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			ABSTRACT

		

		
			Obesity has become a harmful factor for life expectancy through a series of diseases, but research on obesity in the past few decades has obtained only limited results. The discovery of the metabolic healthy obesity phenomenon brings a new direction for research of obesity problem, but the lack of an animal of metabolic healthy obesity limits its study. Tupaia belangeri is a new type of experimental animal emerging in recent years and is extremely widely used in various disease models because of its evolutionary status and high affinity with primates. Here, in order to judge whether this new experimental animal can serve as special materials in obesity research, we constructed an obesity model in T. belangeri by using high-fat food, then studied animal insulin sensitivity, blood pressure, blood biochemistry, routine blood, inflammatory response, and liver fat accumulation, etc. We found that T. belangeri had no metabolic disorders such as insulin resistance, hypertension, or hyperlipidemia after obesity, and there were also no typical obesity complications such as diabetes, inflammation, or fatty liver. To sum up, we suggest that T. belangeri can be used as an animal model of metabolic healthy obesity, and the special model organism of metabolic healthy obesity will provide us with new opportunities to study obesity problems.
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			Introduction

			Obesity is associated with chronic diseases such as insulin resistance (Kahn et al., 2006), hypertension (Gruber et al., 2021), hyperlipidemia, and diabete (Pillon et al., 2021). Obesity has also been linked to fatty liver (Xie et al., 2017), heart disease, and cancer (Kivimäki et al., 2017). With the increasing global prevalence of obesity, it has become an important factor endangering human health and reducing life expectancy, and its harm is expected to deepen in the future (Afshin et al., 2017; Kelly et al., 2008). Humans have made various attempts to solve the obesity problem (Cefalu et al., 2015), such as fasting (Ulgherait et al., 2021), exercise, and the administration of anti-feeding factor leptin (Duquenne et al., 2021; Montague et al., 1997). However, in the end, it has been found that the majority of dieters regained weight over the long-term, obesity rebounded very quickly after exercise stopped (Van Baak and Mariman, 2019), and exogenous leptin administration rarely worked in vivo (Blüher and Mantzoros, 2009; Myers et al., 2010). Although we have been working on this for decades, this problem has not been effectively solved (Roberto et al., 2015). 

			The discovery of the metabolic healthy obesity phenomenon brings new direction for research of obesity problem. The concept of healthy obesity was first conceived in the 1980s, and the first case of metabolic healthy obesity was found in the same year (Andres, 1980). As the phenomenon of metabolic healthy obesity has been widely reported, the discussion about healthy obesity has become popular. In recent researches, healthy obesity is that an individual still remains in a good health state despite being obese, which have no insulin resistance, hypertension, diabetes, dyslipidemia, fatty liver, etc. (Wildman, 2009; Bluher, 2012; Stefan et al., 2013). In addition, researches also showed that the healthy obesity phenomenon is fairly prevalent in the obese population (Lavie et al., 2018; Lin et al., 2017), so further research on healthy obesity also has broad application prospects. In short, these data all indicate that metabolic healthy obesity has great potential in the diagnosis, treatment, and research of obesity (Phillips, 2016; Stefan et al., 2018), but the lack of an animal model of metabolic healthy obesity limits its study.

			Tupaia belangeri is a small mammal, originating from Borneo, which is widely distributed in the Oriental realm (Roberts et al., 2011; Sargis et al., 2014). T. belangeri belongs to the genus Tupaia of the family Tupaiidae of the order Scandentia in China. It has many characteristics, such as small body size, high brain-to-body mass ratio, and low feeding cost (Zhang et al., 2020). Compared with rodents, T. belangeri has a higher affinity with humans (Janečka Jan et al., 2007; Roberts et al., 2009). So, under the general trend of increasingly limited research use of primates, it shows great development and application prospects (Shi et al., 2020). Accordingly, it has been rapidly developed into a new type of experimental animal and used as a model organism to study basic biology and various medical disease models (Ruan et al., 2016; Che et al., 2021; Zhang et al., 2019), all of which suggest that T. belangeri has great potential for human disease research. T. belangeri might be potential as an animal model of healthy obese. In the present study, we induced the obesity model of T. belangeri using high-fat food. Then, we measured animal glucose tolerance, insulin tolerance, blood biochemical indexes, inflammatory markers, and liver fat accumulation, etc. We predicted that animals did not show metabolic disorders and typical obesity complications. Moreover, the masses of heart, liver, kidney, and other organs of the obese animals still remained normal. 

			Materials and Methods

			Samples 

			Twenty-eight male T. belangeri (2 years old) animals were purchased from the Institute of Medical Biology, Chinese Academy of Medical Sciences (Kunming, China). Animals were housed at 25±1°C, 12L:12D (lights on at 7:00 am), 50-60% humidity, and 250 lx illumination, and were housed in single cages, food and water were provided ad libitum. All animals were adapted for 2 weeks before the start of the experiment, and then randomly divided into control (n=14) and experimental (n=14) groups. The control group was fed standard chow (fat 24%, protein 32%, carbohydrate 44%), and the experimental group was fed a high-fat diet (fat 57%, protein 21%, carbohydrate 22%).

			Glucose tolerance test and insulin tolerance test

			For the glucose tolerance test (GTT), animals were intraperitoneally injected with glucose at a dose of 2g/kg after 8 h of fasting. After injection, venous blood was taken at 0, 15, 30, 60, 90, and 120 min, and the blood glucose concentration was measured using a blood glucose meter (SinocareGA-3; Sinocare, Changsha, China). For insulin tolerance testing (ITT), animals were injected with insulin (Novolin R; Novo Nordisk, Bagsvaerd, Denmark) at a dose of 0.75 U/kg after 8 h of fasting, and the blood glucose concentration was measured at 0, 15, 30, 60, 90, and 120 min.

			Blood pressure, heart rate, and temperature measurement

			We used the tail-cuff method (Erken et al., 2013) to measure blood pressure and heart rate (BP-2000 Blood Pressure Analysis System; Visitech Systems, Apex, North Carolina). Animals were trained to adapt to the procedure several times before the measurement. During formal measurement, animals were allowed to adapt to the test room for 30 min, then the sensor was sleeved onto the tail of the animals. The blood flow signal was monitored by inflating and deflating the tail artery to measure the blood pressure and heart rate, and the average value was taken for three consecutive measurements. In addition, temperature is also the core index reflecting the physiological state. To determine whether the surface temperature distribution and nuclear temperature change after obesity, we imaged animals with an infrared imager (WIC640-SUW; Workswell, Roznov, Czech) to obtain the body surface temperature map (shooting distance: 1m) (Tattersall and Cadena, 2010). We measured the core temperature with a digital thermometer (inserted the probe into the anus approximately 2 cm and remained for 1 min to read).

			Blood biochemistry and routine blood analysis

			Blood was collected from the heart after fasting for 12h. 1/3 of the blood was anticoagulated with EDTA-K2, while 2/3 was placed at room temperature for 30 min, then centrifuged at 4000g, 4℃ for 10 min to obtain serum. An automatic biochemical analyzer (Cobas 8000 C702; Roche, Barthel, Switzerland) measured serum total cholesterol, triglyceride, high density lipoprotein cholesterol, low density lipoprotein cholesterol, glucose, fructose amine, aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, cholinesterase, glutaminase aminotransferase, total protein, albumin, globulin, total bilirubin, total bile acid, creatine kinase, lactate dehydrogenase, uric acid, urea nitrogen, and creatinine. Glycosylated hemoglobin level were measured using an automatic glycosylated hemoglobin analyzer (HLC-723GX; TOSOH, Yamaguchi, Japan) (Lahousen et al., 2002), and insulin and fasting C-peptide were detected using an automatic electrochemiluminescence analyzer (Cobas E601; Roche, Barthel, Switzerland). Routine blood tests were performed using an automatic blood cell counter (MEK-5105; NIHON KOHDEN, Tokyo, Japan), and the detection indexes included red blood cell count, white blood cell count, hemoglobin, and platelet count.

			Enzyme-linked immunosorbent assay (ELISA)

			Serum was obtained as described above, then the concentration level of CRP in the serum was measured using an ELISA kit (RayBiotech, Peachtree Corners, Georgia, USA), and α1-antitrypsin concentration level was detected with α1-antitrypsin kit (RayBiotech, Peachtree Corners, Georgia, USA).

			Measurement of anatomical organs

			To evaluate whether obesity affects the internal organs of T. belangeri, we used the cervical dislocation method and dissected the animals immediately. Then, the weights of the heart, kidney, large intestine, liver, lung, small intestine, spleen, stomach, testis, thymus, adrenal gland, pancreas, thyroid, and prostate were determined with an analytical balance.

			Liver fat analysis

			The liver was obtained after dissection. Liver fat accumulation was preliminarily assessed by weighing the liver and observing the adhesion of adipose tissue on its surface. Then, the triglyceride content in the liver was accurately determined using a triglyceride kit (Triglyceride Reagent T2449; Sigma-Aldrich, St. Louis, Missouri, USA). Specifically, 100 mg of tissue was homogenized in 500μl PBS, mixed with chloroform-methanol (2:1 (v/v)), transferred to the organic phase, air-dried overnight, resuspended in 1% Triton X-100 in absolute ethanol, and accurately quantified using a triglyceride assay kit.

			Statistical analysis

			All data were statistically analyzed using R language (version 4.1.1), and all data were tested for normality and variance homogeneity before analysis. Specifically, the Shapiro-Wilks test was used to evaluate the normality of data, and the F test was used to evaluate the homogeneity of the square difference of data. Repeated measurement variance analysis was used for the GTT and ITT test data, and the double-tailed t-test was used for other data. Statistical significance was set at P < 0.05.
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			Fig. 1. A, Body weight (BW) of control and obesity group T. belangeri in 18th week. B, Adipose tissue weight of control and obesity group T. belangeri in 18th week. C, Glycemic response during GTT. D, Glycemic response during ITT. E, Blood pressure of control and obesity group T. belangeri. F, Heart rate of control and obesity group T. belangeri. G, Rectal temperature of control and obesity group T. belangeri; N= 14 per group; statistical significance is indicated: *P < 0.05, **P < 0.01.

			Results

			T. belangeri did not show impaired glucose tolerance or insulin resistance after obesity 

			At the end of the experiment, the body weight and adipose tissue weight between the control group and experimental obesity group reached extremely significant level (Fig. 1A, B), which showed that the construction of obesity model is successful. Unexpectedly, T. belangeri did not suffer from impaired glucose tolerance, and also maintained good insulin sensitivity (Fig. 1C, D). Moreover, the blood glucose of the two groups reached its peak 30 min after glucose injection, and the blood glucose value basically returned to the normal level after 120 minutes (Fig. 1C). Thirty minutes after insulin injection, the blood glucose levels of the two groups reached their lowest levels and returned to normal values 90 min later (Fig. 1D). In addition, through repeated measurement analysis of variance, a significant difference was observed within the intra-group over time (P < 0.05), but there was no significant difference between the groups (P > 0.05), indicating that both the control and obese groups responded to GTT and ITT and showed the same trend of change. In conclusion, through GTT and ITT, we confirmed that there was no impaired glucose tolerance or insulin resistance in T. belangeri after obesity.

			Animal’s blood pressure, heart rate, and temperature were not abnormal

			The results showed that there was no increase in blood pressure in the obese group (Fig. 1E), and no statistical difference was found in the heart rate analysis between the two groups (Fig. 1F). Therefore, obesity does not lead to hypertension or abnormal heart rate. In addition, body temperature analysis showed that not only did the core temperature not change (Fig. 1G), but the size and distribution gradient of body surface temperature did not change significantly (Supplementary Fig. S1). In general, by analyzing the representative physiological indicators, we found that animal can still maintain their normal state.
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			Fig. 2. A, Total cholesterol, triglyceride, high density lipoprotein cholesterol, low density lipoprotein cholesterol, glucose, fructose amine levels in blood. B, Glycosylated hemoglobin levels in blood. C, Fasting c-peptide, insulin levels in blood. D, Glutamine transaminase levels in blood. E, Aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, cholinesterase levels in blood. F, Total protein, albumin, globulin levels in blood. G, Total bilirubin levels in blood. H, Total bile acid levels in blood. I, Creatine kinase, lactate dehydrogenase levels in blood. J, Urine acid levels in blood. K, Urea nitrogen levels in blood. L, Creatinine levels in blood. Data are presented as mean ± SEM; N= 14 per group; statistical significance is indicated: *P < 0.05, ** P < 0.01.

			Blood biochemistry and routine blood indicators were normal

			The blood lipid and blood glucose state were not significantly different (Fig. 2A, C). Testing and statistical analysis showed that aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, cholinesterase, glutamine aminotransferase, total protein, albumin, globulin, total bilirubin and total bile acids, which reflect liver health, did not differ statistically between groups (Fig. 2D, H). There were also no significant differences in creatine kinase and lactate dehydrogenase, indicators of heart health (Fig. 2I). In addition, there were no significant differences in uric acid, urea nitrogen and creatinine. Nitrogen, or creatinine, an important indicator of renal function, was also not significantly different (Fig. 2J, L). Similarly, there were no significant differences in red blood cell count, white blood cell count, haemoglobin or platelet count in the obese group compared to the control group (Fig. 3A, D).

			Obesity animal does not show inflammation

			The results showed that the CRP level did not increase in the obese group compared to the control group (Fig. 3E). Notably, consistent with the above results, there was no statistical difference in the levels of α1 - antitrypsin between the two groups (Fig. 3F).

			Despite obesity, there was no impact on internal organs weight

			In order to determine whether obesity has an impact on the internal organs of animals, we dissected the animals immediately after execution and accurately weighed the animal organs with an analytical balance. The analysis revealed that not only the heart, kidney, large intestine, liver, lung, small intestine, spleen, and stomach, but also the testis, an organ reflecting reproductive function, showed no statistical difference between the two groups (Fig. 4A). Interestingly, we also found that the weight of the thymus, an immune organ, did not difference (Fig. 4B), which is consistent with the above conclusion that obesity does not cause inflammation. In addition, we confirmed that the weights of the adrenal gland, pancreas, and thyroid were not altered in obese animals (Fig. 4D, E, H). Finally, we also confirmed that the prostate, an organ associated with urination and reproduction, was unchanged (Fig. 4F). In conclusion, the above results demonstrate that, although the animals become obese, this does not affect the internal organs weight.
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			Fig. 3. A, Red blood cell count levels in blood. B, White blood cell count levels in blood. C, Hemoglobin levels in blood. D, Platelet levels in blood. E, C-reactive protein concentration levels in blood. F, Alpha1-antitrypsin concentration levels in blood. Data are presented as mean ± SEM; N= 14 per group; statistical significance is indicated: *P < 0.05, ** P < 0.01.
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			Fig. 4. A, Weight of heart, liver, lung, kidney, spleen, stomach, small intestine, large intestine, testis in control and obesity group. B, Weight of thymus gland in control and obesity group. C, Liver weight of control and obesity group T. belangeri, Vertical axis shows mass in grams for BW. D, Weight of pancreas in control and obesity group. E, Weight of thyroid gland in control and obesity group. F, Weight of prostate in control and obesity group. G, Liver triglyceride content in control and obesity group T. belangeri. H, Weight of adrenal gland in control and obesity group. Data are presented as mean ± SEM; N= 14 per group except H; statistical significance is indicated: *P < 0.05, **P < 0.01.

			An obesity animal does not show liver fat accumulation

			The results showed that the liver weight of obese animals did not increase (Fig. 4C), there was no fat attachment on the surface of the liver after obesity (Supplementary Fig. S2), and there was also no significant difference in triglyceride content in the liver between the two groups (Supplementary Fig. S2).

			Discussion

			Because obesity is usually accompanied by impaired glucose tolerance and insulin resistance (Kornfeld et al., 2013), we performed GTT and ITT to determine whether these typical symptoms also occurred in obese T. belangeri. In the present study, T. belangeri did not suffer from impaired glucose tolerance, and also maintained good insulin sensitivity. Blood pressure, heart rate, and body temperature are important indicators to reflect physiological state of the body (Ayres, 2020). In our results, it showed that there was no increase in blood pressure in the obese group, heart rate analysis and body temperature. Therefore, obesity does not lead to hypertension or abnormal heart rate. Previous studies have shown that hyperlipidemia and hyperglycemia are typical complications of obesity (Pillon et al., 2021), and that these chronic metabolic diseases seriously affect health and reduce life expectancy (Lamharzi et al., 2004). We found that the blood lipid and blood glucose state were not significantly different, which indicated that animals did not cause hyperlipidemia or hyperglycemia after obesity. Moreover, other blood biochemical and routine blood indicators showed no significant differences in red blood cell count, white blood cell count, haemoglobin or platelet count in the obese group compared to the control group, indicating that the animals remained healthy after obesity from the aspect of routine blood work.

			In addition to insulin resistance, hypertension, hyperlipidemia, and hyperglycemia (Kahn et al., 2006; Gruber et al., 2021; Pillon et al., 2021), obesity is often associated with inflammatory reactions (Bapat et al., 2022), and CRP is a classic marker of vascular inflammation (Koenig et al., 1999). In addition, α1-antitrypsin is also an important inflammatory marker (Teckman et al., 1996). It showed that the CRP level did not increase in the obese group compared to the control group, which was consistent with the levels of α1-antitrypsin. Considering the typicality of hepatic fat accumulation in obesity (Xie et al., 2017), we analyzed fat accumulation in the liver. It showed that the liver weight of obese animals did not increase, there was no fat attachment on the surface and triglyceride content of the liver after obesity. These results indicate that animal does not accumulate fat in the liver after obesity. In conclusion, through the study of liver weight, fatty tissue adhesion on the liver surface, and triglyceride content in the liver, we confirmed that the animals did not show liver fat accumulation after obesity.

			Based on the above studies, we found that T. belangeri can maintain glucose tolerance, blood pressure, blood biochemical, inflammatory markers, organs weight, and liver fat content normal status after obesity. This shows that this animal can maintain metabolic and physiological health after obesity, so it has a great potential in the study of metabolic health obesity as an animal model. Besides, we found that humans (Lavie et al., 2018; Lin et al., 2017) and Lasiopodomys brandtii (Liu et al., 2016), a rodent, also have a phenomenon of metabolic healthy obesity, and many other species that have not yet been studied may also maintain a healthy state after obesity. Although the phenomenon of metabolic health obesity exists in many species, whether the internal mechanism leading to this phenomenon is consistent across different species, whether it is all by the same key molecules and the same key pathways, is also a key question to be answered. All in all, healthy obesity may be an opportunity for understanding obesity problems, and it is worthy of further and extensive exploration in this field. In previous obesity research, we obtained relatively limited results when we focused on addressing obesity-related metabolic disorders and various disease consequences (Kivimäki et al., 2017). Therefore, this special animal model provides us with a new direction to study obesity, and also provides us with a new idea to research the current severe obesity problems. With the worsening global prevalence of obesity, it is of practical significance to explore new direction, and this new experimental animal may play an important role in further research.

			Although our study revealed those findings, it has some limitations. First, health has many aspects (López-Otín and Kroemer, 2021), and we have mainly measured the metabolic aspect of animals. Whether other aspects, such as tissue, cellular and molecular levels, can also remain healthy require further research. Therefore, metabolic health cannot be equated with complete and overall health. The overall health of the animals needs more comprehensive evaluation. Besides, our experiments are observational and descriptive, and we have not further researched the internal molecular mechanism of the metabolic healthy obesity phenomenon. However, the research on the molecular mechanism of metabolic healthy obesity is the next most important work. Finally, the animals used in this experiment were males, but whether there was consistency in females requires further investigation. In summary, this study demonstrates that T. belangeri has a great potential in the study of metabolic health obesity as an animal model. It provides new opportunities and ideas for re-understanding obesity problems.
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ABSTRACT

Obesity has become a harmtul factor for life expectancy through a series of diseases, but research on
obesity in the past few decades has obtained only limited results. The discovery of the metabolic healthy
obesity phenomenon brings a new direction for research of obesity problem, but the lack of an animal of
metabolic healthy obesity limits its study. Tupaia belangeri is a new type of experimental animal emerging
in recent years and is extremely widely used in various disease models because of its evolutionary status

Key words
Tupaia belangeri, Metabolic healthy ob
sity, Animal model, Weight loss, Energy

and high affinity with primates. Here, in order to judge whether this new experimental animal can serve metabolism

as special materlals‘m obe‘sny rfzsear?h. we @r{structed an obesity model m‘T be/mjgerz by using high- §910) ¥ thS: dx.doi.org 017582 /journ:
fat food, then studied animal insulin sensitivity, blood pressure, blood biochemistry, routine blood, . h
inflammatory response, and liver fat accumulation, etc. We found that 7. belangeri had no metabolic pAlZ/20230505090553
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disorders such as insulin resistance, hypertension, or hyperlipidemia after obesity, and there were also no
typical obesity complications such as diabetes, inflammation, or fatty liver. To sum up, we suggest that 7.
belangeri can be used as an animal model of metabolic healthy obesity, and the special model organism of
metabolic healthy obesity will provide us with new opportunities to study obesity problems.

INTRODUCTION

besity is associated with chronic diseases such as

insulin resistance (Kahn er al., 20006), hypertension
(Gruber et al., 2021), hyperlipidemia, and diabete (Pillon
et al., 2021). Obesity has also been linked to fatty liver
(Xie et al., 2017), heart disease, and cancer (Kiviméki
et al., 2017). With the increasing global prevalence of
obesity, it has become an important factor endangering
human health and reducing life expectancy, and its harm is
expected to deepen in the future (Afshin e al., 2017; Kelly
et al., 2008). Humans have made various attempts to solve
the obesity problem (Cefaly et ¢/ 2015), such as fasting
(Ulgherait et al., 2021), exercise, and the administration
of anti-feeding factor leptin (Duquenne et al., 2021;
Montague ef al., 1997). However, in the end, it has been
found that the majority of dieters regained weight over the
long-term, obesity rebounded very quickly after exercise
stopped (Van Baak and Mariman, 2019), and exogenous
leptin administration rarely worked in vivo (Blither and
Mantzoros, 2009; Myers ef al., 2010). Although we have

been working on this for decades, this problem has not
been effectively solved (Roberto ef al., 2015).

The discovery of the metabolic healthy obesity
phenomenon brings new direction for research of obesity
problem. The concept of healthy obesity was first conceived
in the 1980s, and the first case of metabolic healthy
obesity was found in the same year (Andres, 1980). As the
phenomenon of metabolic healthy obesity has been widely
reported, the discussion about healthy obesity has become
popular. In recent researches, healthy obesity is that an
individual still remains in a good health state despite being
obese, which have no insulin resistance, hypertension,
diabetes, dyslipidemia, fatty liver, etc. (Wildman, 2009;
Bluher, 2012; Stefan et al., 2013). In addition, researches
also showed that the healthy obesity phenomenon is fairly
prevalent in the obese population (Lavie ef al., 2018; Lin et
al., 2017), so further research on healthy obesity also has
broad application prospects. In short, these data all indicate
that metabolic healthy obesity has great potential in the
diagnosis, treatment, and research of obesity (Phillips,
2016; Stefan et al., 2018), but the lack of an animal model
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