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Objectives

Anti-diabetic biguanide drugs such as metformin may have anti-tumorigenic effects by behaving as AMPK activators and mTOR inhibitors. Metformin requires organic cation transporters (OCTs) for entry into cells, and NT-1044 is an AMPK activator designed to have greater affinity for two of these transporters, OCT1 and OCT3. We sought to compare the effects of NT-1044 on cell proliferation in human endometrial cancer (EC) cell lines and on tumor growth in an endometrioid EC mouse model.



Methods

Cell proliferation was assessed in two EC cell lines, ECC-1 and Ishikawa, by MTT assay after exposure to NT-1044 for 72 hours of treatment. Apoptosis was analyzed by Annexin V-FITC and cleaved caspase 3 assays. Cell cycle progression was evaluated by Cellometer. Reactive oxygen species (ROS) were measured using DCFH-DA and JC-1 assays. For the in vivo studies, we utilized the LKB1fl/flp53fl/fl mouse model of endometrioid endometrial cancer. The mice were treated with placebo or NT-1044 or metformin following tumor onset for 4 weeks.



Results

NT-1044 and metformin significantly inhibited cell proliferation in a dose-dependent manner in both EC cell lines after 72 hours of exposure (IC50 218 μM for Ishikawa; 87 μM for ECC-1 cells). Treatment with NT-1044 resulted in G1 cell cycle arrest, induced apoptosis and increased ROS production in both cell lines. NT-1044 increased phosphorylation of AMPK and decreased phosphorylation of S6, a key downstream target of the mTOR pathway. Expression of the cell cycle proteins CDK4, CDK6 and cyclin D1 decreased in a dose-dependent fashion while cellular stress protein expression was induced in both cell lines. As compared to placebo, NT-1044 and metformin inhibited endometrial tumor growth in obese and lean LKB1fl/flp53fl/fl mice.



Conclusions

NT-1044 suppressed EC cell growth through G1 cell cycle arrest, induction of apoptosis and cellular stress, activation of AMPK and inhibition of the mTOR pathway. In addition, NT-1044 inhibited EC tumor growth in vivo under obese and lean conditions. More work is needed to determine if this novel biguanide will be beneficial in the treatment of women with EC, a disease strongly impacted by obesity and diabetes.
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Introduction

Endometrial cancer (EC) is known to be the most commonly diagnosed gynecologic malignancy in the United States (1). The incidence of EC is rising in tandem with the changing in hormonal factors and increasing prevalence of obesity and aging female population (2, 3). In 2021, it is estimated that 66,570 women will be diagnosed with an endometrial carcinoma, and an estimated 12,940 patients will succumb to this disease (1). Traditionally, EC has been subdivided into Type I and Type II tumors based on clinical and histologic differences (4–6). Type I tumors comprise 70-80% of endometrial adenocarcinomas and are thought to arise in part from unopposed estrogen stimulation. These tumors tend to be well-differentiated, of endometrioid histology, diagnosed at early stages, and associated with good prognosis. Obesity is predominantly associated with the development of type I endometrial cancer rather than type II endometrial cancer. Over 50% of endometrial cancers have been reported to attribute to overweight and obesity (2, 3). In addition, diabetes and insulin resistance have also been identified as independent risk factors for endometrial cancer and are associated with a 2-3 fold increased risk of developing this disease (7–11).

Metformin, a biguanide drug widely used for the treatment of Type II diabetes, has been shown to reduce cancer incidence and deaths among patients with diabetes (12–14). Metformin inhibits mitochondrial complex I in cells causing raised AMP/ATP ratios and, consequently leading to activation of AMPK (15). AMPK is the central regulator of energy utilization in cells, leading to increased glucose and fatty acid oxidation as well as other metabolic processes that generate ATP. The impact of these activities on metabolic disease is well documented (16); however, it is also clear that activation of AMPK leads to control of cell proliferation, in particular inhibition of the downstream PI3K/Akt/mTOR pathway (17–19). It should be noted that components of the PI3K/Akt/mTOR pathway are often mutated, amplified or aberrantly expressed in endometrial cancer (20–23). Activation of the PI3K/Akt/mTOR pathway, through PIK3CA amplifications, PIK3CA/PIK3R1/PIK3R2 mutations and PTEN mutations/loss of function, has also been linked to more aggressive EC tumor behavior (21–24). Our laboratory has previously reported that metformin inhibits cell proliferation in a dose dependent manner in EC cell lines and decreased tumor growth in the LKB1fl/flp53fl/fl mouse model of endometrioid endometrial cancer under obese and lean conditions (25, 26).

Metformin is currently being explored in the treatment of endometrial cancer in combination with hormonal and targeted therapies as well as chemotherapy; however, it should be noted that metformin did not improve on the efficacy of standard-of-care paclitaxel/carboplatin in advanced and recurrent endometrial cancer in NRG Oncology GOG286B (27), despite promising pre-clinical data in endometrial cancer cell lines and animal models (25, 26). Efforts are underway to develop new and improved pharmacologic versions of metformin for the treatment of diabetes mellitus, and it is logical that these same drugs may also have greater anti-tumorigenic benefits than metformin. Metformin is a highly basic molecule with a pKa of 11.5 and is present at <0.01% in its un-ionized form in blood, making metformin dependent on organic cation transporters (OCTs) for cellular entry (28). There are three OCTs, two of which (OCT1 and OCT3) are predominantly expressed on endometrial cancer cells; whereas, OCT2 is predominantly expressed in kidney and is responsible for metformin clearance in urine (29). This accounts for the short half-life of metformin (~1.7 hour), as well as the wide range of peak to trough drug levels, particularly in patients with impaired renal function (30). Therefore, novel biguanides with increased affinity for OCT1 and 3 and lower affinity for OCT2 could demonstrate higher tumor concentrations and a longer plasma half-life than metformin.

After screening approximately 140 biguanides, Novatarg has recently designed and synthesized NT-1044, a new biguanide with higher affinity for the OCT1 and OCT3 transporters. Although NT-1044 has 5.7 times greater affinity for OCT2 than metformin, affinity of NT-1044 for OCT1 and OCT3 is 153 times and 875 times greater than that of metformin, respectively, in HEK293 cells (Table 1). In the present study, we investigated the translational potential of NT-1044 as a therapeutic agent for endometrial cancer by evaluating the anti-tumor effects of this compound in endometrial cancer cell lines and a genetically engineered mouse model of endometrioid endometrial cancer.


Table 1 | Potency of metformin versus NT-1044.





Materials and Methods


Cell Culture and Reagents

Two endometrial cancer cell lines, Ishikawa and ECC-1, and ES-T cell line (human endometrial stromal cells from a premenopausal woman, immortalized by hTERT) were utilized in this study. The ECC-1, Ishikawa and ES-T cells were grown in RPMI 1640 medium (11 mM glucose) with 5% fetal bovine serum, MEM medium (5.5 mM glucose) with 5% fetal bovine serum and L-glutamine, and DMEM/F12 with 10% fetal bovine serum under 5% CO2, respectively. All media included 100 units/ml penicillin and 100 microgram/ml streptomycin. NT-1044 was provided by NovaTarg Therapeutics (Research Triangle Park, NC). All primary and secondary antibodies were from Cell Signaling (Beverly, MA). Enhanced chemiluminescence reagents were bought from Amersham Inc (Arlington Heights, IL).



Cell Proliferation Assays

The Ishikawa, ECC-1 and ES-T cells (4000 cells/well) were cultured in 96-well plates and exposed to various concentrations of metformin and NT1044 for 72 hours. Following treatments, 5 µl MTT solution (5 mg/ml) was added to each well, and the cells were cultured for an additional 1 hour. After aspiration of medium, 100 µl DMSO per well was used to terminate the reactions. The results were read by measuring absorption at 595 nm in a plate reader (Tecan, Cary, NC). The effect of NT-1044 or metformin on cell proliferation was calculated as a percentage of control cell growth obtained from DMSO treated cells grown in the same 96-well plates. Each experiment was performed in triplicate and repeated three times to assess for consistency of results.



Cell Cycle Analysis

The ECC-1 and Ishikawa cells (2.5×105 cells/ well) were cultured with or without NT1044 for 24 hours. The cells were subsequently collected by 0.05% Trypsin (Gibco), washed with PBS, and fixed in a 90% methanol solution. On the day of analysis, the cells were re-suspended in RNA A solution for 30 min at 37 °C, and then stained with PI staining solution for 10 min in the dark. Cell cycle progression was analyzed by Cellometer and analyzed by the FCS 4 Express Flow Cytometry Software (De Novo Software, Glendale, CA, USA). The experiments were repeated three times.



Annexin V Staining Assay

Apoptotic cells were quantified by the Annexin-V FITC Kit (Biovison). Briefly, ECC-1 and Ishikawa cells were seeded into 6 well plates at 2.5 × 105 cells/well overnight, and then the cells were treated with or without various concentrations of NT-1044 for 12 hours. The cells were harvested by 0.25% Trypsin and stained in 100 ul of Annexin-V and PI dual-stain solution for 15 min. The expression of Annexin V was detected by Cellometer, and analyzed by FCS 4 software. Apoptotic cells were expressed as a percentage of the total number of cells stained.



Reactive Oxygen Species (ROS) Assay

Intracellular ROS production was detected using DCFH-DA assay. The ECC-1 and Ishikawa cells were plated in the appropriate media at 6000 cells/well in a 96-well plate overnight, and then treated with various concentrations of NT-1044 for 12 hours. 10 μl of 200 μM of DCFH-DA was added into each well and mixed gently. The fluorescence intensity was detected at Ex485/Em 485/530 nm by a Tecan plate reader. Each experiment was repeated at least three times for consistency of response.



Cleaved Caspase 3 Assays

Caspase activity assays were performed with modifications as previously described (31). In brief, the ECC-1 and Ishikawa cells were plated in 6-well plates at a concentration of 2.5 × 105 cells/well for 24 hours. The cells were treated with NT-1044 at different concentrations for 12 hours. 150-180 ul 1X caspase lysis buffer was added to each well. Protein concentration was determined using the BSA assay. 10-15 ug lysates in a black clear bottom 96-well plate were incubated with reaction buffer and 200 uM of cleaved caspase 3 substrates for 30 min. The fluorescence of each well was determined using a Tecan microplate reader. Each experiment was repeated three times to assess for consistency of results.



Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential was analyzed using the specific fluorescent probes JC-1 (32). The ECC-1 and Ishikawa cells were plated and treated with different concentrations of NT-1044 for 12 hours. Treated cells were then incubated with 2 uM JC-1 for 30 minutes at 37°C. The levels of the fluorescent probes were measured using a Tecan plate reader at two excitation/emission wavelength pairs. Each experiment was repeated three times to assess for consistency of results.



Ethidium Bromide Competition Assay for OCT1-3 Affinity

HEK293 cells stably transfected with hOCT1, hOCT2, and hOCT3 vectors were cultured for 24-48 hours in 24-well plates, respectively. After medium was aspirated, Ethidium Bromide (EtBr) or EtBr plus NT-1044 diluted in HBSS was added to each well and cultured for 2.5 min at 37°C. The plate was washed with HBSS. Intracellular fluorescence was determined by a plate reader (Tecan) at 535/590-nm excitation and emission wavelengths. Nonspecific fluorescence in control cells was subtracted from fluorescence in hOCT-overexpressing cells to yield data representing hOCT-specific fluorescence (33).



Western Immunoblotting

The Ishikawa and ECC-1 cells were seeded at 2.5 × 105 cells/well in 6-well plates and then treated with various concentrations of NT-1044 for 24 hours. The treated cells were lysed in an RIPA buffer (1% NP40, 0.5 sodium deoxycholate and 0.1% SDS) and centrifuged at 12,000 rpm for 15 min to collect supernatants. The protein concentration was determined using the BCA assay kit (Thermo Fisher Scientific). Equal amounts of protein were separated by SDS-PAGE gels and transferred to a PVDF membrane for 2 hours. The membrane was blocked by 5% milk and then incubated with the following primary antibodies: phos-AMPK and S6, MCL-1, BCL-XL, CDK4, CDK6, Bip, PERK and cyclin D1 at 4°C overnight. The membrane was washed with TBS-T and incubated with anti-rabbit or anti-mouse secondary antibodies for 1 hour. Enhanced chemiluminescence reagents was used to visualize protein binding through a gel imaging analysis system (Bio-Rad). The band densitometry was performed using Image J software. The relative expression of target protein was normalized to the expression of β-actin or α-Tubulin. Each experiment was repeated three times to assess for consistency of results.



NT-1044 Treatment in a Transgenic Mouse Model of Endometrial Cancer

For our in vivo studies, we utilized an LKB1fl/flp53fl/fl genetically engineered mouse model. This model was developed in our lab, and these mice develop endometrioid histology endometrial cancer (25). For this model, LKB1 and p53 are somatically inactivated via injection of AdCre virus directly into one uterine horn of the mice. The mice develop invasive endometrial cancer approximately 8 weeks after AdCre virus injection. Given that obesity and insulin resistance are known risk factors for the development of endometrial cancer, we assessed NT-1044 and metformin treatment in both obese and lean mice. To accomplish this, mice were fed either a high fat diet (HFD, 60% calories, obese group) or low fat diet (LFD, 10% calories, lean) starting 3 weeks after birth. At 6 weeks after birth, AdCre was injected into the right uterine horn of all mice. Eight weeks after AdCre injection, we treated the mice with either NT-1044 (200mg/kg/day, oral garage, daily) or metformin (200mg/kg, drinking water, daily) for a duration of 4 weeks in HFD and LFD groups (n = 15/group). Body weight and blood glucose were monitored weekly during the treatment. All mice were euthanized at the end of treatment. Tumor tissue and blood samples were collected. Animal experiments were approved by our Institutional Animal Care and Usage Committee in accordance with NIH guidelines.



Immunohistochemical Analysis

The mouse tumor tissue was formalin-fixed and paraffin-embedded. Slides (5 μm) were first incubated with protein block solution (Dako) for 1 hour and then with the primary antibodies for Ki-67 (1:400), phosphorylated-S6 (1:300) and phosphorylated-AMPK (1:100) for 2 hours at room temperature. The slides were then washed and incubated with appropriate secondary antibodies at room temperature for 1 hour. The slides were washed, and the specific staining was visualized using the Signal Stain Boost Immunohistochemical Detection Reagent (Cell Signaling Technology), according to the manufacturer’s instructions. Individual slides were scanned using the Aperio™ ScanScope (Aperio Technologies, Vista, CA), and digital images were analyzed for target protein expression using Aperio™.



Primary Culture

A normal endometrium of proliferative phase (36 years old) was collected in the operating room of the Department of Gynecologic Oncology, Shandong Cancer Hospital and institute, China. A specific written informed consent was obtained from patient, and the study was approved by the Institutional Ethics Committee of Shandong Cancer Hospital and Institute. Tissue was then digested in 0.2% collagenase IA for 45 min hours at 37°C water bath with shaking. Epithelial and stromal cells were separated using number 100 and number 400 sieves. 8000 cells/well were seeded into 96-well plated and cell proliferation was measured with MTT assay 72 hours after treatment.



Statistical Analysis

All experiments were repeated a minimum of three times. Results for experiments were normalized to the mean of the control and analyzed using the Student t-test using GraphPad software (La Jolla, CA, USA). Differences were considered significant if the p value was less than 0.05 (p<0.05) with a confidence interval of 95%.




Results


Effect of NT-1044 on Endometrial Cancer Cell Proliferation

The affinity of NT-1044 and metformin for OCT1-3 were compared at different concentrations using spectrophotometer in HEK293 cells. The results showed that the affinity of NT-1044 to OCT1 and OCT3 is stronger than that of metformin (Table 1). Next, we examined the effect of NT-1044 and metformin on cell proliferation in the ECC-1 and Ishikawa endometrial cancer cell lines. The cells were incubated for 72 hours with varying concentrations of NT-1044 and metformin and cellular viability was analyzed with the MTT assay. The results from the MTT assay showed a progressive decrease in cell proliferation with successive increases in the concentrations of NT-1044 and metformin (Figure 1A). NT-1044 exhibits dose-dependent effects on cellular growth for both cell lines at significantly lower doses than that of metformin. As shown in Figures 1B, C, the mean IC50 value of NT-1044 was approximately 87 ± 22.49 μM and 218 ± 50.76 μM for the ECC-1 and Ishikawa cells; the mean IC50 values of metformin were 1330 ± 211.38 uM for Ishikawa and 2750 ± 173.31 uM for ECC-1, respectively. The results indicated that the both cell lines were sensitive to NT-1044 treatment and that NT-1044 had a greater effect on inhibiting cell proliferation than metformin.




Figure 1 | NT-1044 inhibited cell proliferation and activated AMPK pathway in EC cells. The ECC-1 and Ishikawa cells were cultured in regular media for 24 hours, and then treated with the indicated concentrations of NT-1044 and metformin in 96-well plates for 72 hours. Cell proliferation was assessed by MTT assay. NT-1044 and metformin significant inhibited cell proliferation in a dose dependent manner (A–C). IC50 value of NT-1044 for ECC-1 = 87 μM; Ishikawa=218 μM. The ECC-1 and Ishikawa cells were treated with NT-1044 for 18 hours. Western blotting showed that NT-1044 increased phosphorylation of AMPK expression and decreased phosphorylation of S6 expression (D). The results are shown as the mean ± SE of triplicate samples and are representative of three independent experiments. *p < 0.05, **p < 0.01.



In order to determine whether NT1044 and metformin alter cell proliferation of normal endometrial cells, Normal TERT-immortalized endometrial stromal cell line, ES-T, and a primary culture of normal endometrium (proliferative phase) were used. ES-T, primary culture of epithelial cells and stromal cells were treated with either metformin, NT1044 or vehicle control. Metformin led to a modest growth inhibition in ES-T and primary culture cells after 72 hours of treatment, while NT1044 reduced cell proliferation with an IC50 of 688 uM in ES-T cells (Supplemental Figure 1). NT1044 exhibits greater effect on inhibiting cell proliferation than metformin in normal endometrial cells. These results indicate that normal endometrial cells are relatively metformin and NT1044 resistant compared to ECC-1 and Ishikawa cells.

Given that metformin exhibits anti-tumorigenic effects by activating AMPK and inhibiting mTOR pathways, we examined expression of key targets of these pathways after treatment with NT-1044. As illustrated in Figure 1D, western immunoblotting showed that NT-1044 significantly increased expression of AMPK phosphorylation and dramatically decreased the expression of phosphorylated S6 in both cell lines after 18 hours of treatment with NT-1044. Expression of pan-AMPK was not affected by NT-1044. However, NT1044 reduced the expression of pan-S6 in Ishikawa cells. These results indicate that NT-1044 inhibits cell proliferation via activation of AMPK and subsequent decreased phosphorylation of the S6 protein, resulting in inhibition of the mTOR pathway.



Effect of NT-1044 on Cell Cycle

After treating the ECC-1 and Ishikawa cells with NT-1044, the cell cycle profile was analyzed to evaluate the underlying mechanism of growth inhibition by NT-1044. As illustrated in Figure 2A, NT-1044 (1-1000 uM) resulted in dose dependent G1 cell cycle arrest in the ECC-1 and Ishikawa cell lines. NT-1044 at a dose of 1 mM increased the G1 population from 47.1 ± 2.72% to 63.8% ± 2.28 in the ECC-1 cells, and from 46.1 ± 3.06% to 57.3 ± 2.67% in the Ishikawa cells, respectively, compared with control groups (p<0.01). The synthesis of cyclin D1 is initiated during G1 and, through interaction with the cyclin-dependent kinases (CDK) 4 and 6, drives the G1/S phase transition (34). The expression of CDK4, CDK6 and Cyclin D1 were measured by Western blotting. Treatment of the ECC-1 and Ishikawa cells with NT-1044 for 24 hours led to a dose dependent decrease in Cyclin-D1, CDK6 and CDK-4 (Figure 2B). These results are basically consistent with our previous research on the effect of metformin on the cell cycle (25, 26).




Figure 2 | NT-1044 induced cell cycle G1 arrest in EC cells. The ECC-1 and Ishikawa cells were treated with NT-1044 for 24 hours. Cell cycle progression was assessed by Cellometer. NT-1044 induced cell cycle G1 arrest in a dose-dependent manner in both cell lines (A). Western blotting showed that NT-1044 decreased the expression of CDK4, CDK6 and cyclin D in a dose-dependent manner in both cell lines after 24 hours of exposure (B). *p < 0.05, **p < 0.01.





Effect of NT-1044 on Apoptosis

The effect of NT-1044 on apoptosis was evaluated by Annexin V and cleaved caspase 3 assays in both cell lines. Treatment of both cell lines with different concentrations of NT-1044 for 12 hours significantly increased Annexin V expression in a dose dependent manner as demonstrated in Figure 3A (p<0.01). Following incubation with 1 mM NT-1044, Annexin V-positive cells were increased from 4.2% to 13.4% for ECC-1 cells and 5.1% to 17.5% for Ishikawa cells, respectively. Treatment of both cell lines with 1 mM NT-1044 for 12 hours increased cleaved caspase 3 activity by approximately 70-85% compared with the untreated groups (Figure 3B, p<0.01). Western blotting analysis found that NT-1044 reduced expression of the anti-apoptotic proteins BCL-XL and MCL-1 in a dose-dependent manner after treatment for 18 hours (Figures 3C, D). These results suggest that NT-1044 inhibits endometrial cancer cell growth through the induction of apoptosis and cell cycle G1 arrest.




Figure 3 | NT-1044 induced apoptosis in EC cells. The ECC-1 and Ishikawa cells were cultured for 24 hours and then treated with NT-1044 for 12 hours. NT-1044 increased Annexin V expression in a dose-dependent manner in both cells (A). Both cell lines were treated with NT-1044 for 12 hours. Cleaved caspase 3 was measured by ELISA assay. The results showed that NT-1044 increased cleaved caspase 3 activity in both cell lines (B). Western blotting showed that NT-1044 decreased the expression of BCL-XL and MCL-1 in a dose-dependent manner in both cell lines after 18 hours of exposure (C, D). *p < 0.05, **p < 0.01.





NT-1044 Induces Cellular Stress

Given that metformin activates cellular stress in many types of solid cancers, we examined the effects of NT-1044 on cellular stress and mitochondrial membrane potential using DCFH-DA and JC-1 assays, respectively. After a 12-hour treatment with varying concentrations of NT-1044, a dose-dependent response on reactive oxygen species (ROS) assays can be seen, illustrating the effects of NT-1044 on inducing intracellular stress (Figure 4A). ROS was increased by 45-165% from baseline in ECC-1 and Ishikawa cells at a dose of 1 mM NT-1044. Meanwhile, Figure 3B shows significantly decreased mitochondrial membrane potential of 24.1-33.7% in ECC-1 and Ishikawa cells after treatment with NT-1044 for 12 hours at 1 mM (Figure 4B). We used western immunoblotting to analyze the changes in protein kinase-like endoplasmic reticulum kinase (PERK) and binding immunoglobulin protein (Bip), two proteins related to cell stress, after the cells were treated with different concentrations of NT-1044 for 24  hours. The data showed that the expression of PERK and Bip increased with increasing doses of NT-1044 (Figure 4C). These results indicate that NT-1044 induces intracellular oxidative stress in EC cells.




Figure 4 | NT-1044 induced cell stress in EC cells. The ECC-1 and Ishikawa cells were cultured for 24 hours and then treated with NT-1044 for 12 hours. Reactive Oxygen Species (ROS) was detected using the DCFH-DA Assay. Mitochondrial membrane potential was measured by JC-1 assay. NT-1044 significantly increased ROS products (A) and decreased JC-1 levels (B) in a dose dependent manner in the both cells. Both cells were treated with NT-1044 for 24 hours. Western blotting showed that NT-1044 increased the expression of BIP and PERK in the both cells (C). *p < 0.05, **p < 0.01.





NT-1044 Inhibits Tumor Growth in the LKB1 fl/flp53fl/fl Mouse Model of Endometrial Cancer

To validate and compare the anti-tumorigenic potential of NT-1044 and metformin in vivo under obese and lean conditions, we fed LKB1fl/flp53fl/fl mice with either a HFD (obese) at 3 weeks of age to induce obesity or fed them a LFD as lean controls. The obese and lean mice were treated with either placebo, NT-1044 or metformin at a dose of 200 mg/kg/day for 4 weeks (15 mice/per group). During treatments, tumor growth was monitored by palpation twice a week. Regular twice-weekly measurements yielded no changes in random blood glucose and body weight during NT-1044, metformin and placebo treatments. All mice were evidently well tolerated during the treatments. Obesity accelerated tumor growth with a 2.1-fold increase in tumor weight at sacrifice compared to mice fed a LFD. Both obese and lean mice treated with metformin had a significant reduction in tumor weight (Figures 5A, B, p<0.05). NT-1044 exhibited similar anti-tumor effects in obese and lean mice compared with metformin. However, metformin and NT-1044 had a more pronounced impact on the tumor growth of obese mice (70.3 and 75.8% reduction in tumor weight, respectively) compared to 58.1 and 63.8% reduction in tumor weight with NT-1044 and metformin treatment in lean mice, respectively (p<0.05). Although NT-1044 was significantly more potent than metformin for its in vitro anti-tumor activity, there was not a difference between NT-1044 and metformin in reduction of tumor weight under obese and lean conditions. The possible reasons are the duration of treatment and large doses of both agents used that did not allow the detection of a difference in drug potency in the LKB1fl/flp53fl/fl mice (35, 36). Overall, these results suggest that obesity promotes endometrial tumor growth and NT-1044 and metformin effectively suppresses the endometrial tumor growth in both obese and lean mice, with greater anti-tumorigenic effects in the setting of obesity.




Figure 5 | NT-1044 inhibited endometrial tumor growth in both the obese and lean LKB1fl/flp53fl/fl mice. LKB1fl/fl p53fl/fl mice were fed high fat diet (HFD) or low fat diet (LFD) at 3 weeks of age to induce obesity. The mice were divided into six groups: obese, obese + metformin, obese+NT-1044, Lean, lean + metformin. Lean+NT-1044. The obese and lean mice in both groups were treated with NT-1044 or metformin (200 mg/kg, oral gavage for NT1044 and drinking water for metformin) or placebo for 4 weeks. Obesity promoted tumor growth in obese mice versus lean mice. Either metformin or NT-1044 significantly reduced tumor weight in the obese and lean mice, with a greater impact on tumor weight in obese mice (A). During treatment, there were no significant changes in body weight in the six groups (B). Change in expression of Ki-67, phosphorylated-S6 and phosphorylated-AMPK were assessed by immunohistochemistry in the endometrial cancer tissues. The expression of Ki-67 and phosphorylated-S6 was reduced and phosphorylated-AMPK was increased in both groups after NT-1044 or metformin treatment (C). *p < 0.05, **p < 0.01.



To further investigate the anti-tumorigenic mechanism of NT-1044 in vivo, the expression of Ki-67, phosphorylated S6 and phosphorylated AMPK in the endometrial tumor tissues was evaluated by immunohistochemistry (Figure 5C). As expected, the expression of the proliferation marker Ki-67 was significantly reduced in the endometrial tumors following metformin and NT-1044 treatments, quantified as 55.1-67% decrease in tumors of obese mice and 27.2-31.4% in tumors of lean mice compared to controls (p<0.05). Consistent with our results in vitro, NT-1044 and metformin significantly reduced the expression of phosphorylated S6 and increased the expression of phosphorylated AMPK in obese and lean mice compared with the untreated mice, suggesting that metformin and NT1044 inhibited tumor growth through the AMPK/mTORC1 pathway in vivo (p<0.05). Together, these results further confirm that NT-1044 and metformin inhibits tumor growth of EC, potentially via targeting of the AMPK/mTOR/S6 pathway in vivo in both obese and lean mice.




Discussion

The mechanism of the inhibitory effect of metformin on proliferation of cancer cells and tumor growth has been suggested to be associated with cell cycle arrest, promotion of apoptosis, inhibition of metastasis and induction of cellular stress through the AMPK/mTOR pathway (37, 38). In this study, we sought to investigate the effects of NT-1044, an AMPK activator, on cell proliferation in two human endometrial cancer cell lines and on tumor growth in an endometrial cancer mouse model. When compared to metformin, NT-1044 shows more potent anti-proliferative activity than metformin in EC cells and the similar anti-tumor activities in the LKB1fl/fl p53fl/fl mouse model of EC. In addition, we found that NT-1044 suppressed cell growth, induced apoptosis and G1 cell cycle arrest, caused cellular stress, activated AMPK and inhibited mTOR pathways in vitro and in vivo.

Metformin inhibits the proliferation of cancer cells, including EC cells, by inhibiting cell cycle progression in the G1 phase and/or G2 phase through the downregulation of cyclins, and cyclin dependent kinases (38, 39). Our previous work confirmed that metformin significantly induced cell cycle arrest in G1 phase in the Ishikawa and ECC-1 cells (25, 26). Similarly, we found that NT-1044 promoted cell cycle-G1 arrest of ECC-1 and Ishikawa cells in a dose-dependent fashion in the current study. This effect was accompanied by decreases in the Cyclin-D1, CDK-6 and CDK-4 proteins, all of which are involved in cell cycle progression. These results confirm that NT-1044 has similar effects to metformin on cell cycle progression in EC.

Exposure to metformin has been shown to increase apoptosis in different types of cancers including EC cells, culminating in decreased cell viability (18, 26, 40). Enhanced apoptosis was reported to be mediated by increased caspase-3 activation and PARP cleavage (37). In our previous work, metformin induced caspase 3 activity but only at high concentrations of treatment (2-5 mM) (26). Lower doses of metformin had little effect on caspase-3 activity. Similar results have demonstrated that 10 mM metformin significantly increased the proportion of Annexin V positive cells and the expression of cleaved caspase-3 in Ishikawa cells (39). Whether metformin induces apoptosis is controversial as it has also failed to induce apoptosis in prostate and breast cancer cell lines at similar doses of treatment. The underlying reason for this difference may be attributed to the duration and concentration of metformin treatment as well as the status of wild type p53 (37, 41). Metformin may directly affect the expression of p53 in sensitive cancer cells, which in turn leads to regulation of p53 downstream targets and to induction of apoptosis (42). Given that metformin has poor lipophilicity and its bio-distribution in cancer cells relies on OCT1, OCT2 and OCT3, it is also possible that induction of apoptosis is related to OCT1/3 receptor expression and the biguanide potency. NT-1044 has significantly higher affinity for both OCT1 (IC50 213 μM vs. 3,532 μM) and OCT3 (IC50 20 μM vs. 17,500 μM) when compared to metformin (Table 1). Our preliminary studies on transporter proteins have shown that OCT1 and OCT3 are present in both endometrial cancer cell lines and endometrial tumors (Supplemental Figure 2). The higher potency of NT-1044 as well as the higher affinity to the OCT1 and OCT3 transporter when compared to metformin, may explain why NT-1044 is more effective at inducing apoptosis in our current study. However, additional research is needed to determine if OCT1 and OCT3 expression is in fact a predictor of treatment response to biguanides including NT-1044.

Inhibition of cell proliferation by NT-1044 was accompanied by inhibition of the AMPK/mTOR pathway. AMPK/mTOR pathway is well known to be regulated cancer cell growth and survival. The activation of AMPK reduces cell proliferation through negatively regulates mTOR signaling (43). Recent results showed that NT-1044 exhibited higher AMPK activation than metformin at the same dosage in differentiated human adipocytes (44).In its role as an AMPK activator, the anti-tumorigenic activity of NT-1044 appears similar to that of metformin, which has been shown to significantly decrease proliferation of several human cancer cell lines in vitro, including endometrial cancer (25, 26, 45–47). Since AMPK negatively controls mTOR activation and mTOR is a downstream effector of AKT, Activation of AMPK is considered to be a possible therapeutic target for cancers that contain high AKT activity (48). Given type I endometrial cancers exhibit a high frequency of PTEN deletions and mutations, leading to the activation of AKT, AMPK activation may have therapeutic potential for this disease (49). In this study, ECC-1 and Ishikawa cells have low expression of wild PTEN, but RL-95-2 cells, a PTEN mutant EC cell line, exhibited the similar sensitivity to metformin and NT1044 compared to ECC-1 and Ishikawa cells, suggesting that PTEN status may not play a big role in inhibition of cell growth in NT1044-treated endometrial cancer cells. Several studies have confirmed that loss of PTEN significantly enhances the sensitivity to rapamycin, an mTOR inhibitor (50–52). The results of the present study suggested that NT1044 may be promising therapy for type I endometrial cancer, which more frequently have PTEN mutations, as well as type II endometrial cancers, which less frequently have PTEN mutations.

Lastly, we explored the activity of NT-1044 in vivo in an endometrial cancer mouse model. We also assessed whether this drug would have different activity in lean versus obese mice given that obesity has been linked to both an increased risk of developing endometrial cancer and an increased risk of mortality from the disease (53, 54). In the obese mice, NT-1044 inhibited tumor growth by 76% (p=0.0065) whereas in the lean mice, it inhibited tumor growth by 64% (p=0.0011), suggesting that NT-1044 is more effective in the setting of obesity. NT-1044 exhibited similar anti-tumor activity compared to metformin. These findings are not surprising given the association between obesity, insulin resistance and endometrial cancer. In a pre-operative window study, metformin was shown to have increased activity against endometrial cancer in the subset of patients with metabolomic profiles consistent with increased insulin resistance (55).



Conclusion

As our work has demonstrated, NT-1044 has greater potency than metformin in vitro and comparable effects to metformin in vivo under obese and lean conditions. In addition, we recently found that NT1044 inhibited cell proliferation in normal endometrial stromal and epithelial cells, suggesting that NT1044 may have potential to treat non-malignant hyperplastic diseases in uterus (Supplemental Figure 1). In pharmacologic studies of NT-1044 for diabetes treatment, NT-1044 demonstrated the anticipated pharmacologic activity of a biguanide but at just 1/5 of the metformin dose (data not shown). Therefore, NT-1044 represents a novel biguanide with improved pharmacologic features over metformin that include increased selectivity of transporters and a longer plasma half-life, although this did not result in an increased benefit in its anti-tumorigenic effects in the LKB1 fl/flp53fl/fl. Thus, future work will focus on expansion of the NT-1044 treatment studies into additional patient-derived xenograft mouse models of endometrial cancer of varying genomic backgrounds to assess for potential biomarkers of NT-1044 response that may also align with obesity status, in particular mutations that affect the AMPK/mTOR pathway, a pathway well-known to be altered in both obesity and endometrial cancer.
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