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The global obesity population is increasing year-by-year, and the related cost is sharply increasing annually. There are several methods available to combat obesity; however, there is a lack of a single tool that is both safe and efficacious. The use of Clenbuterol in bodybuilding and by professional athletes is controversial owing to its side effects, including hepatotoxicity. This study administered Clenbuterol at a much lower dose than the established safety level, and rather than through oral administration, the treatments were delivered through controlled-release intra-adipose injection. The different dosing and mode of administration will lower the risk of side effects, increase the safety profile, and could facilitate use in the anti-obesity market. A thermo-sensitive hydrogel was used as the carrier uploaded with Clenbuterol to achieve controlled-release. In the in vitro study, the developed new formulae were not cytotoxic to 3T3-L1 cells and could inhibit lipogenesis effectively. In the animal study, the mice were fed a high-fat diet and treated with Clenbuterol by oral administration, or injected with Clenbuterol-modified hyaluronate hydrogel (HAC) regularly. Both groups showed reduction in whole-body, visceral, and gonadal fat contents and body weight. The abdominal fat was analyzed using MRI imaging in adipose mode and water mode. The abdominal fat ratio in the mice treated with normal diet and those given intra-adipose injections with HAC had the lowest value among the test groups. The mice treated with high-fat diet (HFD) showed the highest value of 53.78%. The chronic toxicity in-vivo test proved that controlled-release injections of 2–10 µg Clenbuterol daily were safe, as demonstrated in the blood elements and serological analyses. This study developed a new and promising method for anti-obesity treatment, using a monthly intra-adipose controlled-release injection of HAC. The developed new formulae of Clenbuterol not only effectively decreased body weight and body fat content but also inhibited lipogenesis on the harvested visceral tissue and reduced adipose tissue around the gonadal fat area. The side effects induced by traditional oral administration of Clenbuterol were not observed in this research; this has excellent potential to be a useful tool for future obesity treatment without safety concerns.
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Introduction

Obesity arises from imbalance of food intake and calorie expenditure. The standard way of classifying individuals’ weights into underweight, normal weight, overweight, or obese is based on the ratio of body weight and the square of the body height, called the body mass index (BMI) (1). In modern society, the population identified as obese is increasing in number yearly, which may be related to many diseases, such as diabetes, high blood pressure, heart disease, gallbladder disease, gallstones, and osteoarthritis. According to statistics, about 2.8 million people die each year related to obesity, and the global cost of obesity-related medical care is up to $ 2.0 trillion annually. The excessive consumption of unhealthy high-fat dietary, such as low-quality oil, sugary drinks and salty snacks are usually significant causes of obesity (2).

Several methods are available to combat obesity, for instance, exercise, dietary control, functional foods, daily supplements, pharmaceutical treatments, and surgery. Physical activity is the most convenient method to burn calories. However, people are generally not able to sustain long-term and regular exercise. Several dietary supplements with alginate-based, chitosan-based, herb-based, vitamins, or minerals have been developed and are available on the market for use by individuals to control body weight (3–5). Although some showed promising results, they lacked sufficient efficacy. The pharmaceutical treatments such as Orlistat (Xenical), Lorcaserin (Belviq®) liraglutide, phentermine/topiramate, and naltrexone/bupropion, are effective agents against obesity for long-term (6). However, the pharmacodynamic process of the digested drug might induce side effects owing to metabolic disequilibrium, for instance, headache, dizziness, back pain, flatulence, abdominal pain or discomfort, and inability to control stool (incontinence). Many people look for more invasive ways to combat obesity using bariatric surgery methods, such as gastrectomy, enterectomy, or usage of biometrics intragastric balloon. However, these are expensive and have long recovery times post-operation (7, 8). We, therefore, believe that there is no one method currently available that fully satisfies customers’ requirements for both safe and efficacious obesity treatment.

Clenbuterol, a sympathomimetic amine, was developed initially to treat asthma in horses and then as an asthma drug for humans in some European and Latin American countries. It was approved in 1991 by U.S. Food Safety and Inspection Service for use in animals to increase the ratio of fat/lean mass in muscle tissue. Subsequent studies found that it induced hepato-toxicity and so was excluded from human use in Canada and the USA. Orally administered Clenbuterol is rapidly digested and metabolized into inactive compounds by the liver before it reaches systemic circulation; 4-N-Hydroxylamine is the major metabolite detected in rat’s urine. Clenbuterol hepatotoxicity is a side effect that occurs as a result of oral intake and first-pass metabolism. Other side effects of Clenbuterol include increased heart rate, rapid breathing, heart palpitations, chest pain, tremors, anxiety, and electrolyte imbalance (9). Although controversial, Clenbuterol has been identified as an effective non-steroidal hormone for muscle-mass synthesis and obesity treatment. It is still regularly used by many bodybuilding and professional athletes, even with the risk of body destruction and the early suspension of their professional career (8). The daily safe oral dose range of Clenbuterol for acute asthma is approximately 20-40 micrograms (10–12). We do believe the safety concern can be addressed through the administration of Clenbuterol at a dose far less than the established safety range. It can also be delivered by controlled-release intra-adipose injection rather than oral administration. These alternate methods may decrease the previously mentioned side effects allowing for safe usage in the anti-obesity market. In the study, we are going to use a thermo-sensitive hydrogel as the carrier uploaded with Clenbuterol to achieve controlled-release.

Hyaluronate (HA) is a biocompatible, non-toxic, and biodegradable biopolymer; it is the major component in most of the extracellular matrix (ECM) and is one of the earliest ECMs that appear in the embryonic stage. HA is actively involved in the regulation of cell division, migration, differentiation, and tissue/and organ regeneration at all stages of organism development or ontogenesis (13). It has been widely used in treatments such as orthopedics, dentistry, plastic surgery, skin ulcer, wound dressing, drug/gene/cell carrier, and anti-adhesion post-surgery (14).

In the study, Clenbuterol and hyaluronate (HA) would be oxidized by sodium periodate (NaIO4) to create a highly reactive ketone group and two aldehyde groups, respectively; abbreviated as oxi-Clenbuterol and oxi-HA. The oxi-Clenbuterol and oxi-HA would be mixed with, and crosslinked by, adipic acid di-hydrazide (ADH) to turn them into a thermo-sensitive hydrogel (Clenbuterol-modified hyaluronate hydrogel, HAC). Clenbuterol would be grafted on the molecular chain of HA for constant release. The formula design would be a once a month single dose given by controlled-release intra-adipose injection for future use in anti-obesity clinics (15).

The HAC hydrogel was prepared and then checked using Fourier-transform infrared spectroscopy (FTIR), Nuclear Magnetic Resonance (NMR), and rheometer to confirm functional groups, molecular structure, and gelation time and temperature, respectively. The release profile in vitro was used to soak HAC in PBS solution for some time and then check the Clenbuterol level in the supernatant by UV-Vis. Those comprehensive data were previously published in the material-related journal (15–18). In the manuscript, we focused more on the results of the following: cell viability, cytotoxicity, lipolysis on a cellular level, chronic toxicity, body weight control, whole-body adipose tissue, gonadal fat tissue, blood analysis, serological analysis, and sectioning examination of internal organs. These would be used to evaluate the safety and efficacy of the synthesized HAC, both in vitro and in vivo.

Cell viability and cytotoxicity would be checked using a WST-1 and LDH assay, respectively. The Oil-Red assay was used to first screen the effectiveness of HAC on lipolysis in vitro using 3T3-L1. A 4-week old C57BL/6 male mouse (average weight 20 g) would be used as an experimental animal. The mouse was induced to be obese through a high-fat diet. The synthesized HAC hydrogel was injected into the left side of the gonad fat tissue, the most common area to evaluate waist fat lipolysis and adipogenesis of the mouse, and the right side was kept as a reference. The injection administration was conducted once a month for 22 weeks. The body weight was measured once a week using an electronic scale. Before being sacrificed, the area of adipose tissue in the abdomen was measured using the magnetic resonance nuclear (MRI) with a cross-section image of the abdomen. After being sacrificed, the whole-body fat was harvested and weighed using an electronic scale. Gonadal adipose tissue was selected to compare the fat weight on both sides of the gonad adipose tissue with/without HAC injection as parallel-evidence for the efficacy of HAC on lipolysis in vivo. HAC sub-chronic toxicity was then evaluated using blood element analysis, serological analysis, and hematoxylin-eosin (HE) staining of all the organs. Clenbuterol by oral administration would also be used as a control group to compare with the HAC experimental group.



Materials and Methods


The Preparation of Injectable Clenbuterol-Modified Hyaluronate Hydrogel (HAC)

The major reagents used to synthesize HAC hydrogel were Clenbuterol, hyaluronate (HA), and adipic acid di-hydrazide (ADH). Clenbuterol was purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA) C5423, Lot#BCBF1701V. HA (1.9 × 106 Da average molecular weight) was obtained from Sigma-Aldrich, Inc. (St. Louis, MO, USA) 53747, Lot# BCBX0145. ADH was purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA) A0638, Lot# SLBW1095. NaIO4 was purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA) S1878, Lot# MKBD4647V.

The preparation of injectable HAC hydrogel was based on the protocol reported by previous studies with minor modifications (19). Firstly, Clenbuterol was oxidized using NaIO4, oxi-Clenbuterol, to create a highly reactive ketone group that would be used to link to the HA chain via ADH in a later experiment.

1 mM Clenbuterol solution was prepared and placed into Eppendorf by 2 ml. 0.15 M of NaIO4 solution was made and added into the previous Eppendorf by 4 µl, well-mixed by shaking. 1 g HA was dissolved in 100 ml of dd-H2O and then oxidized by NaIO4, oxi-HA, to create two aldehyde groups at 2nd and 3rd carbon of HA 6-membrane ring; and followed by vacuum drying and stored in -20°C for later use. 0.5 g of ADH was dissolved in 5 ml of PBS. 6 g oxi-HA was dissolved in 100 ml of PBS and then added into 60 ml of ADH solution (oxi-HA-ADH). Finally, an adequate amount of oxi-Clenbuterol was added to complete the synthesis of injectable HAC thermo-sensitive hydrogel (15–18, 20).



Cell Culture and Differentiation

3T3-L1 pre-adipocytes were purchased from the Bioresource Collection and Research Center (BCRC). Dulbecco’s modified Eagle’s medium (DMEM) - high glucose was obtained from Gibco (Waltham, Thermo Fisher Scientific, USA) 11965092. FBS was bought from Gibco (Waltham, Thermo Fisher Scientific, USA). IBMX was bought from Sigma-Aldrich, Inc. (St. Louis, MO, USA) I5879. Dexamethasone was obtained from Sigma-Aldrich, Inc. (St. Louis, MO, USA) D2915, Lot#031M1358V. Insulin was purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA) DIF001A.

3T3-L1 pre-adipocytes were cultured in DMEM - high glucose supplemented with 10% fetal bovine serum (FBS-DMEM) at 37°C in a 5% CO2 humidified atmosphere. For adipocyte differentiation, two-day post-confluent cells were placed in 10% FBS-DMEM with 250 nM dexamethasone, 0.5 mM IBMX, and insulin (1 μg/ml). After cultured for two days, the cells were cultured in 10% FBS-DMEM containing insulin (1 μg/ml) for two more days to induce cells toward adipogenesis. The cells were then called 3T3-L1 adipocytes and maintained in 10% FBS-DMEM for later experiments.



Cell Viability and Cytotoxicity

WST-1 kit was obtained from Roche, Inc. (Basel, Switzerland) 05015944001 and used to evaluate cell viability. T

The 3T3-L1 adipocytes were seeded onto a 96-well culture dish at a density of 3×103 cells/well for later tests. The test groups are described in Table 1 as follows: C (control) group, OC (oxidize Clenbuterol) group, HA (oxi-HA crosslinked by ADH) group, and HAC (oxi-Clenbuterol grafted on ADH-crosslinked oxi-HA) group.


Table 1 | The description of abbreviation for each group on in vitro study.



After a one-day culture of 3T3-L1 adipocytes, the 200 µl of FBS-DMEM were added into each well and then added in the OC, HA, or HAC. The control group was defined as 3T3-L1 adipocytes cultured in 200 µl of FBS-DMEM only. After another one-day culture, the medium was replaced by the WST-1 kit mixed with FBS-DMEM by volume ratio of 1:1 wrapped in Sn-foil and then placed in an incubator to react for 30 min. The medium was collected to analyze in ELISA reader at a wavelength of 450 nm. The 3rd-day data was obtained using the same previously mentioned protocol.

Cytotoxicity was evaluated using an LDH assay (CytoTox 96® Non-Radioactive Cytotoxicity Assay) that was purchased from Promega (Madison, WI, USA) G1780. The cell preparation was completed similarly to WST-1. The abbreviation and description of the test groups are described in Table 1. For cytotoxicity assay, lactate dehydrogenase (LDH) assay was performed according to the manufacturer’s instructions. LDH released in the medium was quantitatively assessed by spectrophotometer at 490 nm.

Percentage of cytotoxicity was expressed using the following formulae:

 



Oil-Red-O

Oil-Red-O was used to check the oil-drop formation in the cytoplasm of the 3T3-L1 adipocyte; the kit was obtained from Sigma-Aldrich, Inc. (St. Louis, MO, USA) 13200605. The cell preparation was similar to that for WST-1. The test groups are described in Table 1.

3T3-L1 adipocytes were cultured at least for three days to stabilize the adipocyte differentiation. They were then washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 10 min at room temperature. The cells were washed two times with dd-H2O. A mixture of Oil Red O (0.5% Oil-Red-O dye in isopropanol) and water in a 6:4 ratio was layered on the cells for 30 min, followed by washing two times with dd-H2O. The culture dish was mounted on the microscope to examine the oil-drop formation in the cytoplasm. The oil-drop formation was quantified using an ELISA reader at 520 nm wavelength.



Animal Study

The 4-week-old C57BL/6 male mice were purchased from BioLASCO Taiwan Co., Ltd. The mice were kept at Laboratory Animal Center, College of Medicine, National Taiwan University, accredited by Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC), for 2 weeks before the experiment. The mice were randomly distributed as five per polycarbonate cage in a well-controlled environment, where light switched on at 08:00 and off at 20:00 h, at the temperature of 25 ± 2°C and relative humidity of 50 ± 10%.

6-week-old C57BL/6 male mice were fed a high-fat diet (HFD) containing 60% energy as fat, purchased from BioLASCO Taiwan Co., Ltd, DYET#101920, to induce obesity (21–23).

The mice were divided into five groups, with five mice in each group (n = 5). The five groups were briefly described as follows:

(1) The mice fed with normal diet were assigned as the control group (ND); (2) The mice fed with high-fat diet served as obesity mice (HFD); (3) The mice fed with a HFD and orally-administered Clenbuterol followed by Table 1 were the contrast group (C-oral). The dosage in drinking water is 0.05 mg/kg - 0.20 mg/kg daily for 2 weeks each month (during the HAC constant release); (4) The mice fed with HFD and injected with ADH-crosslinked oxi-HA group (HA) (5) The mice fed with HFD and injected with 0.1 µl of HAC hydrogel in the gonad adipose tissue once a month were assigned as the experimental group (HAC). Food intake data of all group showed in Supplementary Figure 2.



Magnetic Resonance Imaging (MRI)

The MRI used in the study was Bruker BioSpec 70/30 MRI 7T located at R134 Interdisciplinary Magnetic Resonance Lab, Department of Electrical Engineering, National Taiwan University; it was used for adipose tissue analysis. Chemical-shift imaging could be used to accurately decompose water and fat signals from the acquired MRI image. A proton density fat fraction (PDFF) could be calculated from the separated images and reflected the relative fat content by a voxel-by-voxel basis. The PDFF is mathematically related to the fat mass fraction closely and could be converted to absolute fat mass in grams by multiplying by the voxel volume and the mass density of fat (24). The MRI was performed using the following parameters: RARE-T1, averages 4, TR 1935.7ms, TE 9.0ms, Fov 4x4, MTX 256x256, thickness 0.5 mm (Vertical Section), 1 mm (horizontal Section) for increased precision (25).



The Calculation of Body Weight Gain

The weight gain of the experimental mice was calculated by the following formulae

 

Ws was the bodyweight of the mouse before being sacrificed, and Wo was the bodyweight of the mouse at the start of the experiment



Percentage of Body Fat

We collected adipose tissue from the visceral fat (epididymal, mesentery, perirenal, retroperitoneal adipose tissue) and subcutaneous fat (anterior, posterior, dorsolumbar, inguinal, gluteal adipose tissue).

The percentage of body fat was calculated as the following formula:

 

TWBF is the abbreviation for total weight of the body fat, which is the fat tissue collected from the previous tissues, and BW is the abbreviation for bodyweight of the mouse. The unit of the weight in the formulae (3) is all in gram (g).

The visceral fat was defined as the fat tissue collected from epididymal, mesentery, perirenal, retroperitoneal fat pad, used to evaluate the quantity of the “active fat.” It was calculated using the following formula:

 

TWVF is the abbreviation of the total weight of the visceral fat, which is the fat tissue collected from the previous tissues, and BW is the abbreviation of the bodyweight of the mouse. The unit of the weight in the formulae (4) is in grams (g).



Measurement of Organ Weight

C57BL/6 mice were euthanized at the 22nd week through exposure to carbon dioxide. The internal organs, such as the heart, liver, lungs, kidneys, spleen, and testicles, were dissected and collected from the sacrificed mice. The tissue weight was measured using an electronic scale and the tissue then immersed in 4% paraformaldehyde for fixation for subsequent histological sectioning (26, 27).



Serological Analysis and Blood Element Analysis

C57BL/6 mice were sacrificed, and whole blood was collected via cardiac puncture. Serum was collected using Microtainer Serum Separator Tubes without any anticoagulant (or Eppendorf tube). The tube was then left upright for 30 min at room temperature and the sample centrifuged at 1,500g for 10 min at 4°C. Serological and blood element analyses were completed by the Laboratory Animal Center, College of Medicine, National Taiwan University.



Hematoxylin and Eosin Stains

Hematoxylin and eosin stains (HE Stains) are used in histology and they are functions to recognize different types tissues and morphology. The organs harvested from sacrifice mouse are washed by 1× PBS solution twice and fixed with 4% paraformaldehyde solution at least 4 h at room temperature until tissue harden. The tissue was replaced 4% paraformaldehyde (30525-89-4,sigma-Aldrich, Inc.) solution with 70% ethanol, 80% ethanol, 95% ethanol, and 100% ethanol, and then tissues were embedded with paraffin as block. The paraffin block with organs is cut 4‐μm‐thick sections. The paraffin sections stained with hematoxylin about 10 min and eosin dye staining 2 min at room temperature. At least, the stained section mounted on a clear glass slide and observed by microscopy.



Statistical Methods

Data are expressed as mean ± standard deviation of at least three repetitions. Statistical analyses were performed by one-way ANOVA and t-test analysis of the variance test. The results were considered signification when the p-value was < 0.05.




Results


Cell Viability and Cytotoxicity

WST-1 assay was used to evaluate the cell viability, following the ISO-10993 regulation. As shown in Figure 1, the control group (C) was defined as 100%, where the cell viability for groups OC, HA, and HAC were all higher than that for the control group even on day one or day three, as shown in Figures 1A, B, respectively.




Figure 1 | WST-1 assay shows cell viability at (A) day one and (B) day three. The results are expressed as mean ± standard deviation (SD) and the means of three independent experiments (n = 6), statistical analyses were performed by t-test analysis.



The cytotoxicity was measured by LDH assay (Figure 2). The control group (C) was also defined as 100%. There was a significant difference in cytotoxicity for all the test groups on day one and day three as shown in Figures 2A, B, respectively.




Figure 2 | LDH assay shows cytotoxicity at (A) day one and (B) day three. The results are expressed as mean ± standard deviation (SD) and the means of three independent experiments (n = 6), statistical analyses were performed by t-test analysis.



As LDH assay (Figure 2A) shows that Clenbuterol probably still cytotoxic; however, group HAC is less toxic. In day one, the P value of group OC is 0.07500037, and the P value of HAC is 0.056150; In day three, the P value of group OC is 0.072115, and the P value of HAC is 0.055347. From a purely statistical perspective, the data demonstrates that there is no significant difference between control group and HAC. However, because the P value is actually very close to 0.05, there is still some room for further discussions.

From the results of the WST-1 and LDH analyses, we could tell that all the test groups kept 3T3-L1 in high cellular viability and was little toxicity to the 3T3-L1 cells.



Oil-Red-O

Oil-Red-O is used for the staining of lipid droplets and lipid-containing vacuoles in cells. In this study, it was used because of the tendency of lipogenesis in 3T3-L1 cells, as shown in Figure 3. Figure 3 was divided into two parts, where the upper part was the Oil-Red-O stain, and the lower part is the qualification based on the OD value. The control group and HA group showed a positive stain and a light stain in Oil-Red-O, respectively, as shown in the upper part of Figure 3. On the contrary, the OC group and HAC group displayed a negative stain in Oil-Red-O. In the qualification data, the OD value of the control group, OC group, HA group, and HAC group were 0.15, 0.06, 0.09, and 0.06, respectively.




Figure 3 | Oil-Red-O staining shows the tendency of lipogenesis. The upper part was the Oil-Red-O stain, and the lower part is the qualification based on the OD 520 nm. The results are expressed as mean ± standard deviation (SD) and the means of 3 independent experiments (n = 6), statistical analyses were performed by one-way ANOVA analysis. (*means p < 0.01).



The results of the Oil-Red-O analysis showed that OC and HAC could effectively inhibit the lipogenesis of 3T3-L1 cells.



The Measurement of Body Weight

Figure 4 showed the bodyweight of the test animal in the experimental period for 22 weeks using one measurement a week. The body weight for the mice was increasing weekly (Figure 4A). However, it showed a different growth rate for each group (Figure 4B). The growth rate of body weight for 22 weeks in the normal diet (ND), high-fat diet (HFD), C-oral, HA, HAC groups were 136%, 229%, 195%, 198% and 138%, respectively; where it showed that the ND and HAC groups had the lowest growth rate and showed no statistical difference.




Figure 4 | analysis of (A) the mouse body weights in the 22-week experimental period, where the arrows are the time to receive injection. (B) the body weight growth rate of the mice during the 22 weeks. Statistical analyses were performed by one-way ANOVA analysis. (*p < 0.05, n = 5).



We believe that HAC by a single monthly controlled-release intra-adipose injection could reduce obesity, even the mice were fed a high-fat diet.



Body Fat Analysis

Figure 5A was the total body fat at the end of the experiment. The result was in agreement with that of body weight, where the mice receiving a normal diet and HAC had the lowest value in total body fat of 10.01% and 9.64%, respectively, without significant difference. The total body fat of mice under high-fat diet treatment was as high as 32.33%. There was no statistical difference in the HA and C-oral groups (25.37% and 24.68%, respectively).




Figure 5 | the mouse fat tissue analysis of (A) the total body fat, (B) the percentage of visceral fat, and (C) The fat tissue on the gonadal area, on week 22. Statistical analyses were performed by one-way ANOVA(a)(b) and t-test(c) analysis. (*p < 0.05, n = 5).



Figure 5B was the measurement of the percentage of visceral fat. The results were similar to the whole-body fat. The normal diet (ND) and HAC groups showed the lowest values of 6.28% and 6.12%, respectively, with no significant difference. The mice with high-fat diet treatment had the highest value of 14.55%. There was no statistical difference in the HA and C-oral group (14.49% and 13.23%, respectively).

The fat tissue in the gonadal area was shown in Figure 5C. The injection was performed on the left side of the gonad. There was no significant difference in fat tissue between the left side and the right side of the gonadal adipose tissue area of the group on a normal diet, high-fat diet, HA, or C-oral. In contrast, the fat tissue showed a significant difference on the left and the right of the gonadal adipose tissue area of the HAC group. Additionally, the HAC group showed the lowest value on gonadal fat of 42.5 mg and 62.0 mg for the left side and right side, respectively.

The results of the measurement of whole-body fat and visceral fat showed that the mice that were given intra-adipose injections and a high-fat diet were effectively able to inhibit lipogenesis.



MRI Analysis

The abdominal fat was analyzed by MRI imaging in adipose and water modes as shown in Figures 6A, B, respectively. The overall fat ratio is recorded in Figure 6C, where the abdominal fat ratio in the normal diet and HAC groups were 7% and 6.83% by area, respectively, without a statistically significant difference. The group HFD showed the highest value, 53.78%. The abdominal fat ratio by MRI imaging was used to reflect the visceral fat tissue.




Figure 6 | MRI imaging with (A) adipose mode, (B) water mode and (C) overall fat ratio.





Organ Weight Analysis

The evaluation of organ weights in toxicology is an integral component in the assessment of pharmaceuticals and chemicals. The Society of Toxicologic Pathology (STP) has recommended weighing organs in GLP general toxicology studies lasting from 7 days to 1 year. In this study, the organ weights of the experimental mice were recorded at the end of the 22nd week, as seen in Table 2. Interestingly, the organ weight showed no statistical difference for most of the groups. Among the test groups, the weights of testicles and kidneys in the C-oral group showed abnormal highs. We believe that C-oral might be toxic to the kidney and testes.


Table 2 | The organs weight for all the test groups (*p < 0.05).



The HE stain for all the harvested organs showed no significant difference for all test groups, as shown in Supplementary Figure 1.



The Blood Element and Serological Analysis

Whole blood element analysis is a practical tool that assists in determining deficiencies, excesses, and imbalances of essential elements as well as recent or ongoing exposure to specific toxic substances. The analysis of blood elements in WBC, NE, LY, MO, EO, BA, RBC, HGB, HCT, and MCV are shown in Table 3, where the results showed no abnormal values for all test groups.


Table 3 | The blood element analysis for all the test groups (*p < 0.05).



The serological parameters are important indexes to analyze toxicity during the development of medical substances. In the study, ALT and AST were used to examine liver toxicity; BUN and Crea were to evaluate kidney function; and GLU, HDL, Na+, and TG were used to check overall blood sugar and blood lipidemic. The results are shown in Tables 4 and 5. In the C-oral group, ALT and AST were abnormally high in blood level, and the Na+ blood level was also much higher than the normal group. There were no significant differences for most of the test groups.


Table 4 | The serological analysis for all the groups (*p < 0.05).




Table 5 | the serological analysis data on in vivo study (*p < 0.05).






Discussion

Clenbuterol is a steroid-like chemical that was initially developed to treat asthma in horses by relaxing the airways in the animals’ lungs. It stimulates both the heart and central nervous system and has a similar effect as epinephrine and amphetamines on the body. This increase will lead to a variety of effects, such as rapid fat burning so that Clenbuterol can be used as a weight-loss aid by increasing a person’s metabolism. As well as reducing body fat and body weight, it also retains both muscle mass and body strength at the same time. Many bodybuilders, performance athletes, and those wanting to lose weight currently use the drug (11, 28, 29).

In the in-vitro study, OC and HAC could effectively inhibit the lipogenesis of 3T3-L1 cells in Oil-Red-O analysis due to being Clenbuterol containing, as shown in Figure 3.

In the animal study, the mice receiving a high-fat diet and treated with Clenbuterol by oral administration (C-oral group) or injected by HAC regularly effectively reduced their whole body fat, body weight, visceral fat, and gonadal fat; even to a lower extent than the mice treated with a normal diet (ND group), as shown in Figures 4–6.

Interestingly, in Figures 4–6 show that HA injection may be effective in anti-obesity. Currently there is no supportive reference about that HA can induce lipolysis; there is only reference about that HA induces the differentiation from 3T3L1 to adipocyte in vivo (20). Also, in this study the HA group demonstrates that both body weight and body fat decreased.

As the bio-safety in-vitro test, WST-1 and LDH were used to prove that the dose in all the test groups was not toxic to 3T3-L1 cells. In the animal study, we used the Clenbuterol dose at the established safety level using a controlled release of 2 µg – 10 µg per daily; the dose was far below the bodybuilder and athlete daily dose of 20 mg – 140 mg. The dose in our study by weight was 0.1 mg – 0.5 mg per kilogram. It was proved to be safe in the in-vivo test of chronic toxicity using the blood elements and serological analyses, as shown in Tables 3–5, respectively. A prior study showed that the oral intake of Clenbuterol had an increased volume and therapeutic effect on the Leydig cell of testicles (26). It was mentioned in prior research that hypernatremia caused by Clenbuterol might be the cause of increased kidney volume. In our study, the results corresponded with the previous studies, as seen in the abnormal increases observed in the C-oral group in AST/ALT, BUN/kidney-weight, Na+, and testicle weight. These were correlated to hepatoxicity, renal toxicity, hypernatremia, and testicular function.

Recently, body fat percentage (FATR) has been considered a more precise method to evaluate obesity status than BMI. Furthermore, most obesity occurs owing to abdominal adipose tissue accumulation in apple-shaped and pear-shaped body types. The gonadal fat tissue in mice is highly co-related to apple-shaped and pear-shaped body types caused by symmetrical growth (30). Instead of body weight control, the distribution of adipose tissue and FATR are now highly emphasized among anti-obesity groups (31). In this study, we injected HAC in the left gonad; it demonstrated lower weight and volume in the left gonadal fat tissue than in the right, as shown in Figure 5C.

The study examined the weight of visceral fat around the internal organs. The results are shown in Figure 5B. As is known, visceral fat is the body fat that is stored within the abdominal cavity and around some internal organs such as the liver, kidney, and intestines. Visceral fat is referred to as ‘active fat’ that plays a distinctive and potentially dangerous role affecting how our hormones function and actively increases the risk of severe health problems. Storing higher amounts of visceral fat is associated with increased risks of several health problems, including type 2 diabetes and stroke. In this study, the abdominal fat was analyzed using MRI imaging in adipose and water modes as shown in Figures 6A, B, respectively. The abdominal fat ratio in the normal diet and HAC groups had the lowest values among the test groups. The HFD group had the highest value (53.78%). The abdominal fat ratio using MRI imaging was generally used to reflect the visceral fat tissue.

The high-fat diet-induced obesity mouse model was commonly used to mimic the increasing availability of high-fat and high-density food in individuals’ daily lifestyles. The 60 kcal% fat diet-induced obesity mouse could be co-related to the unhealthy dietary habit of modern people. The mouse used in the study is in the sexually mature adolescent stage, similar to the age distribution of the largest population using diet drugs to fight obesity.

Clenbuterol, as a beta-receptor agonist, is inadvisable to co-administer with some beta-blockers such as cardiovascular disease drugs and anti-hypertensives. However, regulatory restrictions have not effectively stopped Clenbuterol abuse. We believe that changing the method of administration to reduce the toxicity level might be another approach toward the legal use of Clenbuterol. Improvement of the dosage and administration might be the possible way to prevent damage caused by fitness enthusiasts using Clenbuterol while pursuing efficient weight loss and muscular gains (12).



Conclusion

This study developed a new and promising method to combat obesity through a single, monthly controlled-release intra-adipose injection of Clenbuterol-modified hyaluronic acid thermo-sensitive hydrogel. The newly developed Clenbuterol formula is effective not only in decreasing body weight and body fat content but also in inhibiting lipogenesis in harvested visceral tissue. It also reduces adipose tissue around the gonadal area. The side effects of the traditional oral administration of Clenbuterol were not observed in this study using HAC intra-adipose injection to achieve controlled release.
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