouse model for developing the 

peripheral defects. Future experiment should include restoration of 

melanocortinergic tone and determination of whether melanocortinergic agonists 

such as melanotan II could restore the normal phenotype in N2KO. N2KO’s 

metabolic phenotype needs to be further explored in detail with respect to indirect 

calorimetry and glucose homeostasis measurements. These studies include the 

use of hypyerinsulinemic euglycemic clamps to unravel the actual insulin/glucose 

homeostasis in N2KOs.  

Another direction would be to explore more gene targets involved in same 

neurocircuitry as Mc4r and PC1/3 is involved i.e. melanocortin pathway. Previous 

studies have shown that Nhlh2 has the potential to influence the transcription of 

1000s of genes (111) and there is a possibility that there are more genes in 

melanocortin pathway which may be regulated by Nhlh2. These types of 

experiments will help to put the pieces together which we are missing in the 

present project.  



- 92 - 
 

Inflammatory state of WAT and increased expression of IL-6 in N2KO has 

opened another interesting area for further exploration. Significant increase in IL-

6 expression at mRNA level and serum level makes one wonder if Nhlh2 and IL-

6 share some connection. Age wise expression analysis of IL-6 will give better 

idea that whether state of inflammation is moreover a cause and effect 

relationship or Nhlh2 has an innate role in IL-6 regulation.  

Point mutations in other members of the melanocortin pathway, including 

MC4R POMC and PC1/3 lead to monogenetic forms of human obesity.  There 

are also point mutations in NHLH2 which are linked to human obesity.  In a 

moderately sized study of 379 obese and 379 lean individuals, a nonsynonymous 

mutation in human NHLH2 was found in 2 obese and 1 lean individuals(112).  

Subsequent to that analysis, one of the authors reported that this mutation was 

only found in obese individuals (113), and that the frequency of the mutation was 

0.001 (0.1 percent) in obese individuals (113). While the SNP has not yet been 

entered into the SNP database (NCBI), the subsequent study identified the 

position as nucleotide 255 in exon 3, within the coding region of NHLH2.  In 

studies outside of the scope of this proposal, we designed a mutagenized mouse 

protein to mimic a human mutation in NHLH2 which results in an arginine to 

proline mutation in the protein.  Transfection of this construct into hypothalamic 

cells showed that the mutant protein product had a reduced size compared to the 

WT protein (Wankhade, Bush and Good, unpublished).   

In another set of studies, Dr. Good found polymorphisms in the 3’-tail of 

NHLH2 which disrupts a putative miRNA-binding site.  In a collaboration with Dr. 
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Donald Bowden’s group at Wake Forest University,  509 African Americans from 

the Insulin Resistance Atherosclerosis Family Study (114) were screened and 

found a significant association with BMI adjusted waist measurements (p = 

0.043) and waist-hip ratios (p = 0.035) for this newly found polymorphism 

rs11805084 (NHLH2A1568G).  Thus, while rare in the human population, mutations 

in NHLH2 exist and appear to contribute to differences in human body weight 

regulation. More studies are needed on NHLH2 in human populations to further 

characterize its role in the genetic basis of obesity in populations. 

By using the knowledge gained from studies of this type, many questions 

and future directions are now ready to be answered. The N2KO mouse model is 

one that can be used to answer molecular and whole-body physiological 

questions about the role of each of the members of melanocortin signaling 

pathway in body weight regulation.  
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Figure 1:  Hypothetical model of Nhlh2 regulation o f melanocortin cascades 

in brain and its peripheral effects  

Nhlh2 regulates PC1/3 gene transcription and acts on POMC neuron 

which is also stimulated by serum leptin level through leptin receptor and 

controls α-MSH, endogenous ligand of MC4R. Results from the present project 

states that Nhlh2 acts as transcriptional regulator of Mc4r. Reduced 

melanocortinergic tone in N2KO may exhibits its tissue specific effects of adult 

onset obesity.  
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Appendix 

Figure 1: Effects of double and triple mutants on M c4r transactivation in 

presence of Nhlh2.  

A. Substitution mutations in all three E-Box sites in combination were created by 

site directed mutagenesis. Mc4r-Mut-1/2 has mutation in 1st and 2nd E-Box, Mc4r-

Mut-1/3 has mutation in 1st and 3rd E-Box, Mc4r-Mut-2/3 has a mutation in 2nd 

and 3rd E-Box and Mc4r-Mut-1/2/3 plasmid has Mc4r promoter with all three sites 

mutated.  

B. Transactivation assays performed by using WT Mc4r promoter and with the 

promoter with mutations in each individual E-Box motifs.  Activity of the WT 

Mc4r-luc reporter (WT) transfected into N29/2 cells in the presence (black bars) 

or absence (gray bars) of Nhlh2. The luciferase activity was measured and 

normalized to the expression of β-gal-encoding protein. Activity is presented 

relative to the values obtained in cells transfected with PGL3-luc alone ± SE. **, 

p< 0.01; to empty vector expression. 

Figure 2: Fatty Acid Oxidation pattern in red, white quadriceps and gene 

expression in gastrocnemius muscle of WT and N2KO animals (12 hr Food 

deprived)  

A. Radio-labeled substrates (palmitate) were used to measure FA metabolism in 

white, red quadriceps muscle and liver. Fatty Acid Oxidation levels are shown for 

complete (CO2) and incomplete (ASMs) as well as total oxidation. Data are 

presented as mean±SEM. (*p<0.05). 
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B. Skeletal muscle gene expression profile in WT and N2KO mice.  

RNA from WT and N2KO whole gastrocnemius muscle was isolated from ad lib 

fed mice (WT N=8 and N2KO=6) and measured in triplicate using quantitative 

RT-PCR.  All samples were normalized to β-actin expression.  The data is 

reported as the mean expression level relative to WT expression+SEM (*p<0.05, 

**p<0.01). 
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