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La relación entre los ritmos circadianos y el metabolismo: 

implicaciones para el síndrome metabólico 

RESUMEN 

Todos los seres vivos han desarrollado mecanismos que les permiten adquirir 

energía y optimizar su uso. Estos mecanismos permiten que se adapten a un 

entorno cambiante donde la disponibilidad de recursos fluctúa dependiendo de la 

hora del día. De este modo, diversas conductas y funciones, como la alimentación 

y la utilización de glucosa por los tejidos, se encuentran reguladas de manera 

circadiana. El sistema circadiano funciona gracias a que el cerebro, 

específicamente, el hipotálamo, coordina las funciones de diversos órganos a través 

de múltiples vías de comunicación. En contraste, el estilo de vida actual implica que 

las personas llevan a cabo conductas opuestas a lo que dicta su sistema circadiano, 

por ejemplo, el trabajo nocturno, la alimentación nocturna y la exposición constante 

a la luz artificial. Estas condiciones generan un conflicto en el sistema circadiano y 

predisponen a los individuos a las enfermedades metabólicas. 

En esta tesis, exploramos la relación entre el sistema circadiano y el metabolismo 

utilizando a la rata como modelo experimental. El capítulo 1 introduce la relación 

entre el sistema circadiano y el metabolismo con detalle y aborda las condiciones 

en las cuales esta relación se ve comprometida. Se detalla cómo es que el 

hipotálamo funciona como integrador del sistema circadiano, cómo las funciones 

metabólicas fluctúan de acuerdo con la hora del día y cómo las condiciones como 



la alimentación en el horario de descanso y la luz por la noche pueden afectar al 

sistema circadiano y al metabolismo.  

El capítulo 2 explora el conflicto entre la luz y la alimentación durante el día utilizando 

el paradigma experimental del fotoperiodo esqueleto, que consiste en eliminar la luz 

la mayor parte del día. Se expuso a distintos grupos de animales al fotoperiodo 

esqueleto o a un fotoperiodo normal, restringiendo la alimentación al día, la noche, 

o manteniendo libre acceso al alimento. Se observó que el conflicto entre luz y 

alimentación en el día solo contribuye parcialmente a la aparición de problemas 

metabólicos como la intolerancia a la glucosa y la acumulación de grasa. Sin 

embargo, la exposición al fotoperiodo esqueleto indujo intolerancia a la glucosa 

independientemente del horario de alimentación. Este fotoperiodo también 

incrementó la adiposidad de los animales y modificó sus ritmos circadianos de 

temperatura, actividad locomotora y gasto energético, generando una falta de 

anticipación al periodo de actividad. En este capítulo se describe por primera vez al 

fotoperiodo esqueleto como una nueva condición que genera problemas 

metabólicos como consecuencia de pequeñas pero consistentes modificaciones en 

los ritmos metabólicos, lo que podría proporcionar una base para entender cómo los 

trabajadores nocturnos que están expuestos a horarios irregulares de luz pueden 

desarrollar enfermedades metabólicas. 

El capítulo 3 describe la influencia de la leptina, una hormona considerada como un 

inhibidor de la ingesta de alimento, en la regulación de los ritmos circadianos de 

temperatura en ratas. Se observó que administrar esta hormona en dosis bajas a 

ratas modifica la temperatura corporal de los animales dependiendo de la hora del 



día y que el hipotálamo responde diferente a la misma dosis de leptina dependiendo 

del horario. Además, se proporciona evidencia de que la leptina podría ser 

importante para mantener los ciclos circadianos de temperatura en condiciones de 

saciedad. Estos datos proporcionan una base para entender mejor qué moléculas y 

regiones cerebrales están implicadas en la regulación de los ritmos circadianos de 

temperatura en condiciones de ayuno y obesidad. 

Por último, el capítulo 4 recapitula lo anterior para proponer los mecanismos que 

generan intolerancia a la glucosa y acumulación de grasa en las diversas 

condiciones de disrupción circadiana como luz constante, alimentación en el horario 

de descanso y el fotoperiodo esqueleto. También se discuten algunas propuestas 

para restituir la función metabólica en estas condiciones. La información generada 

en este trabajo proporciona las bases para poder entender mejor cómo es que se 

desarrollan las enfermedades metabólicas a consecuencia de estilo de vida 

nocturno que prevalece en una gran parte de la población.  



The relationship between circadian rhythms and metabolism: 

Implications for metabolic syndrome 

SUMMARY 

All living beings have developed different mechanisms to acquire energy and 

optimize its use. In this way, organisms can adapt to a changing environment where 

resource availability depends on the time of the day. Several behaviors and 

physiological processes, such as feeding and glucose utilization, are regulated in a 

circadian manner. These circadian fluctuations occur thanks to the coordination of 

organ function by the brain, specifically the hypothalamus, through multiple 

communication pathways. In contrast, many people currently engage in behaviors 

that oppose what their circadian system dictates; for example, they work at night, eat 

at night, and are constantly exposed to artificial light. These conditions generate a 

conflict in the circadian system and predispose individuals to metabolic diseases. 

This thesis explores the relationship between the circadian system and metabolism 

using the rat as an experimental model. Chapter 1 introduces the relationship 

between the circadian system and metabolism in more detail and addresses the 

conditions that compromise this relationship. We discuss the hypothalamus as the 

integrator of the circadian system, the circadian oscillation of metabolic function, and 

the influence of eating during the resting phase and light at night on the circadian 

system and metabolism. 



Chapter 2 explores the conflict between light and food during the day using the 

experimental paradigm of a skeleton photoperiod, in which light is eliminated for 

most of the day. Several groups of animals were exposed to the skeleton or a normal 

photoperiod, and food access was restricted to the day, night, or left ad libitum. We 

observed that the conflict between light and food only partially contributes to the 

appearance of metabolic issues like glucose intolerance and fat accumulation. 

However, exposure to the skeleton photoperiod induced glucose intolerance 

regardless of the feeding schedule. This photoperiod also increased adiposity and 

modified the circadian rhythms of temperature, locomotor activity, and energy 

expenditure, generating a lack of anticipation to the activity period. This chapter 

describes, for the first time, the skeleton photoperiod as a new condition that 

generates metabolic problems as a consequence of small but consistent changes in 

metabolic rhythms. These data provide the basis to understand how people that are 

exposed to irregular light schedules might develop metabolic diseases. 

Chapter 3 describes the influence of leptin, a hormone that inhibits food intake, in 

regulating circadian temperature rhythms in rats. We observed that administering 

small doses of this hormone modifies the body temperature of the animals 

depending on the time of administration. In addition, the hypothalamus responds 

differently to the hormone depending on the time of the day. We also provide 

evidence that leptin might be important to maintain the circadian temperature rhythm 

in satiety conditions. These data provide knowledge regarding the molecules and 

brain regions implicated in regulating circadian temperature rhythms in fasting 

conditions and obesity. 



Finally, Chapter 4 reprises the above to propose the mechanisms behind glucose 

intolerance and fat accumulation in several conditions of circadian disruption, such 

as constant light, feeding during the resting phase, and the skeleton photoperiod. 

We also propose potential ways to restore metabolic functions under these 

conditions. This thesis gathers information that aids in understanding the 

development of metabolic diseases as a consequence of the nocturnal lifestyle that 

prevails among a large part of the population. 
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Chapter 1. General Introduction 

1.1   Energy regulation in mammals  

1.1.1 Overview of energy metabolism  

One of the most important functions of living beings is their capacity to store and 

transform energy, i.e., energy metabolism. In mammals, energy is mainly produced 

by the oxidation of glucose or fatty acids acquired through the ingestion of complex 

molecules, which are then digested and distributed throughout the body. In addition, 

mammals have a wide array of mechanisms that balance the consumption and 

storage of energy depending on the changing environment. In this sense, organs 

such as the liver and adipose tissue are essential for storing energetic molecules. 

Among its many functions, the liver provides the rest of the organism with a constant 

glucose supply; it produces glucose (gluconeogenesis) and stores it after feeding in 

the form of glycogen. The liver can also produce ketone bodies, which serve as a 

fuel source for the brain in conditions of low glucose supply. Moreover, the white 

adipose tissue stores fatty acids and glycerol in the form of triglycerides, which can 

be hydrolyzed and released into the circulation to supply other organs with energy 

substrates. Many other organs, such as the gut, the pancreas, the adrenal gland, 

etc., also play a role in regulating energy metabolism. Coordination of these organs’ 

functions is essential to maintaining metabolic homeostasis. This coordination is 

mainly carried out by hormonal and neural systems, orchestrated by the brain and, 

specifically, the hypothalamus.  



1.1.2 The role of the hypothalamus in metabolism. 

The role of the hypothalamus in metabolism is clearly exemplified in early lesion 

studies. Lesioning rats’ lateral nucleus of the hypothalamus profoundly inhibited food 

intake, making rats extremely lean and eventually leading to death (Broberger, 

1998). In contrast, lesioning the ventromedial nucleus of the hypothalamus produced 

overfeeding in animals, leading to obesity (King, 2006). More recent studies have 

provided a more integrated view and implicated many different hypothalamic and 

brainstem nuclei in regulating food intake. Notably, the hypothalamus regulates food 

intake, and the same hypothalamic feeding circuits also regulate energy 

expenditure, core body temperature, and glucose uptake, as will be discussed 

below. 

1.1.3 Hypothalamic feeding circuits 

The hypothalamic circuit regulating feeding behavior mainly comprises the lateral 

hypothalamus (LH), the ventromedial nucleus (VMH), the arcuate nucleus (ARC), 

the paraventricular nucleus (PVN), and the suprachiasmatic nucleus (SCN). 

The arcuate nucleus is at the center of this circuit for several reasons. First, it has 

direct access to blood-borne molecules (Rodríguez, Blázquez, & Guerra, 2010). The 

ARC can detect different circulating metabolites that signal the organism's metabolic 

state, such as glucose, fatty acids, postprandial hormones like insulin or leptin, and 

hunger-related hormones like ghrelin. Second, it has two antagonistic populations of 

neurons, which, once stimulated, can promote or inhibit feeding behavior. The 

former, orexigenic neurons, express neuropeptide Y (NPY) and agouti-related 



peptide (AgRP). In contrast, anorexigenic neurons express proopiomelanocortin 

(POMC), a peptide that can be split into smaller anorexigenic peptides like α-

melanocyte-stimulating hormone (α-MSH) (Belgardt, Okamura, & Brüning, 2009).  

Both POMC and AgRP neurons in the ARC communicate with the PVN, a nucleus 

that is considered the output of the hypothalamus (R. M. Buijs, Escobar, & Swaab, 

2013). This nucleus projects to other brainstem regions, such as the parabrachial 

nucleus (PBN), to regulate feeding behavior (Li et al., 2019; Shah et al., 2014). In 

addition, the PVN has pre-autonomic neurons that influence the metabolic function 

of peripheral organs. For example, the PVN projects to the liver via the spinal cord; 

activating this pathway promotes gluconeogenesis (Yi et al., 2012). 

Other hypothalamic nuclei regulate feeding behavior through their projections to the 

PVN or the ARC. The LH, for example, projects to the PVN, and activating this 

pathway promotes feeding behavior (Wu et al., 2015) . Conversely, the projections 

from the VMH to the ARC inhibit feeding behavior (Sternson, Shepherd, & Friedman, 

2005). The VMH also projects to other preautonomic regions of the brainstem that 

project to peripheral organs to regulate seveghreliral metabolic processes, like heat 

production by the brown adipose tissue (Martínez-Sánchez et al., 2017; Orozco-

Solís et al., 2016) and glucose utilization in the periphery (Coutinho et al., 2017; 

Fujikawa et al., 2016; Shiuchi et al., 2009). In this way, the hypothalamus integrates 

multiple metabolic processes including feeding.  

Because the ARC has direct access to blood-borne molecules, the hypothalamus 

orchestrates feeding behavior depending on the organism's needs. For example, low 



energy stores promote the release of acylated ghrelin from the stomach; this signal 

is detected in the ARC to promote feeding (Mondal et al., 2005; Wang et al., 2014). 

Importantly, feeding behavior is not only triggered by a lowering in storage 

molecules, but it has a clear circadian rhythm, which is controlled by another 

hypothalamic area, the suprachiasmatic nucleus (SCN) (Challet, 2019; Yi et al., 

2006). 

1.2  The circadian component of metabolism 

1.2.1 Circadian rhythms and the SCN 

Circadian rhythms are oscillations in behavior and physiology that are completed in 

approximately 24 hours, i.e., one day. These rhythms are controlled by the 

suprachiasmatic nucleus (SCN) of the hypothalamus, considered the master clock 

of the body (Buijs et al., 2019).  At the cellular level, circadian oscillations are 

supported by a molecular network of rhythmically expressed genes —called clock 

genes—which form a feedback loop of gene transcription and translation. The core 

clock consists of the proteins CLOCK, BMAL PER and CRY. CLOCK and BMAL 

form a dimer that promotes the transcription of per and cry. As per and cry are 

expressed, they dimerize to form a complex that represses CLOCK and BMAL, 

inhibiting their own transcription (Hastings, Maywood, & Brancaccio, 2019). In SCN 

neurons, circadian oscillations in clock genes translate into circadian oscillations in 

neuronal activity. Furthermore, intercellular communication within the SCN ensures 

that these circadian oscillations are coupled among neurons, producing a robust 

endogenous oscillation of the SCN as a whole (Hastings, Brancaccio, & Maywood, 

2014). In addition to its capacity to sustain endogenous oscillations, the SCN 



receives information from intrinsically photosensitive retinal ganglion cells (ipRGCs) 

that detect environmental light. In this way, light serves as the SCN’s main 

synchronizer, ensuring that circadian rhythms are in phase with the cycling 

environmental conditions (Golombek & Rosenstein 2010; Buijs, Escobar, & Swaab 

2013). Therefore, integrating its endogenous oscillations with the changes in the 

environment, the SCN imposes the circadian time on other brain regions and 

peripheral organs, generating whole-body circadian rhythms. 

1.2.2 The circadian rhythm in feeding  

All organisms show circadian oscillations in behaviors like feeding and sleeping and 

in many physiological variables, like circulating glucose. In rats, for example, most 

of the food consumption (approximately 80%) is associated with the period when 

animals are active (night) (Strubbe & Van Dijk, 2002). These rhythms exploit the 

capacity of the organism to store energy reserves and optimize energy use for the 

time when it is most needed. Because the SCN regulates all circadian rhythms, 

lesioning the SCN results in the loss of all rhythms, including feeding patterns (Nagai 

et al., 1978; Stoynev, Ikonomov, & Usunoff, 1982).  

1.2.3  Basal circadian oscillations in metabolites 

Since feeding behavior oscillates in a circadian manner, it seems logical that 

circulating metabolites show a day-night pattern in consequence. Nevertheless, 

these oscillations are not just a reflection of the postprandial state, instead, they are 

directly controlled by the circadian system (Kalsbeek et al., 2011). For example, 

glucose oscillates in the blood in a circadian fashion, even during fasting conditions 



or when animals eat several times throughout the day (Escobar et al., 1998; La Fleur, 

et al., 1999) Furthermore, SCN lesioning also results in a loss of the blood glucose 

rhythm (La Fleur et al., 1999), sustaining the role of the SCN in the circadian 

regulation of glycemia.  

1.2.4  Circadian postprandial responses  

In addition, the postprandial responses to food vary depending on the time of the 

day. Insulin sensitivity is higher when food is expected, i.e., in the active phase (la 

Fleur, 2003), and the capture of fatty acids by the muscle is also higher at this 

timepoint (Morán-Ramos et al. 2017). These differences indicate that the 

hypothalamus primes metabolic organs to process energetic molecules differently 

depending on the time of the day, which has metabolic repercussions when people 

eat when they normally should not, as will be discussed later. 

1.2.5  Communication of the hypothalamus with sensory systems 

The hypothalamus’ capacity to regulate peripheral organ function according to the 

time of the day arises from the input it receives from sensory systems. As previously 

mentioned, it receives input from the retina, providing information about cycling light-

dark conditions. The hypothalamus also receives input from the blood via the 

circumventricular organs (CVOs); specialized sensory centers devoid of a blood-

brain barrier where circulating molecules and ions are detected. These areas include 

the organum vasculosum laminae terminalis (OVLT), the subfornical organ (SFO), 

and the median eminence (ME); they project to multiple hypothalamic areas (Cottrell 

& Ferguson, 2004; Duvernoy & Risold, 2007; Sisó, Jeffrey, & González, 2010). As 



previously mentioned, the ARC also detects blood-borne information, and it is 

considered to have similar sensory functions to the CVOs (Ciofi, 2011; Morita & 

Miyata, 2013). Many different substances can be sensed in the CVOs, including 

glucose, fatty acids, and leptin, a hormone that plays an important role in energy 

balance (further discussed in Chapter 4). Therefore, sensory information conveyed 

from the CVOs to the hypothalamus is essential for integrating the organism’s 

metabolic state. 

In addition to these sensory pathways, the hypothalamus receives inputs from spinal 

and vagal nerves that detect metabolically relevant signals within peripheral organs. 

Information from spinal and vagal sensory nerves reaches the hypothalamus 

through multi-synaptic pathways (Buijs et al. 2019). For example, GLP-1, a molecule 

secreted in the stomach after feeding, can be detected by the vagus nerve and signal 

to the hypothalamus to inhibit food intake and modulate glycemia (Krieger, 

Langhans, & Lee, 2015).  In this sense, the hypothalamus integrates information 

from multiple sensory systems to regulate metabolism. 



 

Figure 1.1. The hypothalamus as the integrator of the circadian system. The 

SCN, located in the hypothalamus, has an endogenous circadian clock that 

oscillates in cycles of approximately 24-hours. This clock is adjusted to the 

environmental daily light cycles through the information received from the retino-

hypothalamic tract (RHT). In addition, the hypothalamus receives input from sensory 

systems like the circumventricular organs (CVOs) and spinal and vagal afferents and 

is capable of directly sensing circulating molecules through the hypothalamic arcuate 

nucleus. The integration of this information generates circadian rhythms in peripheral 

organs through hormones (e.g. corticosterone), the autonomic nervous system 

(ANS), and behavior (such as feeding). Finally, the different hormones and 

metabolites produced in the periphery serve as feedback signals, so the 

hypothalamus can adjust circadian physiology according to the internal state of the 

organism. 

 



1.2.6  Communication of the hypothalamus with endocrine systems and the ANS 

Once the hypothalamus has received information regarding the organism's 

metabolic state, it changes its output to adjust physiology accordingly. This 

regulation is carried out by hormonal and nervous systems (Buijs et al. 2019). 

The hypothalamus regulates many hormonal systems through different pathways; 

one example is the neuroendocrine pathways known as hypothalamus-pituitary-

organ (HPX) axes. For this, several hypothalamic nuclei secrete neuropeptides into 

the portal pituitary system, which reach the anterior pituitary gland to regulate the 

secretion of pituitary hormones. Pituitary hormones are then released into the 

circulation and reach their target areas, which produce different hormones that affect 

whole-body metabolism (Clarke, 2015). For example, the PVN has a subset of 

neurons that release corticotropin-releasing hormone (CRH) into the portal system. 

CRH stimulates corticotrope cells of the anterior pituitary to secrete 

adrenocorticotropin hormone (ACTH), which is released from the circulation and 

reaches the adrenal cortex, promoting corticosterone release; this is known as the 

hypothalamus-pituitary-adrenal (HPA) axis. Similarly, the hypothalamus regulates 

the secretion of thyroid hormones, and gonadal hormones, among others. 

Importantly, many of these hormones oscillate in a circadian manner. These 

circadian oscillations are fine-tuned thanks to the hypothalamic control of the 

autonomic nervous system (ANS), which “prepares” the organs for the coming 

hormones. For example, corticosterone increases slightly before waking; this 

increase is necessary to energetically prepare the organism for the activity period 



(Kalsbeek et al. 2006). Therefore, in preparation for the activity period, the 

hypothalamus activates the sympathetic branch of the ANS that innervates the 

adrenal gland; this allows the adrenal gland to be more responsive to ACTH and 

thus secrete corticosterone more efficiently (Buijs 1999; Leon-Mercado et al. 2017). 

Therefore, the ANS provides another communication pathway between the 

hypothalamus and the periphery to regulate circadian physiology.  

The ANS is subdivided into two branches distinguished by their anatomy and 

function: the sympathetic system (SNS) and the parasympathetic system (PSNS). 

The SNS arises from motor neurons located in the intermediolateral column of the 

spinal cord (IML) projecting to different ganglia in the abdominal cavity. In turn, these 

ganglia innervate organs using noradrenaline as a neurotransmitter. Regarding 

metabolic regulation, the activation of the SNS has been generally related to a 

catabolic state, e.g., gluconeogenesis in the liver, burning of fatty acids by the 

organs, and inhibition of insulin secretion by the pancreas. In contrast, the PSNS 

arises from the dorso-motor nucleus of the vagus (DMV) of the brainstem, which 

branches in the abdominal cavity to innervate different organs using, among others, 

acetylcholine as a neurotransmitter. The activation of the PSNS is related to 

digestive and postprandial functions, e.g., glycogen synthesis by the liver and insulin 

production by the pancreas (Marino, Xu, & Hill, 2011; Wehrwein, Orer, & Barman, 

2016). Since both branches of the ANS have seemingly opposing functions, 

metabolic homeostasis results from the balance of the activity of these two branches 

(Buijs, 2013). In contrast, different conditions that promote an unbalanced ANS are 



related to metabolic disease (Kreier et al., 2003), emphasizing the importance of 

autonomic balance for health. 

1.2.7  Metabolic rhythms in tissues 

As discussed, the hypothalamus communicates with metabolically relevant organs 

via multiple endocrine and neural pathways to maintain circadian oscillations 

following the changing environment. In addition, cells throughout the body express 

the molecular clock machinery, although clock gene oscillations in peripheral tissues 

are not self-sustained like in the SCN  (Kaeffer & Pardini, 2005). Thus, daily 

hormonal and neural signals conveyed by the SCN can synchronize clock gene 

oscillations in the tissues and thus regulate cellular functions in a circadian manner. 

However, some clock genes in peripheral organs can also be synchronized to food-

related cues (Mukherji et al., 2015). This is especially relevant when feeding 

behavior occurs in contradiction to the expected time (i.e., eating during the resting 

phase), which will be further discussed below.  

1.3  Circadian disruption and metabolic disease 

1.3.1  Shift work 

As reviewed above, the hypothalamus plays a central role in metabolic regulation by 

adjusting behavior and physiology to the time of the day. In contrast, a major part of 

the modern human population displays behaviors that do not match what their 

circadian system dictates. One clear example is shift workers, who change their 

regular activity and feeding patterns depending on their working hours. In many 

cases, shift workers need to change their activity period to the night, when they 



should be sleeping. Many epidemiological studies have shown that this condition 

increases the risk for different diseases, including dyslipidemias, hypertension, and 

obesity, all hallmarks of metabolic syndrome (Bonham, Bonell, & Huggins, 2016; 

Sun et al., 2018). This increased risk may be explained by different factors present 

in night workers, such as eating more calories, feeding at night, and sleeping less. 

Several animal models have been developed to dissect the role of each of these 

factors in metabolic disease (Opperhuizen et al., 2015), which will be addressed 

below. 

1.3.2  Feeding schedules 

Food intake is typically associated with the active phase of organisms, in humans, 

corresponding to the day. Furthermore, how organisms manage food-related 

components also depends on the time of the day; for example, hyperglycemia lasts 

longer after an evening meal than the same morning meal (Van Cauter, Polonsky, & 

Scheen, 1997). Since shift workers eat during the period when they normally 

wouldn't (reverse feeding), two situations occur: 1) food-related components like 

glucose represent an unexpected signal to the hypothalamus and other metabolic 

organs, and 2) the longer presence of circulating metabolites represents a persistent 

signal to the hypothalamus and other organs. These two cases could lead to 

metabolic disease, but the exact mechanisms remain unknown. 

Several animal studies have shown that feeding-related components synchronize 

peripheral organs like the liver and muscle (Opperhuizen et al., 2016; Salgado-

Delgado et al., 2013). In this sense, reverse feeding decouples clock gene 



oscillations in peripheral organs from the central oscillator, the SCN, which is mainly 

synchronized to the light/dark cycle (Mukherji et al., 2015). This has led to the 

hypothesis that the metabolic disease observed in reverse feeding is associated with 

internal desynchronization, where circadian oscillators are not synchronized 

amongst each other (Oosterman, Wopereis, & Kalsbeek, 2020). Although this 

hypothesis has been widely supported, it is still not clear whether internal 

desynchronization leads to disease and how that process occurs. One study 

challenged this hypothesis by generating genetically modified mice that had a 

different oscillation period in the SCN (approximately 27 hours) than in the rest of 

the organs (24 hours) (van der Vinne, Swoap, Vajtay, & Weaver, 2018). These mice 

had an uncoupling of approximately 6 hours between central and peripheral clock 

gene oscillations; nevertheless, they did not show any metabolic issues. Moreover, 

another study questioned the capacity of food-related cues to synchronize circadian 

rhythms in organs when food intake occurs in natural patterns, i.e. not restricted to 

a period of 12 hours or less, commonly used in reverse-feeding studies (Xie et al., 

2020). These studies raise the question of whether indeed internal desynchrony 

promotes metabolic issues in reverse feeding or other mechanisms are involved. 

Chapters 2 and 4 of this thesis will discuss this matter extensively. 

1.3.3  Constant light  

Light is a crucial synchronizing signal for the circadian system. The SCN receives 

direct innervation from light-sensitive cells in the retina and adjusts its endogenous 

rhythmicity according to the external light-dark cycle (Golombek & Rosenstein 2010; 

Buijs, Escobar, & Swaab 2013). Since shiftwork increases exposure to light at night, 



light would activate the SCN in a period where it should not be active. Thus, light at 

night impedes the SCN’s endogenous synchronization and, consequently, affects its 

output to the rest of the body.  

Several animal studies have shown that constant light desynchronizes clock genes 

in the SCN and the periphery (Challet et al., 2003; Yamamuro et al., 2020). In the 

long term (4 weeks), this affects organ function, promoting fat accumulation and 

glucose intolerance (Coomans et al., 2013; Fonken & Nelson, 2014). Importantly, 

the effects of constant light on metabolism can be diminished by exogenously 

reestablishing some rhythmic hormonal signals such as corticosterone and 

melatonin, along with restricting food to a 12-hour period (Báez-Ruiz et al., 2017). 

This reinforces the idea that reestablishing timely hypothalamic signals can improve 

synchronization among the periphery and thus partially reestablish metabolic 

homeostasis.  

One issue that has not been addressed sufficiently is how light at night could interact 

with conflicting feeding schedules. In diurnal humans, feeding, activity, and light 

usually coincide in the same period — the daytime. However, in shift workers, these 

variables might not fully coincide, or they might do so in the nighttime, a period where 

the circadian system would not anticipate light and food. Therefore, the contribution 

of light to the metabolic impact of reverse feeding will be fully addressed in Chapter 

2 of this thesis. 



1.4   Aim and scope 

The present thesis explores the relationship between the circadian system and 

metabolism. Since different studies have already provided evidence to link these two 

systems, the current work is focused on the mechanisms that underlie this 

relationship. In this sense, different hypotheses will be presented along with 

experimental data to support them. 

Chapter 2 explores a previously overlooked relationship in the field of chrono-

disruption in rodents: the conflict between light and food. On the one hand, feeding 

during the day is associated with metabolic disease (Salgado-Delgado et al., 2013); 

on the other, light exposure can acutely change metabolism (Opperhuizen et al., 

2017). Thus, we aimed to determine if these two conflicting signals could be involved 

in the appearance of metabolic disease by the experimental approach of a skeleton 

photoperiod. This chapter has been published in the Journal Advanced Biology. 

Chapter 3 explores the relationship between leptin and the circadian system. Leptin 

is an adipokine, traditionally related to the inhibition of feeding behavior. However, 

we present evidence beyond its traditional role regarding the circadian temperature 

regulation. We also discuss some of the implications of these data for circadian 

physiology and obesity.  

Chapter 4 includes a general conclusion and final remarks regarding the relationship 

between the circadian system and metabolism in the context of metabolic disease. 



In addition, other publications generated during my doctoral studies are attached at 

the end of the thesis for reference.  
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2.1  Abstract 

Eating during the rest phase is associated with metabolic syndrome, proposed to 

result from a conflict between food consumption and the energy-saving state 

imposed by the circadian system. However, in nocturnal rodents, eating during the 

rest phase (day-feeding, DF) also implies food intake during light exposure. To 

investigate whether light exposure contributes to DF-induced metabolic 

impairments, animals receive food during the subjective day without light. A skeleton 

photoperiod (SP) is used to entrain rats to a 12:12 cycle with two short light pulses 

framing the subjective day. DF-induced adiposity is prevented by SP, suggesting 

that the conflict between light and feeding stimulates fat accumulation. However, all 

animals under SP conditions develop glucose intolerance regardless of their feeding 

schedule. Moreover, animals under SP with ad libitum or night-feeding have 

increased adiposity. SP animals show a delayed onset of the daily rise in body 



temperature and energy expenditure and shorter duration of nighttime activity, which 

might contribute to the metabolic disturbances. These data emphasize that 

metabolic homeostasis can only be achieved when all daily cycling variables are 

synchronized. Even small shifts in the alignment of different metabolic rhythms, such 

as those induced by SP, may predispose individuals to metabolic disease. 

2.2  Introduction 

Metabolic syndrome is a complex, multifactorial disease that affects a growing 

number of people worldwide. The underlying causes are related to modern lifestyle, 

including lack of physical activity, consumption of highly caloric western diets, and 

disruption of the circadian system. Shift workers, who decouple their behavior from 

the external circadian cycles, have an increased risk for obesity, dyslipidemias, and 

impaired glucose regulation, all associated with diabetes and metabolic syndrome. 

In shift workers, at least two factors represent a risk for circadian disruption: 

exposure to light at night and food intake during the rest phase (Oosterman et al., 

2020; Pickel & Sung, 2020).  

These two factors can be modeled with rodents in a laboratory setting (Morán-

Ramos et al., 2016; Opperhuizen et al., 2015). Rats under constant light display 

increased adiposity and glucose intolerance after several weeks (Báez-Ruiz et al., 

2017; Guerrero-Vargas et al., 2017; Wideman & Murphy, 2009) and even an acute 

light pulse in the middle of the night can change glucose tolerance (Opperhuizen et 

al., 2017). Since light at night disturbs the normal functioning of the brain master 

clock, the suprachiasmatic nucleus (SCN), the altered metabolism might be caused 



by light-induced changes in the output of the SCN to peripheral organs, ultimately 

resulting in circadian desynchrony among them. 

Rodents that are forced to eat during their rest phase (day-feeding, DF) also develop 

metabolic impairments. DF does not only cause a misalignment between the central 

brain clock and the peripheral clocks, but also desynchronizes clock gene rhythms 

among different organs and leads to increased adiposity and glucose intolerance 

(Bechtold, Gibbs, & Loudon, 2010; Salgado-Delgado et al., 2008; Salgado-Delgado 

et al., 2013; Wang et al., 2017) . It has been suggested that DF provokes an internal 

conflict between food consumption and the energy-saving state imposed by the 

SCN. However, in nocturnal rodents, DF also implies food intake during light 

exposure, which may exert metabolic changes per se. From this perspective, the 

metabolic impairments derived from DF could also arise from a conflict between light 

exposure and food intake, which normally occur separately in nocturnal rodents. 

To test the hypothesis that metabolic disease arises from the conflict between light 

and feeding, we exposed animals to DF in the absence of light. To prevent animals 

from free-running under constant darkness, we used a skeleton photoperiod (SP), 

where animals are maintained in complete darkness except for two 30-min light 

pulses indicating the beginning and end of the subjective day (Pittendrigh & Daan, 

1976). The SP is supposed to mimic an animal’s natural behavior in the burrow, i.e., 

emerging from the darkness of the burrow to sample the presence or absence of 

environmental light. It is well documented that SP entrains locomotor activity rhythms 

in several rodent species (Daan & Pittendrigh, 1976; Flôres & Oda, 2020; Strubbe, 

Spiteri, & Alingh Prins, 1986). 



Under SP or a regular 12:12 light-dark photoperiod (LD), we restricted food intake to 

the subjective day (DF), subjective night (NF), or allowed animals to eat ad libitum 

(AL). After four weeks, we assessed glucose tolerance, adiposity, and temperature 

rhythms. Since we found unexpected effects of the SP, we performed a second 

experiment to further evaluate these effects on metabolic rhythms under AL feeding 

conditions. Finally, we tested the metabolic effects of the lack of light during the day 

by exposing rats to constant darkness. Taken together, the present data suggest 

that metabolic impairments are not only induced by a complete reversal of the timing 

of food intake, but minor shifts in metabolic rhythms induced by an SP also cause 

metabolic disturbances. 

2.3  Hypothesis 

- The absence of light during day-feeding in rats will prevent the day-feeding-induced 

metabolic impairments. 

2.4  Objectives 

- Evaluate glucose tolerance and adiposity after four weeks under a skeleton or 

normal 12:12 photoperiod and three different feeding regimes: day feeding, night 

feeding or ad libitum feeding. 

- Assess metabolic rhythms (temperature, energy expenditure, locomotor activity 

and respiratory exchange quotient) in rats exposed to a skeleton or normal 

photoperiod and ad libitum feeding. 

- Evaluate the effect of total lack of light on glucose tolerance and adiposity. 



2.5  Methods 

2.5.1  Animals. 

This study was conducted in accordance with the guidelines and requirements of the 

World Medical Association Declaration of Helsinki (1964), approved by the local 

ethics committee, and performed following the guidelines on animal experimentation 

of the Mexican Official Norm NOM-062-ZOO-1999 and the Netherlands Institute for 

Neuroscience (NIN) to minimize animal suffering. Male Wistar rats of 270-300 g and 

approximately nine weeks of age from the Unidad Académica Bioterio, Faculty of 

Medicine (Universidad Nacional Autonoma de Mexico, Mexico City) (Experiment 1 

and 3), and from Charles River (Sulzfeld, Germany) (Experiment 2) were housed 

individually at room temperature (20-23 °C) under a standard 12:12 light-dark cycle, 

(lights on at 7:00 am) with water and food ad libitum, unless stated otherwise.  

2.5.2.  Experiment 1. Day-feeding in the absence of light and the use of the skeleton 

photoperiod. 

To evaluate the contribution of light to the metabolic impairments in DF, we subjected 

rats to a standard 12:12 photoperiod (LD), or a skeleton photoperiod (SP), which 

consisted in exposing animals to complete darkness except for two 30-min light 

pulses at the beginning and end of the subjective day. Standard laboratory 

fluorescent lighting (Clough, 1982) of approximately 380 lux was used for both LD 

and SP groups. After one week in the respective photoperiod (baseline, week 0), 

both groups were subjected to food restriction during the day (DF) for 11 hours (from 

ZT 0.5 to ZT 11.5). In addition, we used four other control groups with ad libitum 



feeding (AL) or night-restricted feeding (NF) under LD or SP conditions. NF animals 

were also subjected to food restriction for 11 hours in the subjective night (from ZT 

12.5 to ZT 23.5). This experimental design gave a total of 6 experimental groups: 

LD-AL, SP-AL, LD-DF, SP-DF, LD-NF, and SP-NF (Figure 1.1a). Each group 

included eight animals (n = 8). Rats were subjected to the respective photoperiod for 

one week (baseline, week 0) and then placed under AL, DF or NF for 11 hours (ZT 

12.5 to ZT 23.5) for four weeks. Food intake and body weight were measured weekly 

on the same day, during the evening light pulse. Four weeks after food restriction or 

ad libitum feeding, animals underwent a glucose tolerance test. One week later, 

animals were euthanized to collect their retroperitoneal (pWAT), epididymal (eWAT), 

and inguinal subcutaneous (scWAT) fat.   

2.5.2.1  Glucose tolerance test.  

Glucose tolerance tests were performed after four weeks of the experiment. Animals 

were transferred to a separate experimental room to avoid stressful conditions and 

fasted for 12 hours overnight. At ZT 0, they were administered intraperitoneally with 

1 mg kg-1 of glucose (1 mL), and blood was sampled via tail puncture at 0, 15, 30, 

60, and 120 minutes after the injection. Glucose was measured with the commercial 

glucometer Accucheck®.  

2.5.2.2  Euthanasia and tissue collection.  

Rats were sacrificed using an overdose of sodium pentobarbital (215 mg kg-1). 

Retroperitoneal, epididymal, and subcutaneous inguinal fat pads were dissected and 



weighed. Fat mass was calculated as the percentage with respect to total body 

weight. 

2.5.2.3. Temperature measurements 

To monitor core body temperature, rats were implanted with sterilized intraperitoneal 

temperature sensors (iButton Sensor- Temperature Logger; Maxim Integrated 

Products), which collected temperature data every 30 min. Animals were allowed to 

recover for a week before starting experimental procedures. Incomplete or failed 

temperature recordings were not considered for the analysis. Therefore, the sample 

sizes for the temperature data are the following: LD-AL, n = 5; SP-AL, n = 6; LD-DF, 

n = 6; SP-DF, n = 5; LD-NF, n = 6; SP-NF, n = 7.   

2.5.3  Experiment 2. Skeleton photoperiod and metabolic rhythms. 

 To further evaluate how SP modifies metabolic rhythms, we performed indirect 

calorimetry analysis on two groups of animals subjected to either LD (n = 6) or SP 

(n = 6) and ad libitum feeding. These animals were first subjected to one week of LD 

(week 0) to determine their baseline measures of food intake, locomotor activity, 

energy expenditure (EE), and respiratory exchange ratio (RER). Then, they were 

maintained in LD or transferred to SP, and the same measures were obtained for 

weeks 2 and 4 after placement in the respective photoperiod. Total body mass and 

fat mass were measured using EchoMRI. These measurements were performed 

weekly (on the same day of the week) during the daytime. 



2.5.3.1 Indirect calorimetry. 

Animals were placed in metabolic cages (TSE systems) that allowed the continuous 

monitoring of food intake, locomotor activity, oxygen consumption, and carbon 

dioxide production. Energy expenditure and RER measurements were obtained from 

the TSE system. 

2.5.4  Experiment 3. Metabolic parameters after four weeks of constant darkness. 

To determine if the metabolic issues in SP animals were due to the absence of light, 

we exposed animals to constant darkness for four weeks (DD-AL group). Food 

intake and body weight were measured weekly under dim red lighting (2 lux); the red 

incandescent lamp was only turned on briefly during the measurement, which was 

performed at the end of the subjective day (ZT11). Four weeks later, animals 

underwent a glucose tolerance test. One week later, animals were euthanized to 

measure their retroperitoneal (pWAT), epididymal (eWAT), and inguinal 

subcutaneous (scWAT) fat mass.   

2.5.5  Data analysis  

2.5.5.1 Cosinor analysis  

Cosinor analysis was performed with Python, using the code available at 

https://github.com/rodrigo-moreno/Cosinor_Analysis. For each variable (Experiment 

1, temperature; Experiment 2, activity, food intake, energy expenditure and RER), 

we calculated the 3-day average of each time point for each animal, considering 

three days where the animals were left undisturbed. The data was adjusted to a 

cosine curve; adjustment to the curve (r2), amplitude, mesor, and acrophase were 

https://github.com/rodrigo-moreno/Cosinor_Analysis


calculated for each variable. In addition, we performed a serial analysis using the 

Heaviside function as described in Díez-Noguera, 2013 (Díez-Noguera, 2013) to 

calculate the onset and offset of all variables.  Briefly, this procedure estimates the 

timepoint at which the values of the measured variable surpass the daily mean 

(onset) or decrease below the daily mean (offset).  Then, the alpha was calculated 

by subtracting offset-onset values. 

2.5.5.2 Statistical analysis 

All statistical analyses were performed with GraphPad Prism 5 software. Results are 

expressed as the mean ± the standard error of the mean (S.E.M.) unless stated 

otherwise. For all statistical analyses, significance was set at an alpha of 0.05 or 

lower. 

For experiment 1, the data was tested for normality using the Kolmogorov-Smirnov 

test and for homogeneity of variances using the Brown-Forsythe test. If the data had 

a normal distribution and homogeneity of variances, two-way ANOVAs were 

performed (Feeding × Photoperiod). When significant effects were found, Dunnet’s 

test was used to compare each group against the LD-AL control. The data regarding 

initial weight and food intake (Figure S1) were analyzed with a one-way ANOVA, 

considering that the food restriction had not been implemented yet. For the GTT 

(Figure 2.2d-i, 7b), the difference between each timepoint and the basal glucose 

level was plotted, and the area under the curve (AUC) was calculated for each 

animal considering all peaks above the baseline. Since the values for the 

temperature onset, offset, acrophase, and adjustment to the cosine curve did not 



show homogeneity of variances (Figure 2.3g,h, Table S1), two-way ANOVAs were 

not performed in these datasets.  

For experiments 2 and 3, the data was tested for normality using the Kolmogorov-

Smirnov test and for homogeneity of variances using the Brown-Forsythe test. Then, 

unpaired t-tests were performed. When the data showed significantly different 

variances, an unpaired t-test with Welch’s correction was performed. For fat mass, 

body mass, daily food intake and daily activity (Figure 2.4a,b), a two-way ANOVA 

for repeated measures (Group × Time) was performed, followed by Sidak’s test 

comparing both groups  in each time point.  

2.6  Results  

2.6.1 The effect of day-feeding and skeleton photoperiod on adiposity, weight gain, 

and glucose tolerance. 

Rats were subjected to either a skeleton photoperiod (SP) or a standard 12:12 light-

dark cycle (LD). After one week in the photoperiod, rats were subdivided into ad 

libitum feeding (AL), day-feeding (DF), or night-feeding (NF) (Figure 2.1a). Four 

weeks after remaining in the corresponding feeding schedule, rats were subjected 

to a glucose tolerance test. Finally, the retroperitoneal (pWAT), epididymal (eWAT), 

and subcutaneous (scWAT) fat pads were dissected and measured. 

Under AL conditions, rats exposed to the SP had higher scWAT (approximately 33% 

more) compared to their LD counterparts (Figure 2.1c). As expected, LD-DF had 

increased scWAT (approximately 41% more) compared to the LD-AL control (Figure 

2.1c); but the SP-DF group, which was not exposed to light during the feeding period, 



did not increase its adiposity (Figure 2.1b-d). The SP-NF group also displayed higher 

adiposity affecting the three fat pads (approximately 53% more for pWAT, 50% for 

eWAT, and 56% for scWAT) (Figure 2.1b-d), while the LD-NF group showed normal 

adiposity. The two-way ANOVA indicated a significant interaction of Photoperiod × 

Feeding for pWAT (F(2,41)=5.862, P= 0.0058), eWAT (F(2,41)=5.566, P=0.0073), and 

scWAT (F(2,40)=9.582, P=0.0004). 

The increased adiposity observed in SP-AL and SP-NF groups was not associated 

with body weight gain or weekly food intake (Figure 2.1e-f) since these two groups 

had similar measures to those of the LD-AL and LD-NF controls. Conversely, LD-DF 

rats, which showed increased adiposity, exhibited lower body weight gain compared 

to the LD-AL control group (Figure 2.1e). However, SP-DF rats had similar body 

weight gain to those in the other groups. Food intake in the last week of the 

experiment was significantly lower in the LD-DF (approximately 79% of the food 

consumed by the control group) and SP-DF groups (approximately 81% of the food 

consumed by the control group) compared to the LD-AL control (Figure 2.1f). The 

two-way ANOVA confirmed a significant effect of Feeding on weekly food intake 

(F(2,37)=12.09, P<0.0001). In agreement with this, feed efficiency was lower in the 

LD-DF group compared to the LD-AL control (P=0.0106) (Figure 2.1g). Of note, body 

weight and food intake at the beginning of the experiment were similar among groups 

(Figure S1), indicating that the differences in body weight gain and food intake at the 

end of the experiment were associated with the food restriction.  



 

Figure 2.1. Skeleton photoperiod increased adiposity except during day-

feeding. a) a) Schematic representation of the experimental design. Rats were 

assigned to a 12:12 light-dark cycle (LD) or a skeleton photoperiod (SP) with food 

available ad libitum (AL), restricted feeding for 11 hours during the subjective day 

(DF), or restricted feeding for 11 hours during the subjective night (NF). b-d) 

Percentage of retroperitoneal (pWAT, b), inguinal subcutaneous (scWAT, c), and 

epididymal (eWAT, d) adipose tissue respective to body weight after four weeks of 

experimental treatment. d) Body weight gain after the four weeks of experimental 

treatment. e) Total food intake of the last week of the experiment (Week 4). g) Feed 

efficiency (weight gain · food intake-1) in the last week of the experiment (Week 4).  

n =8 for all groups. Data are represented as mean ± S.E.M. *P<0.05, **P<0.01, 

****P<0.0001 with respect to the LD-AL control group after Dunnet’s test. 

 



To further evaluate the metabolic state of the different groups, we subjected animals 

to a glucose tolerance test (GTT) at ZT 0 (Figure 2.2). Basal glucose levels did not 

differ significantly among groups (Figure 2.2a). All groups reached the highest blood 

glucose levels 15 min after the glucose injection (Figure 2.2d-i). The two-way 

ANOVA showed a significant effect of Feeding on circulating glucose at this 

timepoint (F(2,40)=3.559, P=0.0378); the change in glucose levels in LD-DF animals 

at this time point was significantly higher than in the LD-AL group (approximately 

89% more than the control group) (Figure 2.2b). In addition, the two-way ANOVA for 

the area under the curve (AUC) of the GTT (Figure 2.2c) confirmed a significant 

effect of Photoperiod on the AUC (F(1,40)=4.507, P=0.040), indicating that the SP 

induces glucose intolerance independently of the feeding schedule. 



 

Figure 2.2 Day-feeding and skeleton photoperiod induce glucose intolerance. 

a) Circulating glucose levels at the start of the glucose tolerance test (GTT) 

performed at ZT 0 after four weeks of experimental treatment. b) Change in 

circulating glucose after 15 min of intraperitoneal glucose administration. c) Area 

under the curve (AUC) of the GTT for each experimental group. Two-way ANOVA 

(photoperiod × feeding) indicated a significant effect of the photoperiod on AUC.  d-

i) Change in circulating glucose after glucose injection in LD-AL (d), LD-DF (e), LD-

NF (f), SP-AL (g), SP-DF (h), and SP-NF (i) groups. n =8 for all groups. Data are 

presented as mean ± S.E.M.  **P<0.01 compared to the LD-AL control after Dunnet’s 

test. 
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2.6.2 Both day-feeding and skeleton photoperiod change body temperature. 

DF protocols are known to alter the daily temperature rhythm, shifting the 

temperature acrophase earlier into the day (Roberto Salgado-Delgado, Angeles-

Castellanos, Saderi, Buijs, & Escobar, 2010). Thus, we analyzed the body 

temperature rhythm of all groups. All groups showed a rhythm in body temperature 

(Table S1, Figure 2.3a-f). The SP groups showed an apparent delay in the 

temperature onset (i.e. the moment when body temperature rises in preparation for 

the activity period) compared to their LD counterparts (Figure 2.3g). However, the 

values for the temperature onset had significantly different variances among groups 

as detected with the Brown-Forsythe test (P=0.0057) (Figure 2.3g), so further 

statistical analysis to compare the means was not performed.  Similarly, the 

temperature offset (Figure 2.3h) and acrophase (Table S1) showed different 

variances among groups (offset, P=0.0022; acrophase, P=0.0004), indicating that 

the treatments affect intra-group variability in the temperature rhythm. Therefore, the 

description of these three variables (temperature onset, offset and acrophase) is 

merely qualitative.  

In the LD-DF group, the temperature onset, offset, and acrophase were shifted to an 

earlier moment of the LD cycle (Figure 2.3b, Table S1), indicating that the overall 

temperature rhythm shifts towards the period of food intake. In contrast, the 

temperature onset and acrophase of SP-DF animals was closer to that of LD-AL 

animals (Figure 2.3e,g and Table S1), and only the temperature offset was shifted 

earlier like the LD-DF group (Figure 2.3h). Consequently, the duration of high 

temperature during the nighttime (alpha=offset-onset) was significantly shorter in 



SP-DF compared to LD-AL (P<0.0001 after two-way ANOVA and Dunnet’s test). A 

significantly shorter temperature alpha was also observed in SP-AL animals (P = 

0.0265) (Figure 2.3i).  

Taken together, these apparent changes in the temperature rhythms could mean 

that the SP affects metabolic rhythms per se, which is further described in the next 

section. 

 

Figure 2.3. Day-feeding and Skeleton photoperiod change the temperature 

rhythm. a-f) Daily temperature rhythm of LD-AL (a), LD-DF (b), LD-NF (c), SP-AL 

(d), SP-DF (e), and SP-NF (f) animals, obtained as the average of 3 days of the last 

week of the experiment. Horizontal dotted lines indicate the overall daily average, 

and vertical lines indicate the onset and offset of the temperature rhythm. Shaded 



areas indicate “lights-off,” and yellow lines represent light pulses. g-i) Temperature 

onset (g) offset (h), and alpha (i, offset-onset) during the last week of the experiment. 

LD-AL, n = 5; SP-AL, n = 6; LD-DF, n = 6; SP-DF, n = 5; LD-NF, n = 6; SP-NF, n = 

7. The data in a-f and i are presented as mean ± S.E.M. *P<0.05 ****P<0.0001 

compared to the LD-AL control after Dunnet’s multiple comparison test. The data in 

g and h are presented as box plots (median with minimal and maximal values), since 

the temperature onset and offset showed significantly different variances after 

Brown-Forsythe test (onset, P=0.0057; offset, P =0.0022).  

 

2.6.3 Skeleton photoperiod changes metabolic rhythms in specific moments of the 

circadian cycle. 

In the previous sections, we described that SP induces glucose intolerance and 

higher adiposity, suggesting that SP may promote an anabolic state. Since no 

previous study had reported metabolic effects of an SP, we performed a new 

experiment with LD and SP animals under ad libitum conditions to better understand 

these effects. We measured the fat mass and whole-body metabolic rhythms of LD 

and SP animals under AL feeding for 4 weeks. Confirming our previous results, SP 

animals significantly increased their fat mass in the fourth week in SP (Figure 2.4a). 

Two-way ANOVA for repeated measures showed a significant Week × Group 

interaction (F(4,40) = 4.396, P=0.0049). These changes were not accompanied by 

differences in total body mass, which remained similar between both groups 

throughout the experiment (Figure 2.4b).  

Total food intake was not different between both groups (Figure 2.4c). However, food 

intake during the subjective day significantly increased after the second week in SP, 



although the overall day-night difference in this behavior clearly remained (Figure 

2.4c). Similarly, the amount of locomotor activity (as measured by infrared light 

beams) also increased during the subjective day in SP animals, but the total amount 

of locomotor activity did not differ from LD animals (Figure 2.4d). 

 

Figure 2.4. Skeleton photoperiod increases adiposity without changing total 

food intake or body mass in animals fed ad libitum.  a) Percentage of fat mass 

with respect to body weight and b) Total body mass of LD and SP animals through 

the four weeks of experimental treatment. c) Average 24-hr food intake and d) 

locomotor activity of LD and SP animals in weeks 0 (baseline), 2, and 4, including 

day (light shade) and night (dark shade) intake and activity. n = 6 in both groups. 



Data are presented as mean ± S.E.M.  * P<0.05, **P<0.01, ***P<0.001, ****P<0.0001   

with respect to the LD control group in the same week. 

 

By analyzing locomotor activity every 30 min, we observed that SP animals 

increased their activity in the early morning (ZT 2-ZT 3.5) and decreased it at the 

transition from the subjective day to the subjective night (ZT 12) (Figure 2.5a,e). 

Similarly, food intake showed several bouts during the day and decreased at the end 

of the night (ZT 23) (Fig 5b,f). 

Indirect calorimetry analysis showed that 24-h energy expenditure (EE) of SP 

animals was not significantly different from the LD control (Figure 2.5c,g), but the 

amplitude of the rhythm was significantly lower (Table S2). Conversely, SP animals 

had a lower respiratory exchange ratio (RER) enduring the major part of the active 

period and the first half of the resting period (Figure 2.5d,h). The amplitude of the 

RER rhythm was also decreased in SP animals compared to LD animals (Table S2). 

Taken together, these data suggest that SP shows lower metabolic flexibility for 

switching between the use of fat or carbohydrates as a fuel source. In addition, the 

changes in EE and RER rhythms appeared in the second week of SP exposure 

(Figure 2.5 c,d; Table S2), before the significant increase in fat mass (Figure 2.4), 

supporting the idea that the changes in the daily rhythms of RER and EE are 

responsible for the increased fat accumulation.   

 

 



 

Figure 2.5. Skeleton photoperiod changes metabolic rhythms at specific 

moments of the circadian cycle.  a-d) Average heat maps of a) locomotor activity, 

b) food intake, c) energy expenditure (EE), and d) respiratory exchange ratio (RER), 

in LD and SP animals fed ad libitum during weeks 0 (baseline), 2, and 4. e-h) Daily 

profile of locomotor activity (e) food intake (f), EE (g), and RER (h) representing the 

mean temperature obtained from 3 days of week 4 in both experimental groups. 

Shaded areas indicate “lights-off,” and yellow lines represent light pulses for the S  



group. n = 6 for all measures in both groups. Data are presented as mean ± S.E.M., 

* P<0.05 in each timepoint after multiple t-tests. 

 

2.6. 4 Skeleton photoperiod uncouples the different metabolic rhythms  

Further analysis of the locomotor activity rhythm showed no significant differences 

in the onset, acrophase, and offset between the SP and LD groups (Figure 2.6a). 

However, because the onset was slightly shifted later into the subjective night in the 

SP group (Figure 2.6a), there was a significant decrease in the duration of nighttime 

activity, i.e. alpha (approximately, a 10% decrease) (Figure 2.6b) compared to the 

LD control. 

SP animals also shifted the acrophase of food intake earlier than the LD control. 

Furthermore, in SP animals, the EE onset shifted later into the subjective night 

(Figure 2.6a), similar to what was observed for the daily rhythm in body temperature 

(Figure 2.3), and the EE offset shifted earlier (Figure 2.6a). Together these changes 

resulted in a significantly shorter EE alpha (approximately, a 14% decrease)  (Figure 

2.6b), which could explain the increased adiposity observed in SP animals. The 

onset, acrophase, and offset of the RER were shifted earlier (Figure 2.6a), but no 

differences were found in RER alpha between the SP and LD groups (Figure 2.6b). 

In LD animals, the onset of activity roughly coincided with the onset of food intake, 

EE, and RER because these variables all increase in preparation for the activity 

period. However, in SP animals, these onsets were more dispersed; the standard 

deviation between them was higher in SP than in LD animals (t(10) =2.353, P=0.0404) 



(Figure 2.6c). Such a dispersion was not observed for the acrophases or the offset 

(Figure 2.6d,e), indicating specificity for the anticipation of the incoming activity 

period. These changes suggest that although SP does not affect the overall 

synchronization of each of the metabolic rhythms to the photoperiod, it does cause 

a slight uncoupling of these rhythms, especially for the anticipation of the upcoming 

activity period (evidenced by the significantly increased dispersion of the onsets, 

which doubled in the SP group), which might have an impact on energy metabolism. 

 

Figure 2.6. Skeleton photoperiod uncouples metabolic rhythms at the day-

night and night-day transition periods.  a) Onset, acrophase, and offset of LD-AL 

and SK-AL groups. Dotted vertical lines indicate the average of all onsets, 

acrophases, or offsets for the LD-AL group. b) Alpha of locomotor activity, food 

intake (FI), energy expenditure (EE), and respiratory exchange ratio (RER) of both 

groups. c-e) Standard deviation (SD) of the averaged onsets (c), acrophases (d), 

and offsets (e) of all variables for each group. n = 6 for all variables of both groups. 

Data are presented as mean ± S.E.M. *P<0.05, **P<0.01, ***P<0.001 after unpaired 

t-test. ZTs above 24 hours are included for observational purposes, being ZT24=ZT0 

and ZT28=ZT4. 



 

2.6.5 The metabolic effects of the SP appear not related to the conflict between food 

and light. 

Finally, we investigated whether the metabolic effects of the SP could be due to the 

lack of light during the day, since previous studies suggest that constant darkness 

promotes an energy-saving state in mice (Zhang et al., 2006). Therefore, rats were 

exposed to constant darkness for four weeks under ad libitum feeding conditions 

(DD-AL group). Their food intake, weight gain, glucose tolerance, and adiposity were 

compared to the LD group. We did not find any significant differences in these 

parameters between DD-AL and LD-AL animals (Figure 2.7a-e), indicating that the 

complete absence of light for four weeks does not seem to impact metabolism in 

rats. 



 

Figure 2.7. Exposure to four weeks of constant darkness does not change 

adiposity and glucose tolerance. a) Percentage of retroperitoneal (pWAT), 

epididymal (eWAT), and inguinal subcutaneous (scWAT) adipose tissue respective 

to body weight after four weeks of constant darkness (DD) or a 12:12 light-dark cycle 

(LD) under ad libitum feeding (AL). b) Intraperitoneal glucose tolerance test, and c) 

total weight gain after four weeks in the respective photoperiod. d) Food intake 

during the fourth week of the experiment for each group. e) Area under the curve of 

the GTT for both experimental groups.  LD-AL, n = 8; DD-AL, n = 4. Data are 

represented as mean ± S.E.M. No significant differences were found after unpaired 

t-tests.



2.7  Discussion 

2.7.1 The conflict between light and food during the day. 

In nocturnal animals, feeding during the rest phase coincides with light exposure. In 

this sense, the present study aimed to resolve a critical issue in chronobiology: “What 

is the contribution of light to metabolic disturbances observed under daytime feeding 

in rats?” Using S , we observed that the absence of light prevents D -induced 

adiposity, but glucose intolerance persisted in D . This suggests that “incorrect” 

timing of food intake is not the sole mechanism driving metabolic disease, but that 

the conflict between light and food is also involved. Reinforcing the importance of 

the presence or absence of light, SP increased adiposity and decreased glucose 

tolerance even without time-restricted feeding, indicating the strong effects of SP on 

energy metabolism.  

Although SP and DF both impair glucose tolerance, the mechanism underlying their 

effect on metabolism might be different. This is nicely illustrated by the body 

temperature rhythm of the SP-DF group, which shows an offset around ZT22 (closer 

to the LD-DF group) but an onset around ZT12 (closer to the SP-AL group) (Figure 

2.3). Another indication of the differential effects of DF and SP is that LD-DF animals 

show a lower body weight gain than LD-AL animals, but SP-DF animals do not 

(Figure 2.1e). In agreement with this, feed efficiency was decreased in the LD-DF 

group but not in the SP-DF group (Figure 2.1g). The fact that the LD-DF has high 

adiposity despite lower feed efficiency is a clear indication of the profound metabolic 

reorganization induced by DF, while the normal adiposity in SP-DF could be 

explained by SP-driven mechanisms that, under DF conditions, defend normal body 



weight gain at the expense of fat accumulation. In addition, the presence of light in 

LD-DF animals could inhibit feed efficiency under DF conditions; therefore, the lack 

of light in SP might have prevented the decreased feed efficiency in the SP-DF 

group.  

Many studies have reported that DF uncouples daily clock gene rhythms among 

peripheral tissues (Damiola et al., 2000; Opperhuizen et al., 2016; Salgado-Delgado 

et al., 2013), but DF also promotes a circadian conflict in energy-regulating centers 

in the brain (Ramírez-Plascencia et al., 2017). It is still unclear if the peripheral 

disturbance precedes the central disturbance or if they both appear simultaneously. 

In this sense, glucose intolerance in the LD-DF group could appear as a 

consequence of internal desynchronization (Mukherji et al., 2015). In contrast, it is 

unlikely that SP acutely affects peripheral organs without the involvement of the 

brain, since the nervous system is responsible for light sensing. Therefore, the SP 

could change glucose tolerance via a neural pathway, as described below. 

 

2.7.2 Possible mechanisms for the metabolic effects of SP. 

The effects of SP on metabolism could be mediated by the SCN, the central clock 

regulating circadian rhythms. This nucleus receives direct input from the retina and 

is responsible for entraining circadian rhythms to the light-dark cycle. A previous 

study found that the rhythmic expression of c-fos (a neuronal activity marker) in the 

ventrolateral SCN is less robust in rats exposed to an SP compared to a full LD 

photoperiod (Schwartz et al., 1994). In addition, animals lacking the ion channel 



Nav1.1, which have impaired intra-SCN communication, show a delayed onset of 

locomotor activity despite general maintenance of circadian rhythms (Han et al., 

2012). The metabolic state of Nav1.1 KO animals has not been assessed, but other 

studies have shown that impaired intra-SCN communication may induce metabolic 

syndrome in rats (Luo et al., 2021). Thus, if SP modifies SCN activity, its output to 

other hypothalamic areas might also be changed, for instance, those that regulate 

metabolism in preparation for the activity period. However, the precise contribution 

of SP to SCN activity has yet to be determined. 

Another interesting observation is that SP animals increase their daytime feeding 

when they are allowed to eat AL, which could account for their increased adiposity, 

but restricting food intake to the day (SP-DF group) does not produce greater 

adiposity. This observation indicates that the effects observed in SP-AL cannot be 

attributed to increased feeding during the subjective day. In addition, coupling food 

intake with the period of high activity and temperature under SP conditions (the SP-

NF group) does not alleviate the metabolic problems. This result contrasts with other 

studies where restricting food to the appropriate period in nocturnal rodents mitigates 

the negative effects of a high-fat diet (Duncan et al., 2016; Hatori et al., 2012; 

Sherman et al., 2012), which further supports the idea that SP changes metabolism 

through a different mechanism independent of feeding behavior. 



2.7.3 Anticipation of day-night and night-day transitions is needed for metabolic 

balance.   

One of our most interesting findings is that SP-AL animals show time-specific 

changes in metabolic rhythms before the appearance of fat accumulation. SP 

animals fail to correctly anticipate the upcoming period of nocturnal activity, as 

demonstrated by the delayed onset of increased body temperature and energy 

expenditure. Delayed onset of activity has been observed in several other 

experimental setups that have increased adiposity and hyperglycemia, including 

clock-mutant mice (Han et al., 2012; Turek et al., 2005). The authors mainly 

attributed these effects to increased daytime feeding, but food restriction 

experiments were not performed (Turek et al., 2005). Therefore, the delayed 

preparation for the activity period might contribute to the metabolic impairments, but 

this possibility remains to be tested.  

The night-day transition period also shows important changes in SP animals 

because the offset of both EE and RER occur earlier. This contrasts with other 

studies using normal LD photoperiods showing that RER is still high after the feeding 

period has finished (Opperhuizen et al., 2016). Together with the fact that the onset 

of EE is also changed, it seems that SP affects the circadian system in such a way 

that the day-night and night-day transition phases are not anticipated properly. Since 

a high RER is related to a higher oxidation of carbohydrates, it seems that SP 

animals do not oxidize them sufficiently at the end of the subjective night and 

beginning of the subjective day, which could explain their increased adiposity. 



2.7.4 Light during the day is needed to maintain metabolic health. 

SPs have been amply used to study circadian physiology in the absence of light, 

based on the “natural” sampling of light that rodents supposedly carry out in their 

burrows (Flôres & Oda, 2020; Jud, et al., 2005; Stephan, 1983) and the phase 

response curve of light, which shows only small or no induction of phase shifts during 

the light period (Honma, Katabami, & Hiroshige, 1978). The present study also 

confirmed the entraining effect of SP even when animals are fed during the 

subjective day. However, clearly, overall entrainment to a 12:12 cycle may not be 

sufficient to maintain metabolic homeostasis.  

The SP combines light pulses with darkness during the day. This raises the question: 

Are the metabolic changes in SP animals due to the light pulses or the lack of light 

during the day? One study showed that exposing mice to complete darkness leads 

to an energy-saving state (Zhang et al., 2006). Furthermore, impairing the SCN´s 

oscillatory function produced a loss of peripheral rhythms, fat accumulation, and 

glucose intolerance, but only in constant darkness conditions (Kolbe et al., 2019). 

However, we did not observe glucose intolerance or increased adiposity in intact rats 

after four weeks of constant darkness (Figure 2.7). Thus, the metabolic impairments 

observed in SP animals must be related to the light-dark-light combination, 

emphasizing the need for a robust light signal to maintain metabolic fluctuations 

adequately aligned with the circadian time. Moreover, light pulses are known to 

promote activity and sleep acutely (Muindi et al., 2013; Pilorz et al., 2016). Since we 

found decreased activity at ZT12 in the SP group compared to the LD control (Figure 

2.5a,e), it is possible that the light pulse from ZT11.5 to ZT12 inhibited activity at this 



time point. Light also increases corticosterone secretion (Ishida et al., 2005) and 

changes liver metabolism (Cailotto et al., 2009; Opperhuizen et al., 2019) via the 

autonomic nervous system. Therefore, the SP-associated light pulses could modify 

metabolic rhythms by changing behavior or the autonomic output to the organs. 

However, it is worth noting that most studies evaluating the effects of light pulses 

have been performed during the nighttime, so the contribution of subjective-daytime 

light pulses to nocturnal rodent physiology needs to be studied further. 

The present study supports the idea that developing a metabolic syndrome-like 

phenotype may already be caused by only minor changes in rhythmicity. Delays in 

the day-night and night-day transitions —such as those promoted by SP— may 

promote metabolic disease. This may be relevant for some night workers exposed 

to an SP-like schedule (two pulses of higher-intensity light at the beginning and end 

of the day) that have a shifted melatonin rhythm (Dumont, Benhaberou-Brun, & 

Paquet, 2001). In addition, people that sleep less during weekdays typically delay 

their activity on the weekend to recover from sleep loss, which has been associated 

with metabolic disease (Depner et al., 2019). Moreover, the preference to carry out 

one’s activities later in the day (evening chronotype) is also associated with 

metabolic diseases (Vera et al., 2018; Yu et al., 2015), which further supports the 

hypothesis that delaying locomotor activity from the expected period of the day may 

contribute to metabolic impairments. 

Overall, our study indicates that a robust light-dark cycle is crucial to maintain 

metabolic homeostasis, in addition to the appropriate timing of food intake. Optimal 

energy homeostasis involves not only day-night differences in locomotor activity, but 



also proper coordination of all cycling physiological variables at every moment of the 

circadian cycle, especially during day-night and night-day transition phases. Failure 

to maintain this synchronization, either by a light disturbance such as a skeleton 

photoperiod or by food intake during the rest phase, will result in metabolic changes 

that predispose individuals to disease. 

  



Chapter 3. Leptin acts on the hypothalamus 

regulating circadian temperature rhythms.  

3.1 Abstract 

Leptin is an adipokine strongly implicated in metabolic regulation. Leptin knock-out 

mice show excessive weight gain associated with increased feeding behavior; 

therefore, leptin has been considered an important anorectic signal. However, recent 

studies using other experimental approaches have shown that leptin has many 

physiological functions beyond the inhibition of feeding behavior. In this chapter, we 

dissect the physiological functions of leptin regarding the circadian regulation of body 

temperature. We found that leptin has different effects on temperature depending on 

the moment of administration; while leptin administration at night (CT14) has no 

effect, leptin administration in the morning (CT2) increases the body temperature. 

These effects occur simultaneously with the activation of leptin’s signaling cascade 

in the brain; leptin administration at CT2 induces greater p-STAT3 immunoreactivity 

in the arcuate nucleus of the hypothalamus than CT14 administration. Furthermore, 

the presence of leptin might be an “ok” signal to the brain, helping maintain the 

normal temperature rhythm, since administering leptin to fasted animals prevents 

the fasting-induced decrease in temperature at the beginning of the day. These data 

identify a role for leptin in normal physiology beyond food intake, emphasizing that 

its action on temperature rhythms depends on the time of the day.  



3.2 Introduction 

Leptin is a hormone produced by the adipose tissue (adipokine). After its discovery 

in the 1980s, it was proposed as an important satiety signal because leptin knock-

out mice showed increased feeding behavior and obesity, which could be 

counteracted by applying exogenous leptin (Friedman & Halaas, 1998). 

Furthermore, administrating exogenous leptin to non-obese mice decreased food 

intake and body fat mass (Halaas et al., 1997). The brain mediates the effects of 

leptin on food intake. Leptin receptors are located in several hypothalamic nuclei that 

regulate food intake, including the arcuate nucleus (ARC), the ventromedial nucleus 

(VMH), and the dorsomedial nucleus (DMH) (Fei et al., 1997).  

Interestingly, circulating leptin levels oscillate in a circadian manner (Kalsbeek et al. 

2015). Since the classical function of leptin is to inhibit food intake, it seems logical 

that the rhythm in circulating leptin could be driving the circadian rhythm in food 

intake. However, this does not seem to be the case, since the peak in circulating 

leptin levels in rats has been reported at the beginning of the active period (i.e., 

night), the phase when rats eat the most (Kalsbeek et al. 2015). Thus, leptin is 

unlikely to act as a satiety signal during this period.  

Furthermore, many studies have shown that leptin correlates with weight and 

adipose tissue mass in humans and rodents (Caron et al., 2018; Mastronardi, Yu, & 

McCann, 2002a; Van Dielen et al., 2001). Thus, people with obesity have higher 

circulating leptin, but, at the same time, they show increased food intake. Therefore, 

some authors have argued that people with obesity could have leptin resistance. 



This proposal was supported by experiments where exogenous leptin applied to 

hyperleptinemic obese mice did not activate leptin’s signalling cascade as efficiently 

as in lean mice (El-Haschimi et al., 2000; Halaas et al., 1997). However, other 

studies using leptin antagonists have shown that endogenous leptin retains its 

feeding-supressing effect in mice with diet-induced obesity (Ottaway et al., 2015), 

indicating that excessive food intake in obesity conditions might not be related to 

leptin resistance. Since the concept of leptin resistance in obesity is still controversial 

(Flier & Maratos-Flier, 2017; Myers et al., 2012), we aimed to  understand further the 

physiological role of leptin to comprehend its role in disease. 

In physiological conditions, leptin decreases acutely after fasting, and food restriction 

experiments change the phase of circulating leptin (Bodosi et al., 2004; Martínez-

Merlos et al., 2004). Because of this correlation with energy reserves, some authors 

have proposed that, instead of a satiety factor, leptin signals that energy reserves 

are not under threat, and thus no adaptations to a negative metabolic balance need 

to be implemented (Rexford S. Ahima, 2008; Ravussin, Leibel, & Ferrante, 2014). In 

particular, since leptin abruptly decreases in fasting, this signal could promote the 

metabolic adaptations to fasting. i.e., increased drive to eat, increased lipolysis, and 

higher corticosterone secretion (Ahima et al. 1996; Perry et al. 2019).  

One adaptation to fasting that has not yet been explained mechanistically is the 

temperature decrease observed at the beginning of the resting period (Liu et al. 

2002). Many reports using exogenous leptin administration have shown that it affects 

body temperature through its action on the hypothalamus (Bell et al., 2018; Fischer 

et al., 2016; Wiater et al., 2013). However, it is unclear whether this occurs in 



physiological conditions since the doses of administered leptin usually surpass 

circulating leptin levels in an order of magnitude of 106. Provided that endogenous 

leptin does influence temperature, the drop in leptin levels under fasting conditions 

could be related to the fasting-induced drop in temperature. Since this temperature 

drop is only observed at the beginning of the resting period, the effect of leptin on 

temperature must be time-dependent. Therefore, we aimed to determine if leptin is 

detected differently in the ARC depending on the time of the day. Hereby, the ARC 

was chosen because it has leptin receptors (Caron et al., 2018), provides the first 

passage of leptin into the hypothalamus (Balland et al., 2014), and influences the 

circadian temperature rhythm (Guzmán-Ruíz et al., 2015b). 

3.3 Hypotheses  

- Leptin is detected differently in the hypothalamus, depending on the time of 

the day.  

- Leptin influences temperature depending on the time of the day. 

3.4  Objectives 

- Determine the basal daily rhythm of leptin in circulation and its corresponding 

detection by the hypothalamus. 

- Evaluate the effect of leptin on the temperature at different moments of the 

circadian cycle. 



3.5 Methods 

3.5.1 Animals. 

Male Wistar rats of 270-300 g from the Unidad Académica Bioterio, Faculty of 

Medicine, UNAM were housed under a standard 12:12 light-dark cycle, (lights on at 

7:00 am) with water and food ad libitum, unless stated otherwise. Room temperature 

was maintained at thermoneutrality. All experiments were conducted according to 

the Mexican norms for animal handling (NOM 062 ZOO 199) and all measures were 

taken to minimize animal use and suffering. 

3.5.2 Experiment 1. Determination of the rhythm of circulating leptin and its 

detection by the hypothalamus 

To determine the basal rhythm of leptin in circulation and its detection by the brain, 

blood and brain samples were taken at six different periods of the circadian cycle: 

CT 2, 6, 10, 14, 18, and 22. Three rats were sampled per timepoint for a total of 18 

animals. Rats were separated into cages containing three rats per cage (one cage 

per timepoint) and were transferred to a separate experimental room 24 hours before 

the experiment. On the day of the experiment, the lights remained off to eliminate 

the possible effects of lights on the measurements. A dim red light was used for 

handling and sampling under the darkness. Rats pertaining to the same cage were 

blood sampled via tail puncture and then injected with pentobarbital for perfusion.  

3.5.2.1 Blood sampling 

Approximately 500 μL of blood was obtained via tail puncture and stored in microfuge 

tubes with EDTA. The samples were maintained in ice until sera separation. To 



obtain the sera, we centrifuged the samples at 8000 rpm for 10 minutes; the sera 

were separated by manual pipetting and stored at -20°C for further processing. 

3.5.2.2 Perfusion and brain processing 

Before perfusion, the body weight of all rats was measured. Then, rats were 

administered with an overdose of pentobarbital and perfused intracardially with ice-

cold saline solution followed by 4% paraformaldehyde (PFA). Brains were extracted 

and post-fixed for 24 hours in PFA. Then, brain tissue was cryoprotected in a 30% 

sucrose solution for 24 hours. Subsequently, brains were frozen and cut into 30 μm 

sections with a cryostat. Brain sections were collected in 12-well plates with 

phosphate-buffered saline solution (PBS) for immunohistochemical processing. 

3.5.2.3 Immunohistochemistry for p-STAT3  

STAT-3 is a transcription factor that is part of the signaling cascade of leptin in the 

brain (Belgardt et al., 2009). Upon the binding of leptin to its receptor, STAT3 

becomes phosphorylated and translocates to the nucleus to promote the expression 

of other targeted genes (Belgardt et al., 2009). Thus, the presence of p-STAT3 in 

neurons indicates that those neurons responded directly to leptin; therefore, we 

measured p-STAT3 in the ARC, VMH, and SCN. Sections corresponding to the 

hypothalamus (-0.48 to -3.6 mm with respect to the bregma according to  axinos’ 

Brain Atlas (Paxinos & Watson, 2005)) were incubated in antigen retrieval buffer 

(TRIS base 10 mM, EDTA 1 mM, Tween 0.5% in deionized water) for 20 min at 

80°C. Afterward, the sections were rinsed three times with PBS and blocked with 

incubation buffer (PBS with 1%  bovine albumin) for one hour at room temperature. 



The sections were then incubated in the primary rabbit antibody for p-STAT3 (Cell 

signalling ®) diluted 1:500 in incubation buffer overnight at 4°C. The next day, 

sections were rinsed three times with PBS and incubated in a secondary biotinylated 

antibody (donkey anti-rabbit, Sigma ®) for 2 h. The sections were then rinsed three 

times with PBS and incubated for 5 min with revealing buffer (DAB 2%, NiSO4 0.6 

%, H2O2 0.012% in Tris-buffered saline solution). After triplicate rinsing, the sections 

were mounted on gelatin-covered glass slides and left to dry.  

The next day, the sections were dehydrated by placing them for 3 minutes in the 

following solutions: ethanol 10%, ethanol 90%, ethanol 100%, ethanol- xylene 1:1, 

and xylene 100%. Then, the sections were covered with Entellan ® covering medium 

and a glass coverslip. The sections were left to dry for several hours before 

observation in the microscope. 

3.5.2.4 Image processing  

The sections stained for p-STAT3 were observed in a light microscope under 10X 

magnification. Three sections corresponding to the arcuate nucleus and 

ventromedial hypothalamus (VMH) were selected for microphotography and 

counting of immunopositive cells. Digital images were processed using ImageJ 

software. The area corresponding to the arcuate nucleus or VMH was manually 

outlined, the background was substracted by 50%, and the bilateral number of 

positive cells were counted with the object counting function.  



3.5.2.5 Leptin measurement  

Serum samples were unfrozen, and 100 μL of serum were processed for leptin 

measurement by ELISA (Biovendor ®) according to the manufacturer’s instructions.  

3.5.3  Experiment 2. Injection of leptin at different timepoints. 

To determine the time-dependent effect of leptin, rats were implanted with an 

intraperitoneal temperature sensor and an intravenous jugular cannula. After 

recovery, the animals were transferred to the experimental room and fasted 

overnight. On the day of the experiment, the lights remained off to eliminate the 

possible effects of lights on the measurements. A dim red light was used for handling 

and sampling under the darkness. Rats were administered leptin via a remote 

cannula (100 μL/kg dose) at different time points: CT 2 and 14. One hour after leptin 

administration, animals were euthanized with an overdose of pentobarbital and 

perfused as described in section 4.5.2.2. Then, the brains were processed for p-

STAT3 immunohistochemistry as described in section 4.5.2.3. 

3.5.3.1 Cannula implantation surgery. 

The cannulation procedure was carried out according to Harms and Ojeda (1974) 

and Heiser (2007). Briefly, animals were anesthetized with i.p. ketamine (40-80 

mg/kg) and i.m. xylazine (5-8mg/kg). All surgical materials were sterilized with 

benzalkonium chloride. The left neck area of the rat was shaved and cleaned with 

ethanol, and a 1 cm incision was performed with a scalpel. The jugular vein was 

located and punctured. A silicone catheter with filling medium (glycerol 80%, heparin 

10%, antibiotic mixture 10%) was inserted in the vein and secured with suture thread. 



The other end of the catheter was placed subcutaneously to exit through the back of 

the animal. The distal tip of the catheter was held in place with a leather vest, as 

shown in Figure 3.1.  

 

Figure 3.1. Intravenous cannula support system. After intravenous cannulation, 

a leather vest is placed onto the animal to hold the intravenous sampling system in 

place. On the day of the experiment, the intravenous catheter is connected to a 

system to withdraw blood and administer substances (in this case, leptin) into the 

vein remotely. 

3.5.3.2 Implantation of an intraperitoneal temperature sensor. 

After cannulation, rats were implanted with an intraperitoneal temperature sensor. 

An area of approximately 2 cm2 within the lower abdomen was shaved and cleaned 

with ethanol. A skin incision of approximately 2 cm was performed with a scalpel. 



The underlying muscle tissue was carefully ripped with dissecting scissors. The 

sensor was carefully introduced into the abdominal cavity. Then, the muscle and skin 

were sutured, and the area was cleaned with ethanol. Rats were administered 

antibiotics for post-operative care and left to recuperate for seven days before the 

experiments. 

3.5.3.3 C-fos immunohistochemistry 

Sections corresponding to the hypothalamus were collected and processed for 

immunohistochemistry. The sections were incubated in the primary rabbit antibody 

for c-fos (Cell signaling) diluted 1:500 in incubation buffer overnight at 4°C. The next 

day, the sections were rinsed three times with PBS and incubated for two hours at 

room temperature with biotinylated donkey anti-rabbit antibody (Sigma), followed by 

two hours of incubation with avidin-peroxidase complex (Vector Laboratories) diluted 

1:500 in incubation buffer. Sections were then rinsed three times with PBS and 

incubated for 5 min with revealing buffer (DAB 2%, NiSO4 0.6 %, H2O2 0.012% in 

Tris-buffered saline solution). After triplicate rinsing, the sections were mounted on 

gelatin-covered glass slides and left to dry. 

3.5.4  Experiment 3. Leptin in the temperature adaptation to fasting. 

To determine whether leptin is necessary for the circadian temperature adaptations 

to fasting, we recorded the temperature of a group of rats for three days with the 

intraperitoneal sensor (section 3.5.3.1). The day before the experiment, animals 

were transferred to the experimental room, and the lights remained off to eliminate 

the possible effects of lights on the measurements. A dim red light was used for 



handling and sampling under the darkness. On the first day of the experiment, rats 

received food ad libitum; on the second day, they were fasted starting at CT0; on the 

third day, they remained under fasting conditions but also received i.v. leptin at 

CT22. Four hours later, animals were euthanized to recover the i.p. temperature 

sensors. 

3.5.5  Statistical analysis. 

All statistical analyses were performed in GraphPad Prism 5. Full statistical details 

are provided for each experiment. 

3.6  Results 

3.6.1  Leptin is detected by the hypothalamus at different circadian times. 

Circulating leptin levels correlated with the weight of the animals regardless of the 

moment of sacrifice (Figure 3.2, Pearson Correlation P = 0.0425). No significant 

differences were found among circulating leptin levels at the different time points of 

the circadian cycle (Figure 3.3, one-way ANOVA P = 0.2256). 
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Figure 3.2. Leptin concentration as a function of body weight. r = 0.0425 after 

 earson’s correlation, n=18. 

 

Although p-STAT3 levels appeared lower at night, the number of p-STAT-3 positive 

cells in the ARC did not show a significant circadian pattern, probably due to the 

small sample size (Figure 3.3, one-way ANOVA P = 0.7988). No correlation was 

found between the amount of p-STAT-3 positive cells in the ARC and the 

concentration of circulating leptin (data not shown). The number of p-STAT-3-

positive cells in the VMH was also seemingly lower at night but did not show a 

significant difference between circadian timepoints (Figure 3.3 one-way ANOVA P = 

0.1200). The SCN did not show any p-STAT3 staining (data not shown), suggesting 

that leptin does not signal directly on this nucleus.  



 

Figure. 3.3. Circulating leptin and leptin signaling under basal conditions. A) 

Basal leptin levels throughout the circadian cycle in animals under ad libitum feeding. 

B,C) Number of p-STAT-3 positive cells in the ARC (B) and VMH (C) at different 

moments of the circadian cycle. Mean ± S.E.M are shown. n = 3 per time point.  



3.6.2 The same dose of leptin has different effects on the hypothalamus and 

temperature depending on the time of the day. 

In fasted animals, leptin administration increased p-STAT3 immunoreactivity both at 

ZT2 ( isher’s LSD test P = 0.0015) and ZT14 ( isher’s LSD test P = 0.0112) 

compared to their respective saline control. However, the magnitude of the p-STAT3 

response was different depending on the time of the day: leptin administration at 

CT2 induced significantly higher p-STAT3 immunoreactivity in the ARC than at CT14 

2 hours after administration (Figure 3.4,  i sher’s LSD test   = 0.0031). This suggests 

that, unlike in basal conditions, fasting might induce circadian differences in leptin 

access into the brain or its detection by the ARC. 

In contrast, the number of c-fos positive cells in the ARC (Figure 3.5) did not change 

significantly after leptin administration regardless of the time of administration (two-

way ANOVA showed no effect of time, treatment, or interaction). The SCN showed 

the expected difference between day and night c-fos (two-way ANOVA revealed a 

significant effect of time, F(1, 11) = 8.346, P = 0.0147). Still, there was no difference in 

c-fos between saline- and leptin-administered animals (Figure 3.6). 

Furthermore, leptin administration increased temperature one hour after 

administration at CT2 compared to the saline control; but the administration at CT14 

did not affect temperature (Figure 3.7). This result, together with the fact that p-

STAT3 was increased in the ARC after leptin administration at CT2, suggests that 

the detection of leptin in the ARC could mediate the effects of leptin on temperature 

at CT2. 



 

Figure 3.4 p-STAT3 in the ARC in response to leptin in fasted animals. A) 

Number of p-STAT3 positive cells in the ARC two hours after leptin administration. 

B) Representative images of p-STAT-3 ARC staining. CT2 saline, n=4; CT2 Leptin, 

n=5; CT14 saline, n=5; CT14 leptin, n=4. Data are presented as mean ± S.E.M. 

  <0.05 after fisher’s LSD test. The yellow arrows indicate examples of positive cells, 

and the black line indicates the scale of 100 μm. 



 

Figure 3.5 c-fos in the ARC in response to leptin in fasted animals. A) Number 

of c-fos positive cells in the ARC two hours after leptin administration. B) 

Representative images of c-fos ARC staining. No significant differences were found. 

CT2 saline, n=4; CT2 Leptin, n=5; CT14 saline, n=5; CT14 leptin, n=4. Data are 

presented as mean ± S.E.M. The yellow arrows indicate examples of positive cells, 

and the black line indicates the scale of 100 μm. 



 

Figure 3.6 c-fos in the SCN in response to leptin in fasted animals. A) Number 

of c-fos positive cells in the SCN two hours after leptin administration. B) 

Representative images of c-fos SCN staining. No differences were found between 

rats administered with leptin and saline. CT2 saline, n=4; CT2 Leptin, n=5; CT14 

saline, n=5; CT14 leptin, n=4. Data are presented as mean ± S.E.M. The yellow 

arrows indicate examples of positive cells, and the black line indicates the scale of 

100 μm. 



 

 

 

Figure 3.7. The effect of leptin on temperature at different time points in fasted 

animals. Temperature change after leptin administration at CT2 (A) and CT14 (B). 

CT2 saline, n=4; CT2 Leptin, n=5; CT14 saline, n=5; CT14 leptin, n=4. Data are 

presented as mean ± S.E.M.     < 0.05 after LSD’s  ish er’s test. 

 



3.6.3  Leptin prevents the decrease in temperature associated with fasting 

Since the first experiments in ad libitum animals showed a seemingly higher p-

STAT3 in the ARC at CT22-2 and fasting produced circadian differences in p-STAT3 

in the ARC, we hypothesized that leptin could be relevant for the body temperature 

adaptations to fasting that occur at the night-day transition period (CT 23-1). Animals 

under fasting conditions decrease their body temperature in this period, and each 

day of fasting lowers the temperature further (Liu et al., 2002). Indeed, one day of 

fasting significantly reduced the mean temperature in the period between CT 23-1 

compared to the same rats on the previous non-fasting day (p= 0.0249 after Dunnet’s 

test, Figure 3.8). This temperature difference was 0.5403 ± 0.06941 °C lower in the 

1-day fast compared to non-fasting. Leptin administration at CT22 the second day 

after fasting reestablished body temperature to pre-fasting levels (p= 0.8006 after 

Dunnet’s test, Figure 3.8) despite the fact that 2-day-fasting animals decrease their 

temperature further than a 1-day fast (Liu et al., 2002). These observations suggest 

that leptin prevents the fasting-induced temperature decrease observed in the night-

day transition. 



 

Figure 3.8 Leptin administration prevents the fasting-induced temperature 

decrease.  A) Body temperature starting at CT22 in the same animals under different 

conditions: under ad libitum feeding (no fasting), after 24 hours of fasting (day 1 

fasting), or after 2 days of fasting and leptin administration at CT22 (day 2 fasting + 

leptin). The moment of leptin administration is indicated by the red arrow. Shaded 

gray area indicates the subjective night, and clear area indicates the subjective day. 

B) Mean temperature in the period between CT 23.5 to 0.5. All data are presented 



as mean ± S.E.M.    < 0.05 after Dunnet’s multiple comparisons test against “no 

fasting” day, n=3. 

 

3.7  Discussion. 

3.7.1  Circadian differences in circulating leptin 

Our first experiment analyzed circulating leptin levels under ad libitum conditions. 

Leptin did not show a significant rhythm in the circulation, which contrasts with some 

studies showing that leptin peaks at night in rats (Kalsbeek et al., 2015; Mastronardi, 

Yu, & McCann, 2002b). However, other studies in different species have found 

higher leptin levels during the day (Pan & Kastin, 2001), and others have found no 

rhythm (Rynders et al., 2020). Even if leptin does have a rhythm in the circulation, 

the fact that body weight correlates with circulating leptin levels independently of the 

moment of sacrifice (Figure 3.2) indicates that fat reserves are more important to 

determine leptin levels than the circadian time.   

3.7.2  Circadian differences in leptin signaling: access into the brain or sensitivity? 

Regardless of its circulating concentration, leptin exerts most of its effects through 

the hypothalamus. Therefore, we measured pSTAT-3, part of leptin’s signaling 

cascade, in the ARC at different circadian times; we found more pSTAT-3 

immunoreactivity after leptin administration in the morning than at night (Figure 3.3). 

Importantly, these circadian differences were only significant after administering 

leptin in fasting conditions, although a trend (not significant probably due to small 

sample size) was also observed under basal ad libitum conditions. 



The circadian difference in leptin signalling in the ARC could be explained by at least 

two different processes that will be discussed below: 1) leptin has a different access 

into the brain depending on the time of the day, or 2) leptin elicits higher signaling, 

(i.e., leptin neurons are more sensitive) depending on the time of the day.  

The entry of leptin into the ARC is known to be mediated by tanycytes, a population 

of glial cells that transport leptin into the brain parenchyma through leptin receptors 

(Balland et al., 2014). These tanycytes mediate the entry of glucose into the ARC, 

and their barrier function is regulated in a circadian manner by SCN-derived signals 

like vasopressin (Rodriguez-Cortes et al., 2022). Thus, tanycytes could modulate 

leptin entry into the brain to promote a higher access at ZT22-2. Moreover, fasting 

conditions are known to increase the permeability of substances into the ARC 

through tanycytes (Langlet et al., 2013). In agreement with this, we observed that 

fasting followed by leptin administration boosted the circadian differences in p-

STAT3 in the ARC between CT2 and CT14 (Figure 3.4), suggesting that these 

differences might indeed be mediated through the differential access of leptin into 

the ARC. Interestingly, rats administered with leptin at CT14 show increased p-

STAT3 staining in the region close to the ventricle, where tanycytes are located 

(Figure 3.4). This could indicate that tanycytes are detecting circulating leptin but not 

allowing its entrance into the brain parenchyma at this time point; however, this 

hypothesis remains to be tested.  

Conversely, the circadian differences in leptin signaling could be due to differences 

in the sensitivity of leptin receptors (LepRs). One study in mice (Cedernaes et al., 

2019) evaluated the expression of LepRs in AgRP neurons at two different 



timepoints and found no circadian differences in LepR expression. However, in the 

same study, they observed that LepRs were upregulated in these neurons after 24 

hours of fasting, indicating that fasting can change leptin sensitivity. This result 

agrees with the observation that fasting also changes leptin entry into the brain, 

indicating that both processes could mediate the circadian differences observed in 

leptin signaling in the ARC. 

Furthermore, a recent study showed the access of Evans Blue dye into the ARC is 

different depending on the time of the day; in this study, the penetration of Evans 

Blue was measured in relation to the distance from the ventricle (Rodriguez-Cortes 

et al., 2022). With this method, they observed that Evans Blue entered further into 

the ARC (i.e., more distance from the ventricle) when administered at ZT22 and ZT2 

compared to ZT11. This distance is critical because the two main neuronal 

populations in the ARC, AgRP/NPY and POMC neurons, have different localizations 

within the nucleus: while AgRP/NPY neurons are closer to the ventricle, POMC 

neurons are located ventrolaterally in the ARC (Chronwall, 1985). Therefore, if a 

molecule such as leptin enters further into the ARC at a specific timepoint, it might 

reach POMC neurons and thus have different effects. Future studies should address 

p-STAT3 in distinct neuronal populations to understand if leptin can activate other 

ARC neurons depending on the time of the day. 

3.7.3  The effect of leptin on hypothalamic circuits regulating temperature 

Leptin administration in fasted animals at CT2 did not only produce higher p-STAT3 

than at CT14, but it also had a differential effect on temperature: while it increased 



temperature at CT2, it did not do so at CT14. Importantly, the effects of leptin were 

not immediate: the change in body temperature at CT2 occurred more than one hour 

after leptin administration. This observation suggests that the influence of leptin on 

temperature needs to be integrated in the different hypothalamic regions. This is 

supported by the observation that despite a clear induction of p-STAT3 in response 

to leptin, there was no significant change in c-fos, a marker of neuronal activity. This 

also suggests leptin does not increase temperature by directly activating all ARC 

neurons. In the ARC, leptin’s signaling cascade culminates in the hyperpolarization 

of NPY neurons (Baver et al., 2014; Spanswick et al., 1997) and, to a lesser extent, 

with the depolarization of POMC neurons (Cowley et al., 2001). Furthermore, since 

NPY neurons have inhibitory projections to POMC neurons, the hyperpolarization of 

NPY neurons may further increase POMC activity (Cowley et al., 2001).  

POMC neurons are important for temperature regulation because they produce the 

peptide α-MSH (Guzmán-Ruíz et al., 2015), which is released in the median preoptic 

area (MnPO to increase body temperature. Therefore, leptin could increase the 

temperature at CT2 by activating the POMC-MnPO pathway. The VMH also has 

leptin receptors (Caron et al., 2018), and has been associated with circadian 

changes in body temperature in mice (Orozco-Solís et al., 2016b). This nucleus has 

extensive projections to the ARC (Sternson et al., 2005), providing another pathway 

whereby leptin can regulate temperature. Unfortunately, we did not study the effects 

of leptin on the VMH nor in specific subpopulations within the ARC; thus, the circuits 

underlying the circadian effects of leptin on temperature need to be investigated 

further. 



3.7.4  Leptin’s role in the adaptation to fasting 

As previously discussed, fasting triggers a series of physiological changes that 

promote the mobilization of fat reserves, including a sharp drop in circulating leptin 

levels. These changes also include the activation of the Hypothalamus-Pituitary-

Adrenal (HPA) axis, which culminates with the release of corticosterone from the 

adrenal gland (Ahima, 2000). Recently, Perry et al. (2019) have shown that the 

decrease in leptin under fasting conditions triggers HPA-axis activation in mice. As 

a result, increased corticosterone secretion activates AgRP/NPY neurons to 

promote feeding behavior (Perry et al., 2019). Furthermore, the rise in circulating 

leptin after refeeding is essential for the postprandial temperature increase (Perry et 

al., 2020). Consistent with this, we observed that, under fasting conditions, leptin 

administration reestablishes normal temperature in the period between CT23.5 to 

CT 0.5, i.e., the transition from the subjective night to the subjective day (Figure 3.8). 

Our result supports the hypothesis that leptin decrease is essential for the fasting-

induced temperature decrease at this time point, but further studies are needed to 

carefully dissect the brain regions involved in this process.  

As indicated previously, α-MSH release from POMC neurons maintains temperature 

high, particularly at the end of the night period (Guzmán-Ruiz et al., 2015). 

Therefore, leptin’s action on  OMC neurons at CT22 could drive α-MSH release, 

thus maintaining temperature at high levels. In contrast, the absence of leptin under 

fasting conditions would no longer signal to POMC neurons, which could trigger the 

temperature decrease at this timepoint. However, since the activation of α-MSH 



neurons at CT22 is not diminished under fasting conditions (Guzmán-Ruiz et al., 

2014), this is probably not the pathway through which leptin maintains temperature.  

An alternative hypothesis is that leptin influences temperature through the SCN-ARC 

axis (Méndez-Hernández, Escobar, & Buijs, 2020). Since the SCN does not detect 

leptin directly (section 3.6.1), leptin detection by the ARC could signal this 

information to the SCN. The SCN regulates temperature regulation in a circadian 

manner by releasing vasopressin into the MnPO to decrease temperature in 

preparation for the resting period, i.e., the day (Guzmán-Ruiz et al., 2015). 

Therefore, under fasting conditions, the absence of leptin could trigger exacerbated 

vasopressin release, decreasing temperature further. This hypothesis is supported 

by the observation that AVP concentrations in the hypothalamus increase under 

fasting conditions (Poplawski et al., 2010). Furthermore, there is a negative 

correlation between hypothalamic AVP and circulating leptin under fasting conditions 

(Poplawski et al., 2010). More research is necessary to test whether leptin indeed 

acts on the SCN-ARC axis to regulate temperature adaptations to fasting. 

3.7.5  Implications of leptin´s thermogenic effect on obesity  

Previous studies have shown that both rats (obese Zucker rats) and mice (ob/ob) 

with leptin deficiency have a lower average body temperature than mice with normal 

leptin signaling (Dubuc, Wilden, & Carlisle, 1985; Murakami, Horwitz, & Fuller, 1995). 

These studies support a role for leptin in temperature regulation, as observed in the 

present study. Moreover, ob/ob mice under fasting conditions decrease their 



temperature more than lean controls (Dubuc et al., 1985), indicating that the total 

absence of leptin impacts temperature under fasting conditions.  

A study in women with obesity (presumably leptin-resistant) showed that average 

wrist temperature was lower in these women, and their temperature rhythm was 

blunted (Corbalán-Tutau et al., 2011). Another study also found a correlation 

between body temperature and body mass in human subjects (Adam, 1989). These 

observations indicate that changes temperature rhythms are associated with 

obesity, but it is still unclear if lower temperature causes obesity or if it is only a 

consequence of other changes in basal metabolism (Landsberg et al., 2009). 

Overall, our study suggests that leptin has a role in the circadian regulation of body 

temperature rhythms, most likely mediated by differential access of this hormone 

into distinct hypothalamic regions depending on the time of the day. Studying these 

hypothalamic circuits in more detail is necessary to gain a deeper understanding of 

the leptin system in physiological and pathological conditions. 

  



Chapter 4. General discussion and conclusions 

4.1 Metabolic syndrome: a circadian disease? 

As discussed throughout the present thesis, circadian disruption is closely 

associated with fat accumulation, glucose intolerance, dyslipidemias, and 

cardiovascular complications, all hallmarks of metabolic syndrome. The relationship 

between the circadian system and metabolism is such that some authors have even 

proposed the term “Circadian syndrome” to refer to the idea that metabolic syndrome 

directly arises from disrupting the circadian system (Zimmet et al., 2019).  

As reviewed in Chapters 1 and 2, constant light and day-feeding in rats can disturb 

the circadian system and promote glucose intolerance and fat accumulation.  

Furthermore, in Chapter 2, we described a novel condition promoting metabolic 

impairments: a skeleton photoperiod. Importantly, the different environmental 

conditions (constant light, food intake during the resting phase, and the skeleton 

photoperiod) seem to disrupt the circadian system in different ways (Figure 4.1). 

While constant light abolishes all circadian rhythms (i.e., food intake, locomotor 

activity, clock genes) (Guerrero-Vargas et al., 2017; Nováková et al., 2011; Wideman 

& Murphy, 2009), food during the day shifts temperature rhythms and uncouples 

peripheral clocks but does not change activity rhythms (Opperhuizen et al., 2016; 

Salgado-Delgado et al., 2010). Conversely, the skeleton photoperiod maintains a 

general synchronization of most rhythms and only delays activity and temperature 

at the beginning of the active period (Chapter 2). These observations support the 

idea that any circadian disturbance —big or small— can impact metabolism. 



Nevertheless, some questions remain: 1) how can different circadian disturbances 

have a similar metabolic effect? 2) what mechanisms drive metabolic dysfunction as 

a consequence of circadian disruption? These questions will be discussed below. 

 



Figure 4.1. The effects of constant light, food during the day, and a skeleton 

photoperiod on the circadian system and metabolism in rats. Constant Light 

desynchronizes activity, temperature, and energy expenditure rhythms; it also 

promotes desynchrony among peripheral organs. Day-feeding shifts temperature 

and energy expenditure into the day without changing activity patterns. Furthermore, 

a skeleton photoperiod delays activity, temperature, and energy expenditure, without 

affecting overall synchronization. The effect of a skeleton photoperiod on peripheral 

clock genes has not been assessed yet. Despite different changes in the circadian 

system, the three conditions result in glucose intolerance and fat accumulation. 

 

4.2 Mechanisms for circadian disruption and metabolic syndrome 

4.2.1 Constant light, day-feeding, and skeleton photoperiod: different pathways to 

metabolic syndrome  

As discussed, the suprachiasmatic nucleus (SCN) of the hypothalamus coordinates 

the circadian rhythms of the whole body. This coordination takes place via its 

influence on other hypothalamic structures that regulate different processes such as 

food intake, energy balance, body temperature, and locomotor activity. Therefore, 

disrupting optimal functioning of the hypothalamus by means of constant light, day 

feeding, or a skeleton photoperiod could underlie the metabolic disturbances 

observed in those conditions. Furthermore, because the three conditions affect 

circadian rhythms differentially, the affected hypothalamic pathways should be 

different, or they might be affected in a different measure (Figure 4.2). 



4.2.1.1 Constant light 

Since light directly activates the SCN through the retino-hypothalamic tract, constant 

light activates the SCN, eventually leading to the loss of clock gene oscillations in 

this nucleus (Coomans et al., 2013; Nováková et al., 2011). Consequently, the 

rhythm in hormones like corticosterone and melatonin, which serve as a time signal 

for peripheral organs, is also lost (Báez-Ruiz et al., 2017). Therefore, no “time signal” 

is conveyed to the rest of the body, and the peripheral organs cannot optimize the 

use of resources according to the time of the day. The lack of oscillating functions, 

i.e., “flexible” use of energy, could eventually lead to a reprogramming of the tissues 

into a non-flexible, anabolic state (Guerrero-Vargas et al., 2017), promoting fat 

accumulation and glucose intolerance. More experiments are necessary to test 

whether the lack of oscillating functions is the triggering factor that promotes a “non-

flexible” anabolic state in organs like the liver and adipose tissue.  

4.2.1.2 Skeleton photoperiod 

Because the skeleton photoperiod maintains general synchronization of daily 

rhythms, there is no reason to assume a complete loss of SCN clock gene 

oscillations under this condition. Indeed, one study found oscillating clock genes in 

the SCN of rats exposed to a 1-hour-light-pulse skeleton photoperiod (Challet et al., 

2003). However, in the same study, Per1 and Per2 genes had a slightly decreased 

amplitude in the skeleton photoperiod compared to a full light-dark period (Challet et 

al., 2003). Moreover, the rhythm of c-fos (a marker of neuronal activity) in the SCN 

is less robust under skeleton photoperiod conditions compared to a full light-dark 

condition (Schwartz et al., 1994).  Since the skeleton photoperiod induces slight 



delays in temperature, energy expenditure, and activity (Chapter 2), these data 

suggest that robust SCN activity is necessary to maintain robust oscillations in 

hormones and the ANS to ensure proper anticipation of each circadian period.  

It is still necessary to evaluate how hormones such as corticosterone and melatonin 

change under skeleton photoperiod conditions in rats. However, some evidence 

suggests acute changes in the ANS after daytime light pulses; light pulses given in 

the daytime increase sympathetic nerve activity in the visceral compartment 

(splachnic nerve) (Niijima et al., 1993). Activation of sympathetic efferents in the liver 

is known to promote glucose production and inhibit glycogenesis (Mizuno & Ueno, 

2016; Yi et al., 2010). Therefore, sympathetic activation by a light pulse could acutely 

decrease the liver’s capacity to capture glucose, maintaining circulating glucose 

levels high during the glucose tolerance test (as observed in this study), but this 

possibility remains to be tested. 

Interestingly, the circadian increase in body temperature is also associated with 

sympathetic activation (Orozco-Solís et al., 2016a). Thus, the fact that rats under 

skeleton photoperiod do not show the expected temperature increase at the 

beginning of the active phase indicates that either light pulses in the day do not 

promote sympathetic activation, or that the light-induced sympathetic activation is 

not generalized, but different in each organ. In agreement with the latter, 

hypothalamic SCN neurons communicate with peripheral tissues through separate 

pre-autonomic neurons (Buijs et al., 2003), providing an anatomical framework to 

modulate the ANS outflow to each organ in a differential manner.  



Future studies should address how hypothalamic circuits are modified under 

skeleton photoperiod conditions and how these modifications change ANS outflow 

to each organ. This is especially important because some authors have proposed 

that metabolic syndrome may arise from a disbalance between the two branches of 

the ANS, the SNS and the PSNS, in several body compartments (Kreier et al., 2003). 

The proposal states, for example, that there is an overall increase in the PSNS tone 

to the abdominal organs (promoting higher insulin release by the pancreas and 

higher glucose uptake in the adipose tissue) and, at the same time, a higher SNS 

tone to other organs like the heart (promoting hypertension). Therefore, studying 

ANS changes under the skeleton photoperiod could provide insight into the 

mechanisms promoting glucose intolerance and fat accumulation in a model that 

does not induce complete loss of circadian rhythms. 

4.2.1.3 Day feeding 

Finally, day feeding affects the circadian system differently. It has already been 

reported that food-related signals can entrain clock genes in some organs but not in 

the SCN (Mukherji et al., 2015). Since the SCN imposes its rhythm on peripheral 

organs, the contradiction of SCN-derived and food-derived signals in each organ 

might impede proper clock gene synchronization. Indeed, clock gene oscillations in 

different organs are either lost or not synchronized to the master clock’s rhythm 

(Bechtold et al., 2010; Salgado-Delgado et al., 2008; Salgado-Delgado et al., 2013; 

Wang et al., 2017). Since organs also communicate via hormones and metabolites, 

the lack of synchronization in each organ could further affect the others, generating 

a feed-forward desynchronization phenomenon.  In addition, although food-related 



signals do not change SCN clock genes, they provide feedback signals integrated 

within the hypothalamus. Therefore, other nuclei within the hypothalamus could also 

lose their rhythmic functions, as discussed in Méndez-Hernández, Escobar, & Buijs, 

(2020) (added in the supplementary information). Overall, this process would also 

impede energetic flexibility in metabolic tissues, similar to what occurs in constant 

light conditions. These aspects are illustrated in Figure 4.2. 

 

Figure 4.2. Proposed mechanisms for metabolic impairments due to different 

types of circadian disruption. A) Normal functioning of the circadian system 

involves the integration of external and internal stimuli in accordance with the time 

of the day (for further detail, see Figure 1.1). B) Constant light Initially affects the 

capacity of the SCN to synchronize to a circadian cycle, consequently affecting the 

synchronization of the whole body. C) The light pulses of a skeleton photoperiod 



mainly affect the ANS, promoting a disbalance in sympathetic and parasympathetic 

input to the organs affecting their functioning. The effects of the skeleton photoperiod 

on hormones and feedback to the brain were not assessed. D) Day-feeding affects 

proper clock gene synchronization among peripheral organs, producing untimely 

feedback signals to the brain and consequently affecting whole-body homeostasis.  

Black “X” marks indicate the systems that are initially affected, and red “X” marks 

indicate systems that are affected in consequence.  

 

4.3 Modulating hormones and the ANS: an approach for treating metabolic 

syndrome? 

As discussed in the previous section, constant light, skeleton photoperiod, and day-

feeding promote metabolic disruption in rats through different but overlapping 

mechanisms. One of the most important overlapping mechanisms is that the 

communication pathways between the hypothalamus and the periphery (i.e., 

hormones and the ANS) are modified in these different conditions due to 

hypothalamic changes. Therefore, it is interesting to investigate whether some of 

these changes could be prevented by applying hormones at the proper time or by 

modulating autonomic activity. 

4.3.1 Hormonal changes in circadian disruption.  

Many hormones change in conditions of circadian disruption, including 

corticosterone, melatonin, leptin, ghrelin, and growth hormone, among others 

(Bedrosian, Fonken, & Nelson, 2016; Kim, Jeong, & Hong, 2015). Here, we will 

discuss a few that directly impact metabolism: corticosterone, melatonin, and leptin. 



4.3.1.1 Corticosterone and melatonin  

The importance of hormones in reestablishing metabolic homeostasis is illustrated 

by a recent study using rats under constant light conditions (Báez-Ruiz et al., 2017). 

In this study, animals under a light-dark cycle showed the expected corticosterone 

peak at the day-night transition, but animals under constant light showed constant 

low levels of this hormone (i.e., no corticosterone rhythm). Also, animals under 

constant light did not show the expected nocturnal peak in circulating melatonin; 

rather, melatonin production was suppressed by the light. These changes in 

melatonin and corticosterone were accompanied by hyperglycemia, 

hyperinsulinemia, glucose intolerance, and fat accumulation. However, 

hyperglycemia and glucose tolerance were prevented when the animals under 

constant light were subjected to a 12-hour food restriction and supplementation with 

corticosterone and melatonin at the proper phase. These data reinforce the idea that 

proper synchronization of hormones and behavior can reestablish glucose 

homeostasis in conditions of circadian desynchrony. This conclusion is supported by 

the observation that when the hormones were given out of phase with the food, all 

the beneficial effects of the hormones disappeared (Báez-Ruiz et al., 2017).  The 

contributions of other hormones in reestablishing metabolic homeostasis under 

circadian desynchronization conditions have not been investigated. 

4.3.1.2 Leptin 

As discussed in Chapter 3, leptin is another hormone for metabolic regulation, but 

the contribution of leptin to the pathogenesis of the metabolic syndrome is still not 

understood. Data from the present thesis (Chapter 3) indicate that leptin’s access 



into the hypothalamus shows a circadian pattern, with a higher entrance of leptin in 

the night-day transition period (ZT22-2). In addition, leptin’s detection in the arcuate 

nucleus (ARC) during this period seems important to signal that energy reserves are 

not under threat, i.e., that the animal is not under fasting conditions and does not 

need to implement energy-saving adaptations. In constant light (Maroni et al., 2018) 

and day-feeding conditions (Martínez-Merlos et al., 2004), leptin levels during the 

nighttime are lower. Therefore, it is possible that, under these conditions, the lower 

leptin levels at night are insufficient to signal that energy reserves are not under 

threat. Consequently, the hypothalamus would implement the necessary 

mechanisms to adapt to a fasting condition that is not actually present. Since one of 

the leptin-mediated adaptations to fasting is the temperature decrease at the night-

day transition period (Chapter 3), the fact that day-fed animals show a lower 

temperature in this period (Chapter 2) further supports this hypothesis. In addition, 

as discussed in Méndez-Hernández, Escobar, & Buijs (2020), metabolic syndrome 

has been associated with an incapacity of the brain to properly sense circulating 

glucose levels; therefore, a similar situation could be happening with leptin. In view 

of this explanation, leptin resistance could be interpreted as an incapacity of the 

hypothalamus to detect leptin in the night-day transition period, promoting an 

anabolic, fasting-like phenotype. More research is necessary to understand 

hypothalamic leptin signaling under conditions of circadian disruption and to 

evaluate whether reestablishing leptin signaling in these circuits could improve 

metabolism. 



4.3.2 ANS changes in metabolic syndrome 

In addition to hormonal changes, disrupting hypothalamic function impacts ANS 

balance. Autonomic disbalance has been proposed as a cause of metabolic 

syndrome, where visceral organs receive an increased parasympathetic stimulation 

that promotes an anabolic phenotype  (Kreier et al., 2003). Several epidemiological 

studies (Boer-Martins et al., 2011; Wulsin et al., 2015) and studies in animals (Kreier 

et al., 2002, 2006; Lehnen et al., 2013) support this hypothesis; however, because 

of the difficulty in targeting autonomic efferents specifically in each organ, 

reestablishing autonomic balance proves difficult. Nevertheless, recent studies in 

humans using vagus nerve stimulation have reported a decrease in body weight 

after several weeks of treatment (de Lartigue, 2016). Importantly, the vagus carries 

both motor and sensory nerves, so the effect cannot be attributed only to 

parasympathetic activation, but sensory nerves might also be involved.  

4.3 Conclusion 

As discussed throughout this thesis, the circadian system integrates information from 

the environment and the internal milieu to optimize efficient use of energy throughout 

the daily cycle. Metabolic homeostasis depends on the proper alignment of all 

circadian variables. Conditions like constant light, food during the resting phase, and 

a skeleton photoperiod, as described in this thesis for the first time, can all disrupt 

the circadian system. Although the different conditions disrupt the circadian system 

to different degrees and through various mechanisms, they all eventually lead to 

glucose intolerance and fat accumulation. More research is necessary to understand 

how these conditions change hypothalamic functioning and the role of hormones like 



leptin in this process. Given the worldwide obesity epidemic, gaining knowledge of 

these mechanisms is essential for establishing a strategy to prevent metabolic 

syndrome among the population.  
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Supplementary information 

1. Abbreviations 

Abbreviation Meaning 

AgRP agouti-related peptide 

AL ad libitum 

ANOVA Analysis of Variance 

ANS autonomic nervous system 

ARC arcuate nucleus 

AUC area under the curve 

AVP arginine vassopresin 

BMAL Brain and Muscle ARNT-Like 1 

CART cocaine and amphetamine-regulated transcript 

CCK cholecystokinin 

CLOCK Circadian Locomotor Output Cycles Kaput 

CRY cryptochrome 

CSF cerebrospinal fluid 

CT circadian time 

CTB B subunit of the cholera toxin 

CVOs circumventricular organs 

Cy5 cyanine 5 

DAB diaminobenzidine 

DD Constant darkness 

DF day-feeding  

DF day feeding  

DMH dorsomedial hypothalamus 

DMV dorsomotor nucleus of the vagus  

EE energy expenditure 

ELISA enzyme-linked immunosorbent assay 

eWAT epidydimal white adipose tissue 



GABA gamma amino-butyric acid 

GRP gastrin-releasing peptide 

GTT glucose tolerance test 

HPA hypothalamic-pituitary-adrenal  

i.g. intragastric  

i.m. intramuscular 

i.p  intraperitoneal 

i.v. intravenous 

IML intermediolateral column of the spinal cord  

ipRGCs intrinsically photosensitive retinal ganglion cells 

LD 12:12 light-dark photoperiod 

LH lateral hypothalamus 

ME median eminence 

MnPO median preoptic area 

NF night feeding 

NPY neuropeptide Y 

NTS nucleus of the solitary tract 

OVLT organum vasculosum laminae terminalis 

PBN parabraquial nucleus  

PBS phosphate-buffered saline solution  

PER Period Circadian Regulator  

PFA paraformaldehyde 

PK-2 prokinecitin-2 

POMC proopiomelanocortin 

PRV pseudorabies virus 

PSNS parasympathetic nervous system 

PVN paraventricular nucleus 

pWAT retroperitoneal white adipose tissue 

RER respiratory exchange quotient 

REV-ERBs nuclear receptor subfamily of intracellular transcription factors 

ROREs Retinoic acid-related Orphan Receptors 



SCN suprachiasmatic nucleus 

scWAT inguinal subcutaneous white adipose tissue 

SEM standard error or the mean 

SFO subfornical organ 

SP skeleton photoperiod 

SNS sympathetic nervous system 

STAT-3 signal transducer and activator of transcription 3 

VIP vasoactive intestinal peptide 

VMH ventromedial hypothalamus 

WAT white adipose tissue 

ZT zeitgeber time 

α-MSH α-melanocyte stimulating hormone  

 

  



2. Figure index 

Figure  Title 

1.1 The hypothalamus as the integrator of the circadian system. 

2.1 Skeleton photoperiod increased adiposity except during day-feeding. 

2.2 Day-feeding and skeleton photoperiod induce glucose intolerance. 

2.3 Day-feeding and Skeleton photoperiod change the temperature rhythm.  

2.4 
Skeleton photoperiod increases adiposity without changing total food intake 
or body mass in animals fed ad libitum.   

2.5 
Skeleton photoperiod changes metabolic rhythms at specific moments of the 
circadian cycle.  

2.6 
Skeleton photoperiod uncouples metabolic rhythms at the day-night and 
night-day transition periods.   

2.7 
Exposure to four weeks of constant darkness does not change adiposity and 
glucose tolerance.  

3.1 Intravenous cannula support system 

3.2 Leptin concentration as a function of body weight 

3.3 Circulating leptin and leptin signaling under basal conditions  

3.4 pSTAT3 in the ARC in response to leptin.  

3.5 c-fos in the ARC in response to leptin 

3.6 c-fos in the SCN in response to leptin 

3.7 The effect of leptin on temperature at different timepoints 

3.8 Leptin administration prevents the fasting-induced temperature decrease.  

4.1 
The effects of constant light, food during the day, and a skeleton photoperiod 
on the circadian system and metabolism in rats. 

4.2 
Proposed mechanisms for metabolic impairments by different types of 
circadian disruption. 
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FIGURE S1. INITIAL WEIGHT AND FOOD INTAKE. A) WEIGHT OF THE DIFFERENT ANIMAL 
GROUPS STARTING THE EXPERIMENT. B) FOOD INTAKE DURING THE FIRST WEEK OF THE 
EXPERIMENT, BEFORE THE FOOD RESTRICTION (WEEK 0). N =8 FOR ALL GROUPS. DATA 
ARE REPRESENTED AS MEAN ± S.E.M. NO DIFFERENCES WERE FOUND AMONG GROUPS 
AFTER ONE-WAY ANOVA. 

  



Cosinor 
parameter LD-AL SP-AL LD-DF SP-DF LD-NF SP-NF 

Acrophasea)  17.45 ± 0.1998 17.18 ± 0.2297 15.01± 0.7653 17.51 ± 0.5241 17.35 ± 0.2361 17.82 ± 0.2190 

Amplitude b) 0.6000 ± 0.0507 0.5050 ± 0.0299 0.4450 ± 0.0548 0.4320 ± 0.0609 0.5167 ± 0.0462 0.631 ± 0.0103 

Mesor b) 37.64 ± 0.0882 37.39 ± 0.0655 37.32 ± 0.0836* 37.48 ± 0.0673 37.50 ± 0.0593 37.56 ± 0.0678 

Adjustment (r2)a) 0.7837 ± 0.0430 0.6379 ± 0.0462 0.5630 ± 0.8160 0.4362 ± 0.0611 0.7283 ± 0.0355 0.7572 ± 0.0187 

 

Table S1. Cosinor values for the temperature rhythm of all groups during the fourth week of treatment. a) Brown-

Forsythe test indicated significantly different variances among groups in the acrophase and adjustment. b) Two-way ANOVA 

revealed a significant effect of feeding on amplitude (P=0.0084),and an interaction on mesor (P=0.032). * P<0.05 compared 

to the LD-AL control after Dunnet’s test. LD-AL, n = 5; SP-AL, n = 6; LD-DF, n = 6; SP-DF, n = 5; LD-NF, n = 6; SP-NF, 

n = 7.   

 

 

 

 

 



Variable Cosinor 
parameter 

Week 0 Week 2 Week 4 
LD-AL  SP-AL  LD-AL  SP-AL  LD-AL  SP-AL 

Activity 
[counts] 

Amplitude 319.0 ± 13.35 318.1 ± 12.75 248.5 ± 6.395 203.4 ± 9.831 ** 250.5 ± 4.862 211.1 ± 14.09 ** 
Acrophase 18.03 ± 0.2802 18.46 ± 0.3918 18.01 ± 0.2267 18.92 ± 0.3788 17.78 ± 0.3240 18.34 ± 0.2430 

Mesor 386.20 ± 15.41 401.2 ± 10.6900 338.2 ± 7.613 354.7 ± 12.30 319.0 ± 4.221 333.8 ± 10.48 

Adjustment 0.4084 ± 0.02669 0.3947 ± 0.03120 0.3615 ± 0.01516 0.2262 ± 0.01969 *** 0.4062 ± 0.01187 0.2335 ± 0.02160 
**** 

Onset 13.03 ± 0.6379 12.78 ± 0.5270 12.28 ± 0.4014 13.61 ± 0.3073 ** 11.61 ± 0.2472 13.03 ± 0.6760 $ 
Offset 24.37 ± 0.07838 24.37 ± 0.06949 24.24 ± 0.09324 24.19 ± 0.2500 24.44 ± 0.0 24.69 ± 0.4761 
Alpha 11.34 ± 0.6283 11.60 ± 0.5094 11.96 ± 0.3948 10.58 ± 0.2007 * 12.83 ± 0.2472 11.66 ± 0.2487 ** $ 

Food intake 
[g] 
 

Amplitude 0.4630 ± 0.02773 0.4541 ± 0.03353 0.4598 ± 0.02303 0.2942 ± 0.009949 **** 0.4214 ± 0.01983 0.2860 ± 0.01243 *** 
Acrophase 16.37 ± 0.2340 16.30 ± 0.2316 16.63 ± 0.3528 15.75 ± 0.1421 * 16.63 ± 0.3528 15.75 ± 0.1472 * 

Mesor 0.4394 ± 0.01863 0.4242 ± 0.01687 0.4300 ± 0.02038 0.4666 ± 0.008754 0.4448 ± 0.009864 0.4682 ± 0.005421 

Adjustment 0.2267 ± 0.0374 0.2593 ± 0.04361 0.2778 ± 0.04513 0.1125 ± 0.008518 ** 0.1974 ± 0.02798 0.1006 ± 0.003832 
** 

Onset 11.36 ± 0.2713 10.44 ± 0.5323 11.53 ± 0.3270 8.941 ± 1.457 $ 11.28 ± 0.7032 10.36 ± 0.9435 
Offset 24.37 ± 0.1483 24.21 ± 0.1052 23.37 ± 0.5399 22.69 ± 1.109 24.46 ± 0.1187 23.29 ± 0.4983 $ 
Alpha 13.01 ± 0.3387 13.76 ± 0.5707 12.17 ± 0.4613 13.75 ± 0.8145 13.18 ± 0.6785 12.93 ± 0.8494 

Energy 
Expenditure 
[kcal h-1 kg-1] 

Amplitude 2.412 ± 0.4231 2.212 ± 0.3892 2.160 ± 0.3497 1.340 ± 0.1142 $ 2.235 ± 0.3940 1.188 ± 0.1412 * $ 
Acrophase 18.17 ± 0.1503 18.11 ± 0.1201 17.67 ± 0.2244 18.05 ± 0.2643 18.06 ± 0.2794 17.79 ± 0.2788 

Mesor 10.38 ± 1.546 10.02 ± 1.246 10.26 ± 1.433 9.787 ± 0.7886 9.512 ± 0.9655 8.968 ± 0.8355 
Adjustment 0.6169 ± 0.0268 0.6574 ± 0.0330 0.6541 ± 0.0354 0.4149 ± 0.0370 *** 0.6281 ± 0.0289 0.3574 ± 0.0299 **** 

Onset 12.44 ± 0.4282 12.94 ± 0.4082 11.94 ± 0.2582 13.28 ± 0.6009 12.03 ± 0.0833 12.78 ± 0.2789 * $ 
Offset 24.64 ± 0.3706 24.37 ± 0.0695 24.10 ± 0.0695 24.05 ± 0.2373$ 24.49 ± 0.3034 23.46 ± 0.1401 * 
Alpha 12.19 ± 0.1620 11.43 ± 0.4306 12.15 ± 0.2674 10.78 ± 0.7180$ 12.46 ± 0.3380 10.68 ± 0.3603 ** 

Respiratory 
Exchange 

Ratio 
[vCO2 · v 

vO2
-1] 

Amplitude 0.04883 ± 0.0051 0.04896 ± 0.0032 0.04793 ± 0.0053 0.03104 ± 0.0013 * 0.04361 ± 0.0035 0.03549 ± 0.0006 * 
Acrophase 19.36 ± 0.2618 19.71 ± 0.4676 19.00 ± 0.2679 17.94 ± 0.3028 * 19.20 ± 0.2795 17.51 ± 0.3808 ** 

Mesor 0.9487 ± 0.006285 0.9367 ± 0.006725 0.9313 ± 0.003253 0.9425 ± 0.002653 * 0.9547 ± 0.00363 0.9386 ± 0.00215 ** 
Adjustment 0.8314 ± 0.0198 0.8500 ± 0.0261 0.8477 ± 0.0255 0.7715 ± 0.0233 0.8300 ± 0.0178 0.7247 ± 0.0209 ** 

Onset 12.86 ± 0.4167 12.94 ± 0.5477 11.94 ± 0.4472 10.78 ± 0.8233 12.36 ± 0.2386 10.44 ± 0.6055 * 
Offset 26.52 ± 0.3956 26.10 ± 0.4925 26.02 ± 0.4339 24.45 ± 0.1253 * $ 26.69 ± 0.3812 24.17 ± 0.0879 ** $ 
Alpha 13.66 ± 0.2812 13.16 ± 0.4194 14.08 ± 0.4707 13.17 ± 0.7189 14.33 ± 0.2113 13.72 ± 0.5522 

 

Table S2. Cosinor values for Activity, Food intake, Energy Expenditure, and Respiratory Exchange Ratio of LD-AL 

and SP-AL animals. n = 6 for both groups. * P<0.05, ** P<0.01 ***, P<0.001, ****P<0.0001 after unpaired t-test for each 

week. ($) unpaired t-test with Welch’s correction due to significantly different variances. 
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Suprachiasmatic Nucleus–Arcuate Nucleus Axis: 
Interaction Between Time and Metabolism Essential  
for Health
Rebeca Méndez-Hernández1, Carolina Escobar2, and Ruud M. Buijs 1

In mammals, time and metabolism are tightly coupled variables; this 
relationship can be illustrated by numerous examples, such as the cir-
cadian variation in food intake or the circadian response to a glucose 
bolus. We review evidence that the interaction between the suprachias-
matic nucleus and the arcuate nucleus plays a key role in the execution 
of these functions. The nuclei are reciprocally connected via different 
projections, and this interaction provides an ideal anatomical framework 
to modify the temporal output of the hypothalamus to metabolic organs 
as a consequence of the feedback from the periphery. The suprachi-
asmatic nucleus–arcuate nucleus relationship is essential to integrate 
metabolic information into the circadian system and thus adapt circa-
dian rhythms in core body temperature, locomotor activity, food intake, 
and circulating molecules such as glucose and corticosterone. With 
the rise in obesity-associated diseases in the world population, gaining 
knowledge about this relationship, and the consequences of disturbing 
this liaison, is essential to understand the pathogenesis of obesity.

Obesity (2020) 0, 1-8. 

Introduction: The Relationship Between 
Time and Metabolism
Perhaps the first and most important indication that timing is crucial 
for metabolic regulation in mammals is the predictable observation that 
food intake follows a day-night pattern, with higher food intake associ-
ated with the activity period (1,2). Moreover, the fact that the response 
to food-related components varies depending on the time of the day 
indicates intrinsic mechanisms linking metabolic functions with time. 
Examples of this are the differential postprandial insulin response to 
glucose (3), differential triglyceride uptake after a lipid bolus (4), and 
differential corticosterone secretion after a hypoglycemic challenge (5). 
Enzymes and hormones that are important in regulating metabolism 
also follow a day-night pattern of expression and activity, illustrating 
the importance of timing in mammalian metabolism (6,7).

The importance of the association between time and metabolism can be 
inferred from recent data pointing to metabolic disruption and obesity 
as a consequence of circadian disruption because of jet lag, shift work, 
light at night, and short sleep. This review explores the mechanisms for 

this circadian-metabolism relationship, both in a physiological condi-
tion and in the context of obesity.

Herein, we propose two major players, the suprachiasmatic nucleus 
(SCN) and the arcuate nucleus (ARC), both located in the ventral 
hypothalamus.

Suprachiasmatic Nucleus as the  
Master Clock
SCN, a multiple oscillator
Since the 1970s, the SCN has been identified as the master clock 
in mammals; it possesses several unique characteristics that will be 
briefly discussed. It functions as an autonomous clock, with the elec-
trical activity of its neurons oscillating in cycles of approximately 
24 hours, even in vitro (8-10). The basis for this is a molecular ma-
chinery of clock genes and complex neuron-glia interaction unique 
for the SCN and essential for maintaining its endogenous function 
(11,12). Because clock genes are present in all tissues (peripheral 
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Study Importance

What is already known?

►	The arcuate nucleus is a well-known hypo-
thalamic nucleus regulating metabolism; 
here we pay special attention regarding 
the regulation of its functions according to 
the time of the day.

What does this review add?

►	We review evidence supporting that the 
suprachiasmatic nucleus and arcuate nu-
cleus of the hypothalamus are at the core 
of the interaction between circadian tim-
ing and metabolic regulation, emphasizing 
their role in food intake, locomotor activity, 
temperature, and circulating glucose and 
glucocorticoid rhythms, as well as current 
evidence for the contribution of the supra-
chiasmatic nucleus–arcuate nucleus axis 
in obesity and metabolic dysregulation.
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oscillators) but most do not have the autonomous capacity of the 
SCN, the main function of the SCN is to impose its rhythm to other 
structures in the brain and from there to the whole body. The auton-
omous clock in the SCN can be synchronized to the light-dark cycle 
via the retino-hypothalamic tract (13,14). This allows the peripheral 
oscillations to be in synchrony with external time cues such as light 
and provides a pathway by which light can modify several physi-
ological parameters. Importantly, not all neurons in the SCN show 
the same rhythm; most, but certainly not all, are active during the 
daytime, and regional differences in activity can also be found (15). 
The SCN contains several neurotransmitters, including Gamma-
aminobutyric acid and glutamate, but also a wide range of peptides, 
including arginine vasopressin (AVP), vasoactive intestinal peptide 
(VIP), gastrin-releasing peptide, and prokinecitin-2 (PK-2), to name 
a few (13,16).

SCN communicates with various hypothalamic 
and sensory areas to integrate behavior and 
physiology with changes in environment
The master clock, via its extensive projections to hypothalamic and 
extrahypothalamic nuclei, synchronizes behavior with hormone secre-
tion and with the adequate autonomic output to the organs (14,17). We 
propose that this orchestration in the output of the SCN, whereby be-
havior is synchronized with physiology, is essential for health, and a 
desynchrony of these elements may lead to disease. This balance is of 
such importance that the SCN has the capacity to transmit information 
to different tissues and organs by means of different pathways, allow-
ing it to give dissimilar signals to the organs. For example, separate 
neurons in the SCN have multi-synaptic connections with the motor 
neurons of the sympathetic or parasympathetic system or with different 
tissues (17,18). Through these multi-synaptic pathways, the organs are 
warned of impending changes in hormones or the coming food. In this 
organization, all hypothalamic structures play a crucial role. For the 
moment, the paraventricular nucleus (PVN) has the clearest role, with 
its preautonomic neurons receiving direct input from the SCN while 
transmitting circadian information to autonomic motor neurons (19,20). 
Notably, PVN neuroendocrine neurons only receive indirect SCN input, 
via the ARC, medial preoptic nucleus, or dorsomedial hypothalamus 
(18,21). Even more striking, the influence of the SCN on behavior is 
still hardly understood and is probably achieved by its simultaneous 
input to multiple hypothalamic areas.

The SCN also receives direct innervation from many sensory areas, 
such as the nucleus of the solitary tract, the circumventricular organs, 
and the ARC (22). This information may be important for adjusting 
circadian physiology to changes in the environment such as food avail-
ability. Several studies have shown that, indeed, physiological changes 
in the periphery in response to environmental stressors, such as hunger- 
related metabolites, blood pressure, and glucose levels, may influence 
the activity of SCN neurons (22). Here we will focus on the interaction 
between the SCN and the ARC (Figure 1).

Arcuate Nucleus as the Metabolic 
Integrator
ARC has access to blood-borne substances
There is ample evidence that the ARC has an important role in 
monitoring circulating metabolites (23). Its anatomical position is 

essential for this function, as it is located lateral to the third ven-
tricle and forms a complex with the median eminence, which is a 
site partially devoid of blood-brain barrier. This allows peripheral 
substances to access the ARC in a relatively fast way and provides 
a pathway for feedback from the circulation. Indeed, its neurons 
express leptin, ghrelin, cortisol, and insulin receptors and are sen-
sitive for glucose, free fatty acids, etc. (23,24). Circulating leptin, 
for example, enters the median eminence, is transported to the third 
ventricle, and is subsequently transported into the ARC in a mat-
ter of minutes (25); this allows this nucleus to be the first and main 
leptin sensor. Tanycytes, particular glial cells located in the border of 
the ventricle, are essential for leptin transport into the ARC and are 
also important in the regulation of hormonal passage into the median 
eminence and vice versa (26,27). Thus, tanycytes represent an inter-
esting target when studying passage of molecules into the Median 
Eminence–ARC complex and sensing of circulating molecules.

Corticosterone is also detected in the ARC before it reaches other brain 
areas, functioning as the primary target of this hormone for the fast 
negative feedback of the hypothalamus-pituitary-adrenal system (28). 
Interestingly, the detection of corticosterone by the ARC also follows a 
circadian pattern that depends on glucocorticoid and mineralocorticoid 
receptors (28). This probably indicates that the sensory function of the 
ARC is in some way circadian gated.

ARC regulates energy expenditure via autonomic 
nervous system
The ARC regulates metabolism, in part, by modulating peripheral 
responses to food-related components via the autonomic nervous 
system. It projects to the PVN, ventromedial nucleus, and lateral hy-
pothalamus, which contain preautonomic neurons that can modulate 
both sympathetic and parasympathetic branches of the autonomic 
system (29,30). In addition, cocaine and amphetamine regulated 
transcript (CART) neurons in the ARC project to the thoracic inter-
mediolateral column of the spinal cord and can be activated by leptin 
(31). It has been shown that changing the activity of agouti-related 
peptide (AgRP) and proopiomelanocortin (POMC) neurons in the 
ARC by leptin can increase the firing of sympathetic or parasym-
pathetic nerves that innervate different organs, including the liver 
(32,33). Also, leptin via the ARC can modulate heart rate and blood 
pressure by increasing sympathetic firing (34,35). Thus, the ARC is 
the main brain region serving the autonomic effects of leptin. Other 
hormones can also change the output of the autonomic system via 
the ARC; for example, dexamethasone (a glucocorticoid receptor ag-
onist) infusion in the ARC modulates hepatic insulin sensitivity via 
the sympathetic nervous system (36). In this way, the ARC works as 
an integrative output for metabolic regulation.

ARC regulates food intake
Many studies have given the ARC a central spot in the regulation of food 
intake. The general view is that neurons coexpressing neuropeptide Y 
(NPY) and AgRP relate to functions associated with energy need (such 
as food intake) and neurons that coexpress POMC/CART with energy 
excess (such as inhibition of food intake) (37,38). Considering that cir-
culating hormones such as leptin and ghrelin can modify NPY/AgRP  
and POMC/CART neuronal activity when applied directly into the ARC, 
they also have been given a direct role in food intake (39). However, the 
fact that the highest activity of alpha melanocyte stimulating hormone 
(α-MSH) neurons (a subset of POMC neurons) occurs at the end of 
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the dark phase even in fasted animals (40) indicates that the view that 
these neurons serve to inhibit food intake is too simple. Furthermore, it 
neglects the observation that the peak of circulating leptin is at the be-
ginning of the eating period in rodents, which also challenges the view 
of leptin as a satiety hormone. Consequently, another level of integra-
tion is necessary that includes the fact that food intake is regulated in a 
circadian manner. Thereby, information about time must be integrated 
in the ARC or its target areas; the SCN-ARC axis may be involved in 
the circadian control of food intake, which will be discussed below.

Anatomical Evidence for SCN-ARC 
Bidirectional Communication
SCN projections to ARC
Many studies characterizing the SCN efferent have consistently 
shown that it projects to the ARC (41-43)  (Figure 2), yet little is 
known about which transmitters are involved in this communication. 
VIP fibers coming from the SCN have been found in the ARC, many 
of them contacting α-MSH neurons (40). This may be the pathway 
by which the SCN drives the rhythm in α-MSH activity. VIP fibers 
have also been found near to the ARC-Median eminence interphase. 
The fact that these fibers disappear after cutting the communication 
between the SCN and the ARC supports that this peptide is derived 
from the SCN (44). Likewise, some traced fibers from the SCN 

terminate on NPY neurons in the ARC (45), although the identity of 
the SCN fibers is still unknown. This could have an implication for 
feeding rhythms (discussed below).

Injection of a retrograde tracer in the ARC aimed at mapping the input 
to kisspeptin neurons showed labeled neurons in the SCN, some of 
which corresponded to AVP neurons (46). Interestingly, this innervation 
to kisspeptin neurons was only found in female but not male rats and 
thus could be specific for the regulation of female-specific functions.

The ARC is also a target of PK-2 afferent fibers from the SCN (47). The 
function of this pathway has not been assessed; nevertheless, the ARC 
does express PK-2 receptors (48), and this peptide has been proposed 
to be important for the SCN output, especially for locomotor activity 
rhythms (49).

ARC projections to SCN
Injection of the retrograde tracer Cholera toxin subunit B into the 
SCN resulted in labeled neurons in the ARC, some of which were 
AgRP neurons (30,40); this was confirmed later by demonstration 
of AgRP fibers in the SCN (44). Also, some kisspeptin neurons in 
the ARC were shown to project to the SCN (50). Interestingly, these 
fibers increase their abundance according to the time of the day, with 
more abundant fibers corresponding to the night phase (Buijs et al., 

Figure 1  Interaction between SCN and ARC regulates the rhythmicity of metabolic functions. The SCN 
communicates time-related information to the ARC in order to execute metabolic functions at the correct 
circadian time. At the same time, the SCN influences the sensitivity of the ARC for circulating molecules, thus 
allowing it to respond according to the time of the day. As the ARC senses hormones and metabolites from the 
periphery, it conveys this information back to the SCN, allowing the SCN to adapt its output and completing the 
feedback that the SCN needs to adjust physiology. This interaction between the SCN and ARC is necessary to 
maintain rhythms in food intake, locomotor activity, temperature, and circulating corticosterone and glucose.



Obesity

4     Obesity | VOLUME 00 | NUMBER 00 | MONTH 2020 www.obesityjournal.org

Hypothalamic Integration of Time and Metabolism Méndez-Hernández et al.

unpublished data). This illustrates the reciprocity of SCN-ARC com-
munication (Figure 2).

Electrical stimulation along with recordings 
of SCN and ARC demonstrated bidirectional 
communication
Probably the first experiments that tested the communication be-
tween the SCN and ARC were experiments done by Saeb-Parsy  
et al. (51), demonstrating the existence of SCN neurons that can in-
hibit or activate ARC neurons. Because of their patterns of ortho-
dromic and antidromic activation, they reported that “in some cases 
the same suprachiasmatic neurones which projected to the arcuate 
region were influenced by the activity of their target region” (51). In 
a subsequent study (52), they recorded the daily activity of SCN neu-
rons and found that, as expected, there was a rhythm in their activity, 
with the highest peak corresponding to the end of the day. However, 
some SCN neurons that projected to the ARC had two peaks of activ-
ity, at ZT10-12 and at ZT22-24. This last peak in activity could have 
a functional relevance in the activation of α-MSH neurons, which is 
higher in this time point (40).

Is there ventricular communication from SCN to 
ARC?
Although neuronal projections between SCN and ARC have been re-
ported, there is also evidence suggesting that there might be ventricular 
communication between the SCN and the ARC. AVP has a rhythm in 
cerebrospinal fluid (CSF) (53); whether it is released from the SCN re-
mains to be shown, but classic experiments showing that SCN explants 
in the ventricle can restore some rhythms in SCN-lesioned animals 
support the idea that SCN can exert some synchronizing functions via 
AVP or other peptides released into the CSF (54-56). In hypothalamic 
PVN slices, which do not have any clock gene oscillations because of 
disconnection from the SCN, adding an explanted SCN to the medium 
restores the rhythm in the PVN. Furthermore, the addition of AVP into 
the medium could synchronize PVN oscillations, and the previous ap-
plication of an AVP receptor antagonist prevented this synchronization 
(57). This also suggests that AVP released into the CSF can exert some 
synchronizing properties, which is especially interesting considering 
that the ARC has access to substances in the CSF because of the tan-
cycyte populations located in the line of the ventricle. It is tempting to 
propose that ventricular AVP could modulate tanycytic function. In ad-
dition, some VIP projections to the ARC innervate the area close to the 
ventricle (44), which could provide another pathway for SCN-tanycyte 
communication.

SCN-ARC Axis and Integration  
of Physiological Functions
Changes in ARC and SCN activity under different 
metabolic conditions
In general, the electrical activity of the SCN is higher during the day 
than during the night. Moreover, the ARC has an overall rhythm in 
activity (as measured by c-fos, an immediate early gene produced 
shortly after neuronal activation immunoreactivity), which is inverse 
to SCN activation. Furthermore, SCN lesion removes the rhythm of 
c-fos in the ARC, while fasting amplifies the day-night difference 
(40). Fasting also has effects on both the ARC and the SCN, as it 
increases NPY immunoreactivity in the ARC (58) and decreases the 

activity of SCN neurons as measured by c-Fos immunoreactivity; the 
latter is probably mediated by inputs coming from the intergenicu-
late leaflet (59). Other experiments have shown that when the ARC 
is activated by stimuli such as peripheral administration of a ghrelin 
analog (30) or oral glucose administration (44), the SCN diminishes 
its activity. Taken together, these data suggest a tight relationship 
between the activity of these two nuclei. The question arises, how 
does SCN-ARC axis regulate physiology depending on the time of 
the day?

SCN-ARC axis in food intake
The SCN is essential for driving rhythms in food intake, as SCN-
lesioned animals show arrhythmic feeding behavior (60). However, 
the pathways underlying the temporal organization of feeding behav-
ior are still poorly understood. When leptin-responsive neurons in 
the ARC were ablated using the injection of saporin toxin bound to 
leptin, the animals almost lost their rhythm in food intake, and they 
did so completely when put in constant darkness conditions (61). 
In this condition, both α-MSH and AgRP neurons were diminished, 
suggesting a role for both peptides in the circadian regulation of 
food intake. Injections of the toxin in the ventromedial hypothala-
mus (which also has leptin-responsive neurons) showed no effects 
on food intake, indicating the specificity of this function to the ARC. 
Still, the SCN was intact and showed normal AVP immunoreactiv-
ity, indicating that regardless of an intact SCN, the disruption of the 
ARC-SCN axis disturbs feeding rhythms.

The PVN of the hypothalamus also has a role in food intake and 
receives projections from both the SCN and the ARC. NPY/AgRP 
release into the PVN promotes food intake (62). NPY concentration 
in the PVN and also in the ARC has a circadian rhythm, which peaks 
in the onset of the activity phase, that is, when animals eat (63). 
Furthermore, ablating NPY/AgRP neurons in the ARC disrupted 
circadian feeding patterns (64). These data suggest that rhythmic  
NPY/AgRP could drive rhythmic food intake, but how the SCN 
drives rhythmic NPY is still unanswered. Considering that efferent 
fibers from the SCN colocalize with NPY neurons in the ARC (45), 
it is possible that the SCN directly influences NPY release from 
the ARC, although this remains to be shown. Moreover, circulating 
corticosterone follows a circadian pattern, which is mediated by the 
SCN, and is considered to be an important synchronizer of circadian 
functions (65). Because glucocorticoids can be detected by the ARC 
(28) and have been shown to modulate NPY/AgRP expression in this 
nucleus (66), they could provide a pathway by which the output of 
the SCN mediates feeding rhythms. More work is necessary to inte-
grate other hormones in this system as well as other hypothalamic 
areas, including the dorsomedial hypothalamus, which also receives 
NPY/AgRP projections from the ARC (67).

SCN-ARC axis in locomotor activity rhythms
Several studies have raised the possibility that the ARC has a role in 
the regulation of the daily rhythms of locomotor activity, especially 
through leptin. Mice with ablated leptin receptors have diminished 
locomotor activity but only during the night; reactivation of this re-
ceptor in the ARC reestablished nighttime activity (68). Also, consti-
tutive expression of Signal transducer and activator of transcription 3 
in AgRP neurons increases night activity in mice (69). Furthermore, 
deletion of Rho kinase1 factor in AgRP neurons, which induces 
leptin resistance, also decreases nighttime locomotor activity (70). 
Together, these data point to a specific time frame in which leptin, 
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probably via AgRP neurons, can increase locomotor activity. Leptin 
receptor expression in AgRP neurons does not seem to be expressed 
in a circadian manner in mice (71); thus, one could hypothesize that 
the sensitivity to leptin during this time frame could be due to infor-
mation conveyed by the SCN.

The most compelling evidence that the SCN-ARC interaction is neces-
sary to regulate daily locomotor activity patterns is the study in which 
the SCN and ARC were disconnected via a retrochiasmatic cut (44). 
This manipulation disrupted SCN-ARC fibers, leaving both nuclei 
intact and the SCN displaying period1 rhythmicity similar to the sham 
control. These animals display normal locomotor rhythms when placed 
in a normal light-dark cycle but lose their rhythms completely when 
placed in constant darkness. The latter suggests that SCN-ARC direct 
connection is necessary for endogenous locomotor activity rhythm, 
while the maintenance of the rhythm in light-dark conditions could be 
mediated by another pathway from the SCN, inducing light-mediated 
suppression of locomotor activity during the day.

SCN-ARC axis in temperature
The complexity of how the SCN and ARC interact to regulate circa-
dian physiology is well illustrated by the control of body tempera-
ture. In rats, core body temperature rhythm is low during the day 
and high during the night. This circadian control of temperature is 
dependent on the SCN, as SCN-lesioned animals lose this rhythm 
(72,73). Also, interrupting SCN-ARC communication eliminates this 
rhythm in constant darkness (44), again suggesting that SCN-ARC 
direct communication is important for the endogenous component of 
this rhythm. Furthermore, the median preoptic area (MnPO), which 
is essential for temperature regulation (74), receives projections from 
the SCN (AVP) and from the ARC (α-MSH) (75). During the light 
period, AVP released from the SCN to the MnPO induces a decrease 
in temperature. Moreover, at the end of the dark phase (ZT 22), when 
α-MSH neurons have their highest activity because of SCN influ-
ence (40), the release of α-MSH in the MnPO maintains a high tem-
perature (75). Thus, by influencing the MnPO directly and through 
the ARC, the SCN can maintain the circadian temperature rhythm. 
Also, because the ARC is essential for the integration of metabolic 
information, its interaction with the SCN gives the possibility to inte-
grate this metabolic information into the circadian thermoregulatory 
circuit. Indeed, the temperature rhythm can be modified by fasting, 
during which temperature decreases further than in fed animals but 
only at the beginning of the light phase. Furthermore, the fasting-in-
duced decrease in temperature is lost in SCN-lesioned animals (76). 
Thus, it is possible that, at this time point, fasting-related information 
reaches the SCN via the ARC in order to adjust the output of the SCN 
to the MnPO, decreasing temperature in a time-specific way. Hence, 
the circadian thermoregulatory circuit composed of SCN and ARC is 
ideally positioned to modify temperature rhythms according to the 
metabolic condition of the animal.

SCN-ARC in integration of reproductive functions
Kisspeptin neurons in the ARC play a role in orchestrating reproduc-
tive functions (77,78). As discussed previously, these neurons receive 
projections from the SCN (46). When kisspeptin ARC neurons were 
silenced in female mice, they lost their normal estrous cycle, remain-
ing in diestrus (50). Interestingly, they also displayed a disorgani-
zation of the timing of food intake with increased daytime feeding, 
resulting in weight gain. Other rhythms, such as locomotor activity 

and temperature, were also lost. These effects seemed to be indepen-
dent of the SCN, which displayed a normal clock gene rhythm (50), 
again suggesting that these neurons in the ARC represent an imme-
diate output of the SCN for the generation of rhythms. In this sense, 
kisspeptin neurons represent a common substrate for the integration 
of timing and metabolism with reproductive functions and could pro-
vide a target for the study of the mechanisms behind circadian and 
reproductive dysfunction observed in animals fed a high-fat diet (79-
82). Indeed, kisspeptin-1 gene expression in the ARC is downregu-
lated by high-fat feeding (83), although the implications of this have 
not been assessed.

SCN-ARC axis in glucose and glucocorticoid 
control
Circulating glucose levels follow a circadian rhythm, which is driven 
by the SCN (84). The SCN, via projections to the PVN and the sym-
pathetic system, can increase glucose production by the liver in prepa-
ration for the activity phase (85). Moreover, the ARC can contribute to 
this regulation by sensing peripheral glucose levels, thus completing 
the feedback mechanisms necessary to maintain glycemia. The ARC 
can convey this information to the SCN as well, as illustrated by the 
fact that an oral glucose bolus increases the activity of the ARC and at 
the same time decreases the activity of the SCN (44). In addition, hy-
poglycemia induced by peripheral 2-deoxyglucose injection resulted 
in a more powerful activation of ARC neurons at ZT11 than at ZT2 
(45). In unilateral SCN-lesioned animals, this activation was dimin-
ished at the lesioned side, indicating that the SCN changes the sen-
sitivity of the ARC to hypoglycemia, making it more sensitive to this 
challenge at the time of the expected circadian peak in glucose (ZT11).

Similar to glycemic control, the circadian control of corticosterone 
release in preparation for the active phase is mediated by the SCN, via 
the PVN, hypophysis and sympathetic system to the adrenal (21,86). 
The autonomic projections to the adrenal gland are essential for the 
stimulation of corticosterone secretion, but these neurons lack gluco-
corticoid receptors (28); thus, the ARC has an important role in the 
feedback to those autonomic PVN neurons. The ARC has abundant 
glucocorticoid receptors and is the first site sensing peripheral gluco-
corticoid concentration changes, and it provides that information to 
the PVN to adjust circulating corticosterone levels. Similar to glucose 
regulation, the ARC has a different sensitivity for glucocorticoids 
depending on the time of the day (28), probably imposed by the SCN.

Together, these data support the idea that the SCN conveys time- 
related information to the sensory ARC and at the same time receives 
input from it. This reciprocal interaction would allow the SCN to set 
the sensitivity for circulating molecules according to the time of the day 
and would also provide it with feedback information from the ARC on 
how to adapt its output when a challenge such as hypoglycemia occurs 
(Figure 1). These time-of-day–dependent counterregulatory responses 
are very well known in relation to hypoglycemic responses after insulin 
injections in people with type 1 diabetes (87).

SCN-ARC Axis in Disease
Recent postmortem observations of anatomical changes in the ARC and 
SCN of patients with type 2 diabetes (88,89) raise the following ques-
tion: are these changes cause or consequence of the disease?
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Several studies indicate that a disturbed circadian lifestyle because of 
exposure to “light at night” is a risk factor to develop overweight and 
obesity (90,91). In view of what we have reviewed, it seems clear that 
disrupting the activity of the SCN by means of altered light-dark cycles 
would change the output to the ARC as well, probably losing its rhyth-
mic capacity to sense circulating molecules or to drive the rhythms it 
is involved in. Indeed, acute light exposure during the dark can inhibit 
α-MSH activity in the ARC (40), but the contribution of long-term light 
at night in ARC function remains to be assessed

Moreover, long-term exposure to a high fat–high sucrose diet in rodents 
results in obesity and metabolic dysfunction, which is accompanied by 
the loss of rhythms in circulating hormones, such as luteinizing hor-
mone, melatonin, and corticosterone (92). Interestingly, exposure to 
high-fat diet immediately modifies feeding behavior, whereby food 
intake is shifted toward the resting phase (79,80). Restricting high-
fat feeding to the active phase ameliorates most of the effects of the 
high-fat diet despite eating the same amount of calories (93-95). In 
addition, restricting normo-caloric food intake to the resting phase 
of animals also promotes fat accumulation (96). Thus, it appears that 
food at the “wrong time” has a larger contribution to the development 
of obesity than the diet per se. In view of what we have reviewed 
above, there are two explanations for this phenomenon: (1) out- 
of-time food intake serves as a mistimed feedback to the SCN, result-
ing in a disturbed output of the SCN, which initially is mainly directed 
to adjust the circulating glucose levels but in the long term results 
in a loss of other rhythms; and (2) food-related signals such as glu-
cose reach the ARC at a time when, because of SCN influence, this 
nucleus is incapable of giving an appropriate response. In both cases, 
mistimed signaling would directly affect the interaction between the 
SCN and the ARC. Thus, in the long term, the ARC would no longer 

perform its circadian output functions nor respond to circulating mol-
ecules in a time-appropriate manner. Indeed, reverse feeding induces 
loss of the a-MSH neuronal activity rhythm (97) along with changes 
in clock gene expression in the ARC (98). Furthermore, patients with 
diabetes present a sharpened “dawn phenomenon,” in which glucose 
levels before waking increase even though their glycemia is already 
high (99); this could be interpreted as the ARC not being able to sense 
glucose levels properly, hence increasing glycemia despite it being 
already elevated. This hypothesis is further supported by the fact that 
in postmortem brains of diabetic patients, NPY is upregulated in this 
nucleus, similar to what happens in a healthy individual that has been 
fasted (88). In addition, glucose uptake in the brain of patients with 
diabetes is enhanced (10) as a further indication of the incapacity of 
the brain (the ARC) of diabetic patients to sense the actual glucose 
concentration.

The enormous increase in the consumption of sugar, especially at the 
inappropriate time (i.e., the resting phase), leads to frequent spikes in glu-
cose in the circulation that may contribute to the disruption of the ARC-
SCN axis. Consequently, early induced miscommunication in ARC-SCN 
axis by untimely increased glucose levels could be involved in a perma-
nent disruption of this system, resulting in dysregulated peripheral glu-
cose levels and, ultimately, circadian and metabolic dysfunction.O
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Figure 2 Communication between SCN and ARC. The SCN sends extensive projections to the ARC using different 
transmitters. Some SCN neurons of unknown identity reach NPY neurons in the ARC, while PK-2 fibers also project 
to this nucleus. SCN VIP neurons project to α-MSH neurons in the ARC and also innervate the area close to the 
ME-ARC interphase. SCN AVP neurons contact KISS neurons in the ARC in female rats. AVP that is released 
into the ventricle could also serve as a communication pathway between the SCN and ARC. Moreover, the ARC 
sends some projections of unknown identity to the SCN. Some ARC AgRP neurons project to the ventrolateral 
region of the SCN, which is also a target of KISS projections that change their abundance according to the time 
of the day. 3V, third ventricle; AgRP, agouti-related peptide; α-MSH, alpha melanocyte stimulating hormone; ARC, 
arcuate nucleus; AVP, arginine-vasopressin; KISS, kisspeptin; ME, median eminence; OC, optic chiasm; PK-2, 
prokinecitin-2; SCN, suprachiasmatic nucleus; VIP, vasoactive intestinal peptide.
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