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INTRODUCTION 18 

 19 

Obesity has been approached in different animal models (rodents). The species studied 20 

are models of obesity induced by liquid (sucrose) or solid (fat) diets and others by genomic 21 

maneuvers to obtain “mutant” mice in some gene/protein involved in the regulation of 22 

glucose/lipid metabolism management (Turek et al., 2005; Ropero et al., 2008; Kennedy et 23 

al., 2010). On the other hand, this obesity induced by liquid or solid diets or genetic 24 

modifications may reflect a masked physiology where only some symptoms are seen but 25 

not the involved machinery that develops obesity. Hence, the importance of exploring animal 26 

models that provide further elucidation of the machinery or symptoms in this physiological 27 

state and thereby identify these mechanisms and a more accurate direction for their 28 

treatment in the clinic (Mathes et al., 2011). 29 

 30 

One such model may be the volcano mouse, Neotomodon alstoni. It is a rodent endemic 31 

to the transverse Neovolcanic axis in central Mexico. When wild animals are kept in captivity 32 
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and fed a standard rodent diet, about 50% of them, both males and females, increase their 1 

body weight until they present behavioral traits similar to the state of obesity in humans 2 

(Carmona-Alcocer et al., 2012). 3 

 4 

Some hormones such as insulin, leptin and ghrelin are involved in the feedback of the 5 

alimentary or metabolic state through the arcuate nucleus (ARC). This in turn, has 6 

communication with the central clock (CNS), which makes it possible for a pathological state 7 

such as obesity to influence circadian regulation or feedback between peripheral organs and 8 

the central clock (Buijs et al 2006).  9 

A relationship has also been found between estrogens and the development of obesity. 10 

Estrogen depletion or lack of estrogen develops hyperphagia, increased food intake and 11 

obesity in both animal models and humans (Brown and Clegg, 2010). In ovariectomized 12 

rats, they are known to develop an increase in visceral fat and peripherally administered 13 

estradiol restores the leptin signaling they had with fat distribution as in their intact 14 

counterparts. In contrast, in male rats, subcutaneous fat deposition is increased with 15 

estradiol (Clegg et al., 2006). Estrogen receptors, especially estrogen receptor alpha (ERa), 16 

are also known to be of major importance in regulating the role of estradiol and the 17 

development of obesity both in mutant models of this receptor and in animals with tissue-18 

specific attenuation of this receptor (ventromedial hypothalamic nucleus, VMH) in females 19 

as well as in males (Heine et al., 2000; Musatov et al., 2007). 20 

 21 

On the other hand, the interaction of anorexigenic hormones such as ghrelin with estradiol 22 

plays an important role in food intake, since when estradiol levels decrease, the effect of 23 

ghrelin as a stimulator of food intake increases. This has been demonstrated in 24 

ovariectomized rat protocols and in male rats as well as in mutants of the growth hormone 25 

secretagogue receptor (GHRS) which is stimulated through ghrelin and favors food intake 26 

(Clegg et al., 2007). The reverse was found in ovariectomized Ghrs-/- mutant mice, where 27 

they accumulate less weight and adipose tissue even with a high-fat diet. This indicates that 28 

estradiol is necessary for ghrelin signaling in food intake and body weight gain (Zigman et 29 

al., 2005; Shao and Yeo, 2011). 30 

 31 

Therefore, the relationship between ghrelin and estradiol, both at the level of adipose tissue 32 

and its signaling in the hypothalamus, is a subject that must be studied further in 33 
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Neotomodon alstoni, as well as its differences in the light and dark phase in a circadian 1 

period. 2 

 3 

MATERIALS AND METHODS  4 

 5 

Experimental animals and housing  6 

All procedures of this study were carried out following the Guide for the Care and Use of 7 

Laboratory Animals (NRC 2011), the Official Mexican regulation for experi�mentation in 8 

animals (NOM-062-ZOO-1999 2001), the Bioethics Committee of the Facultad de Ciencias, 9 

UNAM, and other international Ethical Standards for animal chronobiology research 10 

(Portaluppi et al. 2010). N. alstoni mice were collected in the field, then reproduced, and F1 11 

young adult male (M) and female (F) mice were raised in the vivarium facilities of the 12 

Facultad de Ciencias, UNAM. They were subjected to a 12 h:12 h light-dark cycle (LD), with 13 

photophase of 200–250 lux daily between 06:00–18:00 h, and stable temperature of 23 ± 14 

2°C. Mice were individually housed in cages containing wood chips and environmental 15 

enrichment, standard food chow (Rodent Lab 5001, Purina, St. Louis, MO), and tap water 16 

was provided ad libitum.  17 

 18 

Experimental design  19 

Mice between 8 to 12 months of age were grouped by body weight, as previously described 20 

by Pérez-Mendoza et al. (2017), into four groups: LM (lean male, 43.3 ± 3.0 g), OM (obese 21 

male, 76.0 ± 3.0 g), LF (lean female, 46.8 ± 2.0 g), and OF (obese female, 73.0 ± 4.0 g). 22 

During the dark phase, trunk blood samples were quickly collected in about 2 min after 23 

decapitation, and tissues were rapidly dissected and under dim red light (3–5 lux), while at 24 

all of the other time points the same procedures were done under 200–250 lux. The sexual 25 

cycle phase of all of the female mice was not followed. The number of animals used for each 26 

time point was variable and is indicated directly in the individual figures that report the 27 

findings.  28 

 29 

Locomotor activity recordings  30 

The animals were raised in the laboratory environment and individually held in an acrylic 31 

homing cage after weaning. The recording of locomotor activity was performed in the same 32 

homing and environmental conditions. Two to three days of total freely moving locomotor 33 

activity data were used for comparisons of the different groups of mice (LM n = 8, OM n = 34 
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5, LF n = 7, and OF n = 5). Data acquisition was, according to Miranda-Anaya et al. (2019b), 1 

a system elaborated to cast three individual keyed infrared beams from side to side of the 2 

cage, allowing the monitoring of the activity of mice along the entire cage. The system was 3 

coupled to a data acquisition card, with data stored on a PC using AMOS, 3.3 software. 4 

Each crossing by the infrared sensors was considered an event that was continu�ously 5 

counted for 10 min (bin-cell) and stored until analysis.  6 

 7 

Circulating measurement and Western blot analyses 8 

 9 

Following euthanized by decapitation of the mouse (LM n = 5, OM n = 3–4, LF n = 4–5 and 10 

OF n = 5), trunk peripheral blood was collected in microtubes, centrifuged at 3,500 rpm for 11 

15 min at 4°C, and then serum was separated and stored at −80°C until used. Serum 12 

estradiol was measured in duplicate using a estradiol ELISA assay following the instructions 13 

of the manufacturer and Free fatty acids in serum (Cat. #K612-100) were quantified using a 14 

commercial kit (BioVision Incorporated, Milpitas, California), all procedures followed the 15 

manufacturer’s instructions. Tissue collection and Western blot was quickly collected and 16 

frozen in dry ice and kept at −80°C until further processing. Tissues with high lipid content, 17 

such as vWAT, were subjected to second centrifugation for 10 min at the same speed. Total 18 

protein concentration was determined using the Bradford assay (BIO-RAD, Hercules, CA). 19 

Western blot was performed as described previously (Pérez-Mendoza et al. 2018). Samples 20 

(50 to 80 µg of protein per tissue) were mixed 1:1 with 2X Laemmli sample buffer and 21 

incubated at 80°C for 2 min. Then, protein samples were subjected to one dimensional 22 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis under reducing conditions on a 23 

10% polyacrylamide gel. Proteins were electroblotted onto a nitrocellulose membrane (BIO-24 

RAD; Hercules, CA), blocked for 2 h in 5% (w/v) skim milk (BIO-RAD, Hercules, CA), and 25 

then incubated overnight at 4°C with respective primary antibodies: Anti-ERa antibody 26 

(ab3350; Abcam, Cambridge, MA) at 1:1000 dilution; anti-ERb antibody at 1:1000 dilution 27 

tubulin (ab15246; Abcam) as loading control at 1:1000 dilution. Membranes were washed 28 

and then incubated for 2 h at room temperature with alkaline phosphatase (AP)- conjugated 29 

goat secondary antibody (anti-rabbit IgG for BMAL1, PER1, and α-tubulin antibodies) at 30 

1:5000 dilution (A3812; Sigma-Aldrich, St. Louis, MO). Bands were visualized using the AP 31 

conjugate substrate kit (BIO-RAD, Hercules, CA) following the manufacturer’s instructions; 32 

blots were scanned, digitalized, and analyzed with ImageJ software (NIH, Bethesda, MD). 33 

Protein expression were reported after normalized to the α-tubulin (~50 kDa) signal. We 34 
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found in some tissues isoforms of ERa and ERb, but consistently we analyzed the ones with 1 

the molecular weight indicated.  2 

 3 

Data analysis  4 

 5 

Results are expressed as mean ± SEM. Statistical analysis and graphs were done with 6 

GraphPad Prism 8.3.1 software (GraphPad Software Inc., San Diego, CA). Average 7 

nocturnal or diurnal locomotor activity data were tested with two-way ANOVA and contrasted 8 

with Sidak’s multiple comparisons test. Comparisons of between-group (lean vs. obese) or 9 

between-sex (male vs. female) factors were accomplished using two-way ANOVA 10 

contrasted with Sidak’s multiple comparisons test. Symbols for the between-group 11 

differences are shown at each time point in all figures with (#); between-sex differences 12 

between LM and LF are indicated with (&), and between OM and OF mice with (#).For all 13 

analyses, statistically significant differences were considered at P < 0.05. 14 

 15 

RESULTS 16 

 17 

Activity locomotor 18 

The daily behavioral recording of N. alstoni mice is shown in Figure 1. Locomotor activity 19 

is affected by the obesity condition: Figure 1(a) presents the average daily profile from male 20 

mice, which reflects less daily total activity in OM, a pattern that is also evident in OF (Figure 21 

1(b)) in contrast to their lean controls. When this locomotor activity per experimental mouse 22 

is analyzed quantitatively and contrasted by the light and dark phases, OM mice in 23 

comparison to lean mice (Figure 1(c)) showed significant ~70% less movement during the 24 

dark phase and ~50% less movement in the photophase. These differences were also 25 

noticed in female mice (Figure 1(d)); OF had ~60% less activity than LF. A comparison 26 

between sex showed that at night, LF presented ~30% less activity than LM. 27 
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 15 

 16 

 17 

Figure 1. Daily total locomotor activity profile. Locomotor behavior of N. alstoni by the 18 

individual motion detection system. Black and gray lines and bars represent mean ± SEM 19 

of movement data, respectively, of lean obese mice. Grey shadow depicts the dark phase 20 

of the LD cycle. Panel A: male recording (LM n = 8 and OM n = 5); B: female recording (LF 21 

n = 7 and OF n = 5); C: nocturnal and diurnal average movements of male mice during the  22 

light and dark conditions; D: nocturnal and diurnal average movements of female mice 23 

during the light and dark conditions. (#) LM vs. OM and LF vs. OF; (&) LM vs. LF; by two-24 

way ANOVA, contrasted with Sidak’s multiple comparisons test, significance at P < 0.05 25 

(Arellanes-Licea E, Pérez-Mendoza M and Miranda-Anaya M. et al., 2021) 26 

 27 

Histology of vWAT   28 

 29 

Currently, the levels of circulating leptin in obese animals, both in females and males of 30 

Neotomodon alstoni are known (Fuentes-Granados et al. 2011; Carmona-Alcocer et al. 31 

2012), since most of it comes from adipose tissue, we focused on analyzing adipose tissue 32 

in lean and obese animals. The results obtained show that there is hypertrophy (cell growth) 33 
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# 

# 

of adipose tissue as expected in obese animals. However, females had a greater increase 1 

in cell size, which was reflected as fewer cells per area analyzed (Figure 2). 2 

 3 

 4 

  5 

 6 

 7 

   8 

 9 

 10 

 11 

Figure 2. Adipose tissue cell volume ratio of males and females. Empty bars (lean) and full bars 12 

(obese). Significant difference, (#) LM vs. OM and LF vs. OF; (&) LM vs. LF; by two-way ANOVA, 13 

contrasted with Sidak’s multiple comparisons test, significance at P < 0.05. Data represent Mean ± 14 

ES, n=10, each área 10,000 m2.  15 

 16 

Sex differences in the proteins 17 

PPARg  18 

Due to the previous result, the hypertrophy in the adipose tissue, we analyzed the PPARg 19 

protein by western blot, because it is a protein that promotes adipocyte proliferation, which 20 

helped us to determine if there were indeed more adipose cells or if the hypertrophy was 21 

mainly due to the accumulation of lipids inside the adipose cell. The results obtained show 22 

that there is hypertrophy (cell growth) of the adipose tissue as expected in obese animals. 23 

In other words, lipid reserves in the tissue increase (Figure 3). 24 

 25 

 26 

 27 

 28 
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  3 

 4 

 5 

 6 

 7 

Figure 3. Diurnal and nocturnal variations of adipocyte proliferator (PPARg / Tubulin). A) Females 8 

and B) Males. Empty bars (lean) and full bars (obese). Significant difference, (#) LM vs. OM and LF 9 

vs. OF; (&) LM vs. LF; by two-way ANOVA, contrasted with Sidak’s multiple comparisons test, 10 

significance at P < 0.05. Data represent Mean ± ES, n=6. 11 

 12 

ERa and ERb  13 

Another parameter we analyzed was estradiol receptors (ERa and ERb) in adipose tissue 14 

by Western blotting. The results obtained show that the estradiol receptor was significantly 15 

more expressed in obese animals in both females and males (Figure 4). 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

Figure 4. Diurnal and nocturnal variations of the estradiol receptor (ERa / GAPDH). A) Females and 24 

B) Males. Empty bars (lean) and full bars (obese). Significant difference, (#) LM vs. OM and LF vs. 25 

A B 

# 

# 

# # 
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OF; (&) LM vs. LF; by two-way ANOVA, contrasted with Sidak’s multiple comparisons test, 1 

significance at P < 0.05. Data represent Mean ± ES, n=8. 2 

 3 

 Also, circulating free fatty acids (FFA) were obtained to determine their concentration 4 

and role within hepatic lipid metabolism and from adipose tissue (lack of a deeper 5 

relationship with adipose tissue). Interestingly, circulating levels of FFA were higher in obese 6 

animals (females and males), both in the light and dark phases, except in the light phase of 7 

obese males (Figure 5). 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

Figura 5. Diurnal and nocturnal variations of free fatty acids (FFA). A) Females and B) Males. Empty 17 

bars (lean) and full bars (obese). Significant difference, (#) LM vs. OM and LF vs. OF; (&) LM vs. LF; 18 

by two-way ANOVA, contrasted with Sidak’s multiple comparisons test, significance at P < 0.05. Data 19 

represent Mean ± ES, n=8. 20 

  21 

 Finally, circulating estradiol (E2) concentration was obtained for both females and males 22 

to determine the role within adipose tissue metabolism and the development of obesity in 23 

this model. Interestingly, circulating levels of E2 were higher in obese females and lower in 24 

obese males in both the light and dark phases (Figure 6).  25 

 26 
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 7 

Figure 6. Diurnal and nocturnal variations of estradiol in serum (E2). A) Females and B) Males. Empty 8 

bars (lean) and full bars (obese). Significant difference, (#) LM vs. OM and LF vs. OF; (&) LM vs. LF; 9 

by two-way ANOVA, contrasted with Sidak’s multiple comparisons test, significance at P < 0.05. Data 10 

represent Mean ± ES, n=8. 11 

 12 

DISCUSSION 13 

 The Neotomodon alstoni mouse is a very interesting study model because it naturally 14 

begins to gain weight without any special diet high in fat or carbohydrates, until it becomes 15 

obese, which makes it a more pure and economical model of obesity in its maintenance. 16 

Something we have seen and experienced is that their reproduction is slow, due to several 17 

factors, among the known ones is that they are monogamous animals and when they reach 18 

a state of obesity, their number of offspring decreases to zero. In addition, the proportion of 19 

female and male offspring is very variable, even pure females or pure males can be born 20 

and these in turn do not develop obesity.  21 

 Derived from all the variables so far unknown as to why obesity occurs in some 22 

individuals faster than in others and even to know if gender is a determinant in the 23 

development of obesity. Hence, we have focused mainly on knowing the signaling involved 24 

with estrogens, especially estradiol (E2), a hormone that intensifies its starvation effect when 25 

there is estradiol resistance or a deficiency in its ligand-receptor signaling (Zigman et al., 26 

2005; Clegg et al., 2007; Shao and Yeo, 2011).  27 

 28 
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 Based on the results of estradiol receptors (ERa and ERb), circulating estradiol and the 1 

volume of adipose tissue cells obtained in addition to the proposed objectives, we suggest 2 

that in obese animals there is a deficiency in estradiol ligand-receptor signaling. We can now 3 

suggest that in obese females this may be due to a type of estradiol resistance and in the 4 

case of obese males to a decrease in its concentration, which leads to poor ligand-receptor 5 

signaling. This signaling is important since it participates in the regulation of adipogenesis 6 

and lipolysis in adipose tissue. Therefore, we suggest that the development of obesity in this 7 

model may well be due to this deficiency in estradiol signaling with adipose tissue and 8 

probably has a very strong relationship with the role of the receptor in the hypothalamus, a 9 

crucial region in hunger and satiety. Also, these results suggest a genetic origin of the 10 

deficiency that is asserted after puberty in mice and that poor signaling is contributing to the 11 

accumulation of adipose tissue.  12 

 13 
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