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Abstract

:

A glucose-lowering medication that acts by a different mechanism than metformin, or other approved diabetes medications, can supplement monotherapies when patients fail to meet blood glucose goals. We examined the actions underlying the effects of an insulin sensitizer, tolimidone (MLR-1023) and investigated its effects on body weight. Diet-induced obesity (CD1/ICR) and type 2 diabetes (db/db) mouse models were used to study the effect of MLR-1023 on metabolic outcomes and to explore its synergy with menthol. We also examined the efficacy of MLR-1023 alone in a clinical trial (NCT02317796), as well as in combination with menthol in human adipocytes. MLR-1023 produced weight loss in humans in four weeks, and in mice fed a high-fat diet it reduced weight gain and fat mass without affecting food intake. In human adipocytes from obese donors, the upregulation of Uncoupling Protein 1, Glucose (UCP)1, adiponectin, Glucose Transporter Type 4 (GLUT4), Adipose Triglyceride Lipase (ATGL), Carnitine palmitoyltransferase 1 beta (CPT1β), and Transient Receptor Potential Melastin (TRPM8) mRNA expression suggested the induction of thermogenesis. The TRPM8 agonist, menthol, potentiated the effect of MLR-1023 on the upregulation of genes for energy expenditure and insulin sensitivity in human adipocytes, and reduced fasting blood glucose in mice. The amplification of the thermogenic program by MLR-1023 and menthol in the absence of adrenergic activation will likely be well-tolerated, and bears investigation in a clinical trial.
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1. Introduction


Worldwide, diabetes affected 463 million people in 2019, and is expected to reach 700 million people by 2045 [1]. In the United States (US), an estimated 10.5% of the population have diabetes, and more than one-third have prediabetes [2]. The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic (COVID-19) exposed the vulnerability of people with diabetes, especially those with poorly controlled blood glucose [3]. Emerging evidence relating to post-acute infectious consequences of COVID-19 includes new diagnoses and worsening control of existing diabetes mellitus [4]. In patients with pre-existing type 2 diabetes, blood glucose control is associated with a reduced risk of all-cause mortality and adverse outcomes from COVID-19 [3].



Stemming from its efficacy, lack of associated hypoglycemia, low cost, and potential to induce small reductions in body weight, metformin is recommended as the first line of therapy for type 2 diabetes [5,6]. Over time, most patients are unable to maintain glycemic control with metformin monotherapy. It is estimated that the five-year incidence of failure to control blood glucose is 20–50% in individuals prescribed metformin alone [7,8,9,10]. In the UK Prospective Diabetes Study, only 50% of patients with newly diagnosed diabetes maintained recommended glycemic goals with monotherapy after three years, which reduced to 25% after nine years [9]. Undoubtedly, most patients with diabetes will require an addition to metformin.



Tolimidone; CP-26154; 2(1H)-Pyrimidinone, 5-(3-methylphenoxy) was originally created and developed by Pfizer Inc. to treat gastric ulcers, but was discontinued in phase II testing due to a lack of efficacy. However, Tolimidone was well-tolerated, making it imminently suitable for drug repositioning. Phenotypic screening to identify otherwise unpredicted uses helped to identify new biology associated with Tolimidone. Activity in an oral glucose tolerance test and a reduction in weight gain in animals exposed to a high-fat diet were among the metabolic outcomes identified [11]. Renamed MLR-1023, the repurposed drug was observed to have a potent effect on lowering blood glucose by selectively activating Lyn kinase [12,13]. MLR-1023 exhibits an EC50 of 63 nM for Lyn kinase activation [13]. In knockout mice lacking Lyn kinase, MLR-1023 does not have any glucose lowering effect [13]. The activation of Lyn kinase reduces blood glucose by potentiating insulin receptor activation and the insulin receptor substrate-phosphatidylinositol-3 (IRS-PI3K) insulin signaling pathway, thereby mitigating insulin receptor deficiencies in muscle and adipose tissue [14]. In mice, MLR-1023 increases insulin sensitivity, measured using the gold standard hyperinsulinemic euglycemic clamp test, and does not cause hypoglycemia [13,15]. Importantly, in a randomized double-blinded placebo-controlled clinical trial, 100 mg/day of MLR-1023 reduced fasting plasma glucose in four weeks [15].



Insulin resistance plays a central role in the pathogenesis of type 2 diabetes and the macroangiopathic complications of the disease [16]. The thiazolidinedione (TZD) class of drugs, peroxisome-proliferator-activated receptor gamma (PPARγ) activators, was approved more than 20 years ago, and is the only insulin-sensitizing medication for the treatment of type 2 diabetes [17]. Glucose-lowering medications that act by increasing insulin sensitivity do not induce hypoglycemia [17]. Therefore, TZDs are not associated with an increased risk of hypoglycemia, but the clinical use of TZDs has been hindered by safety issues [17]. The TZD class of drugs induces fluid retention, and the ensuing adverse metabolic outcomes include bone fractures and a 70% increased risk of congestive heart failure [18,19,20]. Furthermore, TZD treatment causes weight gain and increases the risk of bladder cancer [7,21,22].



In response to a glucose challenge, metformin lowers blood glucose in both wild-type and Lyn kinase knockout animals, demonstrating that MLR-1023 and metformin administration affect glucose concentrations by different mechanisms. Moreover, the glucose-lowering response produced with MLR-1023 is equivalent in magnitude to that of metformin [12,13]. In chronically treated mice, MLR 1023 elicits a dose-dependent and durable glucose-lowering effect, a reduction in glycated hemoglobin (HbA1c) levels, and the preservation of pancreatic β-cells. The magnitude of the effect is equivalent to that observed with rosiglitazone, which is a TZD, but with a faster onset of action and without causing weight gain [13]. These results support a glucose-lowering effect of MLR-1023, which is distinct from metformin and TZDs [12,13].



In adipocytes, Lyn kinase promotes the phosphorylation and activation of IRS-1. The resulting upregulation in insulin signaling and glucose transporter type 4 (GLUT4) translocation improves insulin sensitivity [14,23]. Furthermore, adiponectin is secreted by adipocytes, and it improves insulin sensitivity in the liver and muscle. The resulting metabolic effects include reductions in hepatic glucose production, de novo lipogenesis, and triglyceride storage [24]. Adiponectin also increases the expression of uncoupling protein 1 (UCPI) in brown adipose tissue and reduces body weight in mice without affecting food intake, indicating increased thermogenesis [25].



Several approaches to exploiting the therapeutic value of adiponectin are being investigated [16]. Similarly, transient receptor potential melastin (TRPM8) is a cold sensor present in brown and white adipose tissue that can trigger UCP1-induced thermogenesis [26,27]. Menthol is a cooling agent from the mint plant and a potent TRPM8 agonist [28]. Studies in rodents and in vivo human models suggest a role for menthol in the stimulation of brown adipose tissue activity mediated by TRPM8 [26,29]. We hypothesized that MLR-1023 acts in adipose tissue to stimulate the secretion of adipokines and the regulation of genes related to thermogenesis and insulin sensitivity, and that in combination with menthol the effect would be potentiated.



The goal of this study was to clarify the molecular mechanisms underlying the insulin-sensitizing effects of MLR-1023 and investigate its effects on body weight. We observed that MLR-1023 promotes weight loss in humans, and prevents weight gain in mice fed a high-fat diet. The effects on body weight in mice were not due to a reduction in food intake, and suggest that MLR-1023 increases energy expenditure. Our studies in human adipocytes from obese donors demonstrated that MLR-1023 increased the expression of genes involved in thermogenesis and insulin sensitivity, suggesting a conversion to the brown/beige phenotype. Notably, we observed that TRPM8 was significantly upregulated. Furthermore, MLR-1023 potentiated the menthol-induced activation of TRPM8.




2. Results


2.1. MLR-1023 Reduces Weight Gain in Mice Fed a High-Fat Diet without Affecting Food Intake


We examined the effect of a 30-day treatment with MLR-1023 (30 mg/kg) on body weight in CD1/ICR mice fed a high-fat diet, designed to mimic the typical diet consumed in North America. There was a statistically significant difference in body weight change by day seven (MLR-1023: 0.3 ± 0.5 g; vehicle: 1.7 ± 0.5; and p = 0.04). At the end of the study, mice treated with MLR 1023 lost weight compared to the vehicle-treated group (MLR 1023: −1.2 ± 1.6; vehicle: 2.8 ± 0.5; and p = 0.04, Figure 1A). Interestingly, food intake was not altered in the mice treated with MLR-1023 (Figure 1B). The results suggest that MLR-1023, administered at 30 mg/kg twice daily, increases energy expenditure. The reduction in body weight with MLR-1023 treatment was accompanied by significant decreases in the mass of brown (p = 0.003), axial (p = 0.033), inguinal (p = 0.007), epidydimal (p = 0.001), and renal (p = 0.001) fat pads (Figure 2). Furthermore, compared to the vehicle-treated group, plasma leptin concentrations reduced in the MLR-1023-treated group (day seven: p = 0.012; day 14: p = 0.04, Figure 3). Leptin is released by adipocytes in proportion to fat mass. Therefore, the reduction in leptin concentrations is consistent with the decrease in adiposity that occurred with MLR-1023 treatment.




2.2. MLR-1023 Increases the Expression of Genes for Thermogenesis and Glucose Utilization in Human Adipocytes


The durability of the insulin-sensitizing effect of MLR-1023 is consistent with an effect on adipose tissue, which secretes numerous adipokines that increase whole-body glucose utilization [30]. Human adipocytes derived from adult white adipose stem cells (HASCs) were treated for seven days with MLR-1023 at the physiologic Cmax of 60 µM [13] or the vehicle. The genes for mitochondrial thermogenesis (UCP1) and fat oxidation (carnitine palmitoyltransferase 1β (CPT1β) and adipose triglyceride lipase (ATGL)) were significantly upregulated (Figure 4). UCP1 is a marker for the transformation of white to beige adipocytes [31]. ATGL and CPT1β are the enzymes that catalyze fatty acid release and transport into the mitochondria for oxidation [32,33]. Consistent with the increase in insulin sensitivity that occurs with the induction of a beige thermogenic phenotype in human adipocytes, the expression of the insulin-stimulated glucose transporter, GLUT4, and the insulin sensitizer, adiponectin, increased after MLR-1023 treatment compared to the control (Figure 4).



Expression of TRPM8, the primary cold receptor in sensory neurons [34], also increased after MLR-1023 treatment (Figure 4). In human adipocytes, TRPM8 plays a role in modulating the peripheral response to cold by activating UCP1 expression and the generation of heat [29]. The β-1 adrenergic receptor (β1AR), which is the key receptor that modulates the sympathetic stimulation of thermogenesis in human adipose tissues, was not upregulated [35,36]. These results suggest that MLR-1023 induces a thermogenic program through a molecular pathway that is independent of adrenergic stimulation.




2.3. MLR-1023 Enhances TRPM8 Sensitivity to Cold


To define the role of TRPM8 in the remodeling of human adipocytes induced by MLR-1023, we investigated whether its activity was functionally increased as a potential mechanism by which the genes related to energy expenditure were upregulated. The HASCs were treated with MLR-1023 (60 µM) for seven days or were untreated (control), and maintained at 37 °C. In a parallel experiment, the same treatment and control were administered to HASCs, and they were cooled (placed at 26 °C) for the last 24 h of the seven-day protocol. Control HASCs cooled to 26 °C had an induction in UCP1 expression of over two-fold compared to control cells maintained at 37 °C (p < 0.001). The HASCs that were exposed to MLR-1023 for seven days and cooled for 24 h had over 20-fold higher UCP1 and two-fold higher protein kinase cAMP-dependent type II regulatory subunit beta (PRKAR2β) mRNA levels relative to untreated cells maintained at equivalent temperatures (p < 0.001). TRPM8 activation of UCP1 occurs in the absence of adrenergic stimulation through the phosphorylation of protein kinase A (PKA) in mouse brown adipose tissue [26]. Thus, in HASCs we observed an upregulation of PRKAR2β, which is the component of PKA that plays an important role in regulating lipolysis and adiposity in humans (Figure 5A,B) [37,38]. These results demonstrate that MLR-1023 amplified the physiologic response to cold stimulation.




2.4. MLR-1023 and Menthol Synergistically Induce the Expression of Metabolic Genes


Menthol is a potent natural compound known to activate TRPM8 and stimulate UCP1-dependent thermogenesis in white adipocytes [26,28]. We examined whether the TRPM8 agonist menthol could further induce the expression of genes involved in thermogenesis and glucose metabolism observed with MLR-1023 treatment. In HASCs, the combination of MLR-1023 and menthol synergistically increased the expression of UCP1 and GLUT4 compared to either MLR-1023 (30 µM) or menthol (30 µM) alone (p < 0.001, Figure 6A,B). Furthermore, the protein expression of adiponectin increased in HASCs treated with MLR-1023 and menthol compared to either MLR-1023 or menthol alone (p = 0.04, Figure 7A,B).




2.5. In Vivo, Menthol Potentiates the Glucose-Lowering Effect of MLR-1023


The chronic activity of MLR-1023 and menthol was evaluated in a diabetic mouse model fed a standard chow diet. Treatments were administered once daily to db/db mice for 56 days. Fasting plasma glucose (FPG) was measured weekly during the treatment and for two weeks after the treatment ended. Compared to the vehicle, MLR-1023 (100 mg/kg) reduced FPG at eight weeks (difference: −105.2 ± 33.58 mg/dL, p = 0.004) and one week after treatment ended (difference: −150.6 ± 44.55 mg/dL, p = 0.005). However, compared to the vehicle, menthol (100 mg/kg) in combination with MLR-1023 produced a significant reduction in FPG after treatment ended (difference: −131.7 ± 31.95 mg/dL, p < 0.001) and two weeks later (difference: −169.8 ± 59.95 mg/dL, p = 0.017), whereas the reduction by MLR-1023 alone was no longer significant (Figure 8).




2.6. MLR-1023 Reduces Body Weight and Fasting Plasma Glucose in Human Subjects


In a randomized double-blinded phase IIa clinical trial of MLR-1023 in subjects with type 2 diabetes, we observed a significant weight loss in the US cohort treated for four weeks at 100 mg/day. The baseline characteristics of the subjects are presented in Table 1. Compared to the placebo, weight was reduced in the MLR-1023-treated group (least-squares mean difference: −0.49 ± 0.23 kg, p = 0.03) at four weeks and continued to decline for one week after the medication was stopped (difference: −0.67 ± 0.23 kg, p = 0.004, Figure 9). Furthermore, FPG (least-squares mean difference: −2.87 ± 0.90 mmol/L, p < 0.002) was reduced compared to the placebo at four weeks. These results, in conjunction with preclinical and cell culture studies, suggest that MLR-1023 induces the conversion of adipocytes to the brown/beige phenotype, which is a persisting effect.





3. Discussion


The cardiovascular and renal protective effects of SGLT2 inhibitors and GLP-1 receptor agonists have been substantiated, but high costs limit their clinical value [39]. The efficacy and low cost of metformin, coupled with the benefit of weight loss, has rendered it the first line of drug therapy for type 2 diabetes, but gastrointestinal side effects pose a challenge to compliance [40]. Nevertheless, the widespread use of metformin and sulfonylureas, especially in low- and middle-income countries, is a testament to the need for affordable, safe, and efficacious glucose-lowering medications that can supplement monotherapies when patients fail to meet blood glucose goals [41,42,43].



Mouse studies have reported the emergence of beige adipocytes, which are inducible fat cells that appear within white adipose tissue depots [44,45,46,47]. A distinctive feature of beige cells is that they require external stimuli such as cold or β-adrenergic agonists or PPAR activators for the induction of UCP1 [48]. Beige cells have distinct characteristics that are similar to brown adipocytes, including a similar manifestation of UCP1 expression, which is localized in the mitochondrial membrane and acts to uncouple oxidative phosphorylation from ATP production [49]. The resulting dissipation of the electron gradient as heat is a process termed thermogenesis, which increases the utilization of fatty acids for energy expenditure [50]. Pharmacotherapies targeting adipose tissue can confer a long-lasting effect that converts human white adipocytes into metabolically active brown-like cells [51].



In humans, 10 days of cold exposure induces UCP1 in adipocytes, which is accompanied by mitochondrial uncoupled respiration in abdominal subcutaneous white adipose tissue [52]. Mirabegron is a β3-adrenergic agonist approved for the treatment of an overactive bladder, and treatment for 10 weeks induces UCP1 in obese and insulin-resistant individuals. Mirabegron also improves glucose homeostasis, reduces skeletal muscle triglycerides, and increases lipolysis in subcutaneous white adipose tissue [53]. However, adverse responses, such as increased heart rate and systolic blood pressure, accompany mirabegron treatment [54]. Importantly, there are no reports of weight loss with mirabegron treatment over periods ranging from 4 to 10 weeks [52,53,54].



Our clinical trial demonstrated that MLR-1023 at 100 mg/day was well-tolerated. Compared to the placebo, MLR1023 reduced FPG and produced weight loss. A statistically significant reduction in body weight was achieved in four weeks, and progressively declined further one week after treatment was stopped. The mean half-life for MLR-1023 (100 mg) in humans is 0.61 h [15]. In rodents, the half-life of MLR-1023 is similar, but the blood-glucose-lowering effect lasts for over 240 min [13]. These data suggest that MLR-1023 induces a durable program which would provide clinically meaningful weight loss over a longer treatment period than four weeks.



In HASCs treated with MLR-1023, we observed the induction of the thermogenic program. Accordingly, UCP1, ATGL, CPT1β, and GLUT4 were upregulated, without any increase in β1AR, which is the most abundant adrenergic receptor in human adipose tissue [35,36]. However, the expression of TRPM8, which is the cold sensor that transduces cold stimuli in the somatosensory neurons, was upregulated. Lyn kinase, which is a Src-related nonreceptor-linked tyrosine kinase, is expressed in sensory neurons; TRPM8 activity is potentiated by tyrosine phosphorylation [55,56]. In human adipocytes TRPM8 is present [29]. Thus, the mechanism of action for TRPM8-mediated induction of the thermogenic program in HASCs following treatment with the Lyn kinase activator, MLR-1023, is likely through tyrosine phosphorylation and the activation of TRPM8.



The increase in thermogenesis was evident in the reduction of body weight in high-fat-fed CD1/ICR mice treated with MLR-1023 without affecting food intake. Brown/beige phenotypes of fat are major thermogenic tissues that protect animals against the adverse metabolic outcomes of a high-fat diet. Therefore, increasing the development and activation of beige fat is a safe and effective strategy to overcome obesity and its comorbidities [57]. TRPM8 is also expressed in mouse brown adipose tissue, and its activation by the cooling agent menthol induces an increase in UCP1 expression through the Ca2+-dependent activation of protein kinase A (PKA), rather than adrenergic stimulation [26]. The activation of PKA stimulates lipolysis, and the fatty acids generated are the thermogenic substrates [58]. It is generally accepted that fatty acids or their derivatives are involved in the activation of UCP1 [59].



We observed a reduction in brown, axial, epidydimal, inguinal, and renal fat masses in mice treated with MLR-1023. Consistent with the reduction in fat masses, we observed a reduction in leptin concentrations. Leptin secretion has an evolutionary basis and is designed to maintain the relative constancy of adipose tissue mass by stimulating appetite as fat stores decline [60]. Weight loss is accompanied by a percent decrease in resting energy expenditure that exceeds the percent reduction in body weight. The decline in energy expenditure promotes an increase in food intake [61]. However, we observed no change in food intake despite the reduction in body weight. These data lend further support to the notion that MLR-1023 induces a thermogenic program that increases energy expenditure. Furthermore, the process appears to override the drive to eat that would be expected with the decline in circulating leptin concentrations [60].



In human white adipocytes, the activation of TRPM8 by menthol induces a dose-dependent increase in Ca2+ and UCP1 expression together with an increase in glucose uptake and mitochondrial energy production. These changes are accompanied by the appearance of morphological characteristics that are typical of thermogenically active adipocytes [29]. We observed that the treatment of HASCSs with the combination of MLR-1023 and cold stimulation (exposure to 26 °C) produced a robust increase in the expression of UCP1. Moreover, the expression of PRKAR2β increased in HASCs treated with MLR-1023 and cold stimulation, suggesting the activation of thermogenesis through the PKA rather than the adrenergic pathway [26].



Low rates of lipolysis and expression of PRKAR2β, which is the PKA subunit involved in energy balance, are linked to inefficient lipolysis and a predisposition to weight gain as well as impaired glucose metabolism in humans [37]. Beige fat appears to play an important role in glucose homeostasis that goes beyond the dissipation of stored fat as heat [48], and we observed an increase in the expression of UCP1, GLUT4, and adiponectin in HASCs treated with MLR-1023 and menthol. Adiponectin sensitizes peripheral tissues to insulin and is primarily produced by adipocytes; paradoxically, circulating levels are reduced in obese individuals [62].



The causal relationship between increased adiponectin and insulin sensitivity is, in part, mediated by an increase in fat oxidation and a reduction in adipose tissue mass [63,64]. Therefore, we examined the effects on glucose metabolism in diabetic mice treated chronically with the combination of MLR-1023 and menthol. As previously demonstrated, MLR-1023 reduced the glycemic response [12,13]. We found that in combination with menthol, MLR-1023 produced a persistently significant reduction in blood glucose that lasted over two weeks after the treatment ended, whereas the effect of MLR-1023 alone lasted for one week after the treatment ended. Menthol is a food component that is commonly consumed, and MLR-1023 has a proven safety profile in humans. Thus, the amplification of the thermogenic program by MLR-1023 and menthol, which occurs in the absence of adrenergic activation, will likely be well-tolerated, and bears investigation in a clinical trial.




4. Materials and Methods


4.1. Materials


MLR-1023 was synthesized according to previously developed synthetic methods [65] at the Advanced Synthesis Group (Newark, DE, USA). Aviva glucose test strips and monitors were from Roche Diagnostics (Nutley, NJ, USA). Hyclone™ Dulbecco’s Modified Eagle Medium/Ham’s F12 (DMEM/F12 1:1) and Gibco™ fetal bovine serum (FBS) were purchased from ThermoFisher Scientific (Waltham, MA, USA), and rosiglitazone was purchased from AK Scientific (Union City, CA, USA). All other compounds and reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise stated.




4.2. Animal Studies


All experiments were conducted in accordance with the National Institutes of Health regulations of animal care covered in the Principles of Laboratory Animal Care (National Institutes of Health, 2011), and were approved by the Institutional Animal Care and Use Committee. CD1-ICR male mice that were eight weeks of age (Ace Animals, Boyertown, PA, USA) were used in the studies of food intake and body weight. Six-week-old (at the start of the study) db/db male mice (BKS Cg- + Leprdb/ + Leprdb/OlaHsd) were used in the study to measure fasting plasma glucose (Harlan Laboratories, Indiana, IN, USA). Mice were given free access to food and water. Animals were kept on a 12:12 h light/dark cycle and were maintained on a standard diet. The standard diet was Harlan chow (2016 Teklad Global 16% Protein Rodent Diet; Harlan Laboratories, Indianapolis, Indiana, IN, USA).




4.3. Drug Administration


MLR-1023 was formulated in 2-hydroxypropyl-beta-cyclodextrin (20%). MLR-1023 was administered intraperitoneally (IP), and menthol was administered by oral gavage at dose volumes of 5 mL/kg.




4.4. Body Weight and Food Intake Measurements


The CD1-ICR mice were eight weeks of age when the study started. Prior to the initiation of the study, mice were fasted for 24 h. In this study, mice were fed a “Western Diet” that was designed to approximate the “typical” human diet of North America and Europe (Research Diets; New Brunswick, NJ, USA; Western Diet composition). The Western Diet contained 21% of its energy content from fat, compared to 4% from fat in normal chow. MLR-1023 at 30 mg/kg and vehicle (saline) were administered IP twice daily for 30 days. Mice were weighed daily from the start of the 24 h fasting period. Food intake was monitored every one to four days (Figure 5B).




4.5. Leptin Measurements and Fat Pad Dissection


Mice were bled by retro-orbital eye bleeds on days 7 and 14 after the initiation of the study. On the day of the retro-orbital eye bleed, mice were dosed once with a full dose one hour prior to the bleed. Leptin levels were determined on days 7 and 14 by ELISA (R&D Systems, Minneapolis, Minnesota, MN, USA), as per directions. Fat pads were dissected at the end of the study (day 31) and subsequently weighed and frozen. Brown, inguinal, axial, mesenteric, renal, and epididymal fat pads were dissected and weighed.




4.6. Fasting Plasma Glucose Measurement


Six-week-old db/db mice were treated with MLR-1023, the vehicle, or MLR-1023 and menthol once daily. MLR-1023 (100 mg/kg) was administered IP and menthol was administered by oral gavage at 100 mg/kg for 56 days. Fasting plasma glucose was measured for an additional 28 days after treatment ended. Lean mice (BKS Cg) were similarly treated with the vehicle. Mice were weighed weekly during the study. Fasting plasma glucose levels were measured before the first administration of the test compounds. After the initiation of treatment, blood glucose levels were measured weekly before that day’s compounds were administrated (24 h after the previous administration). For measurements of FPG, mice were fasted for six hours and blood glucose levels were measured using Glucocard Vital glucometers (Arkray, Minneapolis, MN, USA). Blood (<5 µL) was acquired from a tail snip and directly applied to a glucose test strip.




4.7. Human Adipocyte Cell Culture Studies


Human-adipose-derived stem cells from overweight and obese female donors were purchased from LaCell, LLC (New Orleans, LA, USA), or isolated from lipoaspirate waste donated post-surgery from women with a body mass index (BMI) ranging from 27 to 36 kg/m2, using methods that have been previously described [66]. The cell culture methods have also been previously described [67]. Adipocytes were treated with MLR-1023, menthol, or the combination of MLR-1023 and menthol for seven days in an adipocyte maintenance medium with heat-inactivated serum before RNA or protein were isolated from adipocyte cultures. MLR-1023 was diluted to the final concentration from a 20 mM DMSO stock solution, and menthol was diluted from a 10 mM stock solution in water.




4.8. Total RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)


Total RNA was extracted from cells using Tri Reagent (Sigma, Lt. Louis, Missouri, MO, USA) and purified with RNeasy (Qiagen, Germantown, Maryland, MD, USA) into nuclease-free water containing RNAsecure Reagent (Thermo Fisher Scientific, Waltham, MA, USA).



Reverse transcriptase and PCR were conducted in one reaction with the reverse PCR primer priming cDNA synthesis, as we previously described [67]. Primer–probe sequences for UCP1, GLUT4, ATGL, adiponectin, and ribosomal RPL13A are provided in our previously published study [68]. RPL13A was used to normalize for total RNA in each sample. Additional primer and probe oligonucleotide sets used in this study are: TRPM8, shown in a 5′ to 3′ orientation, forward GAGACACCAAGAACTGGAAGAT reverse AGGTGAAGAACGCCACATAG probe TTGGTGGGCTGTGGCTTTGTATCA; predesigned human primer and probe sets from Thermofisher Scientific are ADRB1 Hs02330048_s1 and PRKAR2B Hs01036963_m1.




4.9. Immunoblot Analysis


Whole-cell protein was solubilized from cells with a RIPA buffer that contained protease and phosphatase inhibitors (Cell Signaling Technologies, Danvers, MA, USA). Proteins were separated using Precast 7.5% TGX SDS-PAGE gels (BioRad, Hercules, CA, USA) and transferred to nitrocellulose membranes, as we previously described [68]. Nitrocellulose membranes were probed overnight at 4 °C with primary antibodies against adiponectin (Santa-Cruz 136131) or β-Actin (Sigma A5316). HRP-linked anti-mouse (AP130P, Sigma) was used to detect proteins. Proteins were visualized by chemiluminescence (Western Lightning Plus-ECL, PerkinElmer, Waltham, MA, USA).




4.10. Clinical Trial


The study was a randomized double-blinded placebo-controlled parallel-arm phase II dose-finding trial to investigate the effect of MLR-1023 on body weight in adults with type 2 diabetes. Subjects were between 18 and 75 years old, on a diet and exercise regimen, and were naïve to glucose-lowering medications or were using (but had discontinued) metformin six months prior to enrollment. The study was conducted in the US and South Korea [15]. In this paper, we report the results from the 100 mg once-daily dose and placebo groups of the US cohort. The study was approved by the Institutional Review Board of each study site, written informed consent was obtained, and the trial was registered with ClinicalTrials.gov, identifier: NCT02317796.




4.11. Statistical Analysis


All data were analyzed by one-way analysis of variance or t-tests. A mixed model analysis was used to test for differences between groups in the clinical trial and in the analyses of FPG.





5. Conclusions


MLR-1023 induces a thermogenic program, reduces body weight in humans, and prevents weight gain in mice fed a high-fat diet, without adrenergic activation. In combination with menthol, the effect of MLR-1023 on thermogenesis is potentiated in human adipocytes, while in mice the glucose-lowering effect is increased. Despite novel treatments, such as sodium glucose transporter 2 (SGLT2) inhibitors and glucagon-like-peptide-1 (GLP-1) receptor agonists, the fraction of patients with well-controlled diabetes has not risen appreciably [16]. The reasons for this could in part be related to the high costs of medications or unwanted side effects. The multiple sites of action of these medications reflect the complex regulation of blood glucose, and highlight the need for developing glucose-lowering drugs that provide protective effects beyond glycemic control. Medications that target glucose-lowering mechanisms and do not induce adverse effects will likely overcome patients’ antipathy and enhance compliance with medication regimens [16]. By promoting the conversion of white adipocytes into a durable energy-expending phenotype without the adverse effects of sympathetic stimulation, the combination of the insulin sensitizer MLR-1023 and menthol offers benefits beyond lowering blood glucose.
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Figure 1. Effect of 30 mg/kg of MLR-1023 twice daily on body weight and food intake in CD1/ICR mice. The mice were weighed daily, and food intake was monitored every one to four days. (A) Weight change from day 0 to day 31 (B) Food intake from day 1 to day 31. N = 6 per group. Values are mean ± SEM. * p < 0.05. 
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Figure 2. Effect of 30 mg/kg of MLR-1023 twice daily on fat mass in CD1/ICR mice. Brown, axial, inguinal, epididymal, mesenteric, and renal fat pads were dissected and weighed at the end of the study (day 31). N = 6 per group. Values are mean ± SEM. * p < 0.05. ** p < 0.01. 
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Figure 3. Effect of 30 mg/kg of MLR-1023 twice daily on blood leptin concentrations in CD1/ICR mice. The mice were dosed intraperitoneally one hour prior to being bled by a retro-orbital eye bleed on days 7 and 14 after the initiation of the study. Leptin concentrations were measured on days 7 and 14. N = 6 per group. Values are mean ± SEM. * p < 0.05. 
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Figure 4. mRNA expression in human adipocytes (HASCs) treated with MLR-1023. qRT-PCR assays were conducted in duplicates following MLR-1023 (60 µM) treatment of HASCs from three obese donors (four technical replicates each) for seven days compared to untreated adipocytes (control). The results are presented as mean ± SE, ** p ≤ 0.01. *** p ≤ 0.001 compared to the control. 
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Figure 5. mRNA expression in human adipocytes (HASCs) treated with MLR-1023 and cold stimulation. qRT-PCR assays were conducted in duplicates following MLR-1023 (60 µM) treatment of human adipocytes from three obese donors (four technical replicates each) for seven days compared to untreated adipocytes (control), maintained at 37 °C, or treated as such and maintained at 26 °C for the last 24 h: (A) uncoupling protein 1 (UCP1) and (B) protein kinase cAMP-dependent type II regulatory subunit beta (PRKAR2β). The results are presented as mean ± SE. * p < 0.05, *** p ≤ 0.001 compared to the respective control. 
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Figure 6. mRNA expression in human adipocytes (HASCs) treated with MLR-1023 and menthol. qRT-PCR assays conducted in duplicates following MLR-1023 (30 µM), menthol (30 µM), and MLR-1023 in addition to menthol (30 µM each) treatment of human adipocytes from three obese donors (four technical replicates each) compared to untreated adipocytes (control): (A) uncoupling protein 1 (UCP1) and (B) glucose transporter type 4 (GLUT4). The results are presented as mean ± SE. * p < 0.05, *** p < 0.001 compared to the respective control. MLR-1023 and menthol also exhibit synergy, where the combined effect compared to control is greater than the sum of the effects of MLR-1023 or menthol alone, compared to the control. 
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Figure 7. Immunoblotting of human adipocytes (HASCs) treated with MLR-1023 and menthol. HASCs from two obese donors were treated with MLR-1023 (30 µM), menthol (30 µM), and MLR-1023 in addition to menthol (30 µM each) for seven days (four technical replicates each). (A) Cellular protein was extracted, and Western blot analysis was used to detect protein levels of adiponectin. (B) Densitometric analysis. Values are mean ± SEM. * p < 0.05. ** p < 0.01. 
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Figure 8. Effect of 100 mg/kg of MLR-1023 alone and in combination with 100 mg/kg of menthol on fasting blood glucose in db/db mice. The mice were treated with MLR-1023, the vehicle, or MLR-1023 + menthol once daily for eight weeks. Mice were followed for two weeks after treatment ended. Lean mice (BKS Cg) were similarly treated with the vehicle. Fasting blood glucose was measured weekly. N = 18 per group for eight weeks and N = 8 for weeks 9 and 10. Values are mean ± SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001. ns = non-significant. 
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Figure 9. Clinical Trial of MLR-1023 vs. placebo. The study was a randomized double-blinded placebo-controlled parallel-arm phase II trial to investigate the effect of MLR-1023 on body weight in adults with type 2 diabetes. Body weight was measured at baseline, at day 29, and at day 36. Values are mean ± SEM. * p < 0.05. ** p < 0.01. 
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Table 1. Baseline characteristics of subjects. Values are mean ± SD.
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	MLR-1023 100 mg QD
	Placebo





	Gender
	
	



	Female
	8
	6



	Male
	12
	15



	Age (years)
	57.45 ± 1.89
	60.24 ± 1.71



	Weight (kg)
	90.73 ± 3.29
	83.88 ± 3.93



	BMI (kg/m2)
	32.54 ± 0.83
	29.35 ± 0.84
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