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Abstract

:

Lung cancer maintains a relatively small survival rate (~19%) over a 5-year period and up to 80–85% of all lung cancer diagnoses are Non-Small Cell Lung Cancer (NSCLC). To determine whether metformin reduces non-small cell lung cancer (NSCLC) LL/2 cell growth, cells were grown in vitro and treated with metformin for 48 h. qPCR was used to assess genes related to cell cycle regulation and pro-apoptotic markers, namely Cyclin D, CDK4, p27, p21, and HES1. Treatment with 10 mM metformin significantly reduced HES1 expression (p = 0.011). Furthermore, 10 mM metformin treatment significantly decreased REDD1 (p = 0.0082) and increased p-mTOR Ser2448 (p = 0.003) protein expression. Control cells showed significant reductions in phosphorylated p53 protein expression (p = 0.0367), whereas metformin treated cells exhibited reduced total p53 protein expression (p = 0.0078). There were no significant reductions in AMPK, PKB/AKT, or STAT3. In addition, NSCLC cells were treated for 48 h. with 10 mM metformin, 4 µM gamma-secretase inhibitor (GSI), or the combination of metformin (10 mM) and GSI (4 µM) to determine the contribution of respective signaling pathways. Metformin treatment significantly reduced total nucleus expression of the proliferation maker Ki-67 with an above 65% reduction in Ki-67 expression between control and metformin-treated cells (p = 0.0021). GSI (4 µM) treatment significantly reduced Ki-67 expression by ~20% over 48 h (p = 0.0028). Combination treatment (10 mM metformin and 4 µM GSI) significantly reduced Ki-67 expression by more than 50% over 48 h (p = 0.0245). As such, direct administration of metformin (10 mM for 48 h) proved to be an effective pharmaceutical agent in reducing the proliferation of cultured non-small cell cancer cells. These intriguing in vitro results, therefore, support the further study of metformin in appropriate in vivo models as an anti-oncogenic agent and/or an adjunctive therapy.






Keywords:


non-small cell lung cancer; metformin; cancer cell proliferation












1. Introduction


In the United States, lung cancer remains the second-most-common type of cancer and represents approximately 13% of all new cancer cases (SEER, National Cancer Institute). In 2022, lung cancer contributed to approximately 130,180 fatalities, implying more than 350 fatalities daily [1]. By 2030, the yearly diagnoses are expected to reach 225,000 in the United States alone [2]. Non-small cell lung cancer (NSCLC) accounts for 80–85% of all new lung cancer diagnoses [3]. The relative survival rate of lung cancer patients remains very low, with an average 19% 5-year survival rate (15% for men and 22% for women). Both research and medicine are making significant strides to improve treatment modalities for cancer patients; however, the prevalence and severity of lung cancer requires continued refinement to improve patient outcomes and minimize systemic complications.



Metformin, a commonly used and well-tolerated type 2 diabetic drug, is widely used to promote glucose uptake, increase insulin sensitivity, and improve systemic glucose metabolism [4,5]. Metformin primarily acts through activating adenosine monophosphate (AMPK) activated protein kinase (AMPK). AMPK is an important cellular energy sensor that promotes insulin sensitivity in peripheral tissues and reduces adipocyte formation [4]. Importantly, metformin elicits anti-tumorigenic effects in many cancers, including prostate, colon, breast, skin, and obesity-activated thyroid cancer [6,7,8,9,10]. In cancers, metformin induces alterations in cellular proliferation, apoptosis, cell cycle progression, and inflammatory responses through signaling pathways including AMPK, mechanistic target of rapamycin (mTOR), mitogen-activated protein kinase (MAPK), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), and signal transducer and activator of transcription 3 (STAT3) pathways [11,12,13,14].



Because metformin canonically inhibits the electron transport chain, numerous cancer studies demonstrate that metformin’s anti-cancer activities involve AMPK- dependent mechanisms. When mitochondrial function is impaired, liver kinase B 1 (LKB1) phosphorylates Threonine 172, activating AMPK [15]. LKB-1-activation of AMPK phosphorylates and activates Tumor sclerosis complex 1 and 2 (TSC 1/2), leading to a negative regulation of mTOR activity, reducing cell growth and proliferation [16]. Activated AMPK also induces cell cycle arrest through p53 activation leading to upregulation of pro-apoptotic genes [17,18].



Metformin also combats tumorigenesis independently of AMPK through reduced insulin like growth factor (IGF-1) signaling. Concomitant with insulin and IGF-,1 phosphatidylinositol-3,4,5-triphosphate (PIP3) recruitment occurs, leading to subsequent activation of Protein Kinase B/AKT [19,20]. AKT phosphorylates TSC1/2, rendering TSC1/2 inactive and increasing mTOR activity [21]. Indeed, in a Lewis lung carcinoma mouse model, the expression of fundamental genes involved in the phosphatidylinositol 3-kinase (PI3K)–protein kinase B (Akt) pathway were attenuated [22]. The PI3K/AKT pathway, which is often constitutively active in tumor cells, plays an important role in cellular proliferation, growth, metabolism, and protein synthesis [23]. Reduced expression of regulatory genes in the PI3K/AKT pathway could lead to mitochondrial dysfunction [22].



Notch signaling is a well-conserved transmembrane cellular signaling pathway particularly important for determining cell fate, both during development and in maintaining homeostasis of adult tissues [24]. Notch is a ligand-dependent intercellular pathway regulating cellular differentiation, proliferation, and apoptosis. Activation of Notch signaling occurs when ubiquitinated ligands (jagged or delta-like proteins) initiate a cleavage cascade via metalloproteases and γ-secretases, releasing the Notch intracellular domain (NCID) from the transmembrane domain [25]. NCID released into the cytosol then translocates to the nucleus, leading to the transcription of target genes, including hair and enhancer of split 1 (HES1). Alterations in Notch signaling, particularly over-activation, are prevalent in many diseases, including cancer [26]. Over-activation of Notch signaling drives Non-Small Cell Lung Cancer (NSCLC) tumorigenesis [27], and other NSCLC studies have found mutations within the Notch signaling cascade [28].



The AMPK-independent action of metformin on NSCLC progression remains largely uncharacterized, possibly because of metformin’s primary role as an AMPK activator. While metformin demonstrates antineoplastic effects via cell cycle arrest, the mechanism underlying its AMPK-independent pharmaceutical’s action on NSCLC tumor development still requires elucidation. The purpose of this study was to better understand the oncogenic programming alternations metformin elicits on NSCLC cell proliferation.




2. Materials and Methods


2.1. Cell Culture


Non-small cell lung cancer (NSCLC) cells (Cl050 https://imanislife.com/products/ll2-fluc-puro/; accessed on 18 July 2018, Imanis Life Sciences, Rochester, MN, USA) were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin. Cells were passaged in 2 µg/mL puromycin to maintain high luciferase fluorescence and cell passages two and six were utilized for all experiments. Cells were maintained at 37 °C for 48 h or until predetermined time points.




2.2. Metformin Treatment


NSCLC cells were seeded at a density of 30,000 cells/well and allowed to proliferate for 24 h (~30% confluence). Cells were treated with varying isovolumetric concentrations (5 mM–15 mM) of metformin hydrochloride (PHR1084; Sigma, St. Louis, MO, USA) for pre-determined time points to assess the optimal treatment concentration.




2.3. Gamma Secretase Inhibition


NSCLC were seeded at a density of 15,000 cells/well and allowed to proliferate for 24 h (~30% confluence). A gamma secretase inhibitor (565771; Sigma) was added to each well at a final concentration of 4 uM GSI/well (control cells received equal volume DMSO) every 12 h for 48 h. Cells were collected for both mRNA analyses and immunocytochemistry.




2.4. Co-Treatment with Metformin and Gamma Secretase Inhibition


NSCLC were seeded at a density of 15,000 cells/well and allowed to proliferate for 24 h (~30% confluence). A gamma secretase inhibitor (565771; Sigma) was added to each well at a final concentration of 4 uM GSI/well (control cells received equal volume DMSO) every 12 h for 48 h. Metformin hydrochloride was added to wells at a final of 10 mM Mmetformin/well. Cells were analyzed via immunofluorescence.




2.5. MTT Assay


NSCLC cells were grown for 24 h (~30% confluence) and serum-starved overnight with serum-free media to induce quiescence. Cells were treated with equal volumes of fresh growth media followed by metformin treatment with a range of concentrations from 5 mM to 15 mM. NSCLC cell viability was assessed every 24 h for 3 days via an MTT assay using 3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent (M2128; Sigma). MTT reagent was added to wells at a final concentration of 1 mg/mL 4 h prior to the collection time point, allowing for the formation of blue formazan crystals in growing cells. Crystals were dissolved with dimethyl sulfoxide (DMSO, D8418; Sigma). Absorbance was measured at 560 nm.




2.6. Cell Lysate Homogenization and mRNA Quantification


mRNA was extracted utilizing a GeneJET RNA purification kit (K0731; Thermo Fisher Scientific, Waltham, MA, USA). Briefly, growth media was removed from adherent cells; cells were washed with 1x PBS, and removed from the culture plate by scraping in 50 µL 1x PBS. Cells were transferred to a microcentrifuge tube and centrifuged for 5 min at 250× g. Supernatant was removed, and cells were resuspended in lysis buffer supplemented with 2% β-mercaptoethanol and gently vortexed for 10 s. A total of 360 µL of ethanol (96–100%) was added to precipitate the mRNA. The cell lysate was transferred to a GeneJET purification column and centrifuged for 1 min at 12,000× g. After all lysate was filtered through the column, 700 µL of Wash Buffer 1 (supplemented with 20% ethanol) was added to the column and centrifuged for 1 min at 12,000× g. Next, 600 µL of Wash Buffer 2 (supplemented with 63% ethanol) was added to the column and centrifuged for 1 min at 12,000× g. A total of 250 µL of Wash Buffer 2 was added to the purification column and centrifuged for another 2 min at 12,000× g. mRNA from was eluted using RNAse-free water though a RNeasy column. The quality and quantity of mRNA was assessed using NanoDrop 1000. Briefly, 2 uL of RNAse-free water was used to blank the NanoDrop. A total of 2 uL of sample was loaded onto the pedestal and quantified. Quality of mRNA was determined using the 260/280 and 260/230 ratios.




2.7. cDNA and Real-time PCR


mRNA (1 µg of RNA/reaction) was reverse-transcribed to cDNA using an Applied Biosystems cDNA synthesis kit (4368814; Fisher Scientific). The quality of cDNA was assessed via spectrophotometry (NanoDrop 1000 Spectrophotometer, Thermo Fisher). Samples of cDNA were diluted to 5 ng/µL (20 µg/reaction) and RadiantTM Green Hi-ROX Green (QS2005; Alkali Scientific, Fort Lauderdale, FL, USA) was utilized for all real-time polymerase chain reaction (qPCR) and was performed on a Step One Plus system (Applied Biosystems). cDNA was activated at 95 °C for 2 min followed by 20 cycles of 95 °C for 5 s (denaturation) and 60 °C for 20 s (annealing/extension). Quantitative real-time qPCR experiments assessed genes involved in cell cycle regulation and pro-apoptotic markers including Cyclin D, cyclin dependent kinase 4 (CDK4), protein 27 (p27), protein 21 (p21), and Hairy and Enhancer of Split 1 (HES1) (Table 1). Glyceraldehyde 3-phosphate (GAPDH) was the housekeeping gene for all qPCR experiments.




2.8. Western Blotting


Western blotting was used to assess proteins regulating cell growth and metabolism. Protein samples prepared in 1x loading buffer, supplemented with 10% β-mercaptoethanol, were denatured at 95 °C for 3 min and then immediately placed on ice for 5 min. Protein samples (30 µg/well) were loaded onto 8% or 10% SDS-page gels and were run at 225 V for 40 min for 8% gels and 43 min for 10% gels in 1x running buffer. Following electrophoresis, the gel was placed into 1x Towbin’s transfer buffer, supplemented with 20% methanol, for 15 min. Proteins were transferred onto a 0.45 µM polyvinylidene difluoride (PVDF-FL) membrane at 100 V for 90 min at 4 °C. Following transfer, membranes were washed once in 1x Tris-buffered saline (TBS) for 5 min. Next the membrane underwent blocking in Odyssey Blocking Buffer and TBS (1:1) for 1 h at room temp. After blocking, the primary antibodies were added overnight (16 h). Primary antibodies included: mammalian target of rapamycin (mTOR), regulated in development and DNA damage responses 1 (REDD1), 5′ Adenosine monophosphate-activated protein kinase (AMPK), Protein Kinase B (PKB/AKT), tumor suppression include protein 53 (p53), and Signal transducer and activator transcription 3 (STAT3). Following removal of the primary antibodies, the membrane underwent 3 × 5 min washes in 1x Tris-buffered saline with Tween 20 (TBST). Secondary antibodies (1:100,000 in TBST) were targeted to primary antibodies and incubated at room temp for 2 h. Next, membranes were washed twice in 1x TBST and twice in 1x TBS. Membranes were imaged using the Odyssey® Licor CLx System. Using the same software, bands were quantified using arbitrary units as a measure of integrated optical density. Phosphorylation (pSTAT3, pAKT, pmTOR, pAMPK, p-p53) proteins were normalized to total (STAT3, AKT, mTOR, AMPK, p53) protein expression. Total (STAT3, AKT, mTOR, AMPK, REDD1, p53) proteins were normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH).




2.9. Immunofluorescence Staining


Following 48 h of treatment, cells were washed two times with 1x PBS. Cells were fixed in cold mixture of 70% ethanol and 30% acetone for 10 min at room temperature. Cells were washed two times with 1x PBS. Cells were permeabilized with 0.05% Triton X-100 in 10 min at room temperature. Following another two rounds of washes with 1x PBS, cells underwent blocking with an immunohistochemistry (IHC) blocking buffer for 30 min at room temperature. Next, cells were incubated with a primary antibody for Ki-67 (9129; Cell Signaling, Danvers, MA, USA) diluted in IHC blocking buffer at room temperature for two hours. Cells were washed three times with 1x PBS. Cells were incubated with a AlexaFluo 488 goat-anti-rabbit IgG secondary antibody (A11008; ThermoFisher) for 30 min at room temperature. All cells were washed three more times with 1x PBS. Cells were mounted using 4′,6-diamidino-2-phenylindole (DAPI) Fluoromont-G® (0100-20; SouthernBiotech, Birmingham, Al, USA) and a coverslip.




2.10. Immunofluorescence Quantification


Immunofluorescence images were captured using a IX71 inverted fluorescence microscope (OlympusTM). Six images per well were captured using a consistent scanning pattern for every well. Separate images were taken for DAPI (International Standards Organization (ISO): 200; exposure 32.05 milliseconds) and Ki-67 (ISO: 400; exposure: 57.87 milliseconds) at their respective wavelength. Background was subtracted (contrast = 8) for all images prior to merging. Co-localization of Ki-67 in nuclei was quantified using FIJI (Binary Feature Extractor). Briefly, merged images were split and brightness and threshold settings were consistent between images for both nuclei detection and sufficient dissection of clustered nuclei. The watershed feature was applied, and the Biovoxxel plugin was used to extract binary features (Objects: DAPI; Selectors; Ki-67).




2.11. Statistical Analyses


A two-way ANOVA (time x treatment) was run to detect differences in NSCLC growth following treatment with varying concentrations of metformin (5 mM–15 mM). A Tukey’s post-hoc test was used to further detect differences. All treatments were run with an unpaired t-test, except where variances significantly differed (p < 0.05). In those cases, a Welch’s t-test was used to compare differences in gene expression between treatment groups. Statistical significance was set at an a priori alpha value of p ≤ 0.05. All statistical analyses and graphs were completed using GraphPad Prism (version 9.1). Data are presented means ± SEM.





3. Results


3.1. Metformin Inhibited NSCLC Cell Proliferation


Following incubation with metformin, NSCLC proliferation significantly decreased with both time [F(2, 72) = 87.69, p < 0.0001] and dose [F(5, 72) = 2.364, p = 0.0482]. Tukey’s post-hoc test revealed that control cells underwent significantly increased growth over 48 h (p < 0.0001). Following a 48 h metformin treatment at 10 to 15 mM, proliferation of NSCLC cells was reduced compared to that of control cells (10 mM metformin, p = 0.0094; 12.5 mM metformin, p = 0.0015; 15 mM metformin, p = 0.0018) (Figure 1). The minimal effective dose of metformin to reduce NSCLC proliferation, i.e., 10 mM, was used in subsequent experiments.




3.2. In Vitro NSCLC Cell Gene Expression after a 48 h Metformin Treatment


A total of 10 mM metformin treatment for 48 h did not significantly reduce NSCLC cell gene expression of cell cycle regulators Cyclin D (p = 0.166), CDK 4 (p = 0.059), P27 (p = 0.422), and P21 (p = 0.125). However, treatment with 10 mM metformin did significantly reduce NSCLC cell HES1 expression (p = 0.011; Figure 2), suggesting HES1 may be involvemed in metformin’s anti-tumorigenic properties.




3.3. In Vitro NSCLC Cell Protein Expression following a 48 h Metformin Treatment


Metformin increased p-mTOR Ser2448 protein expression in NSCLC cells when compared to control treated cells (p = 0.003). Total mTOR protein expression remained the same, irrespective of treatment (p = 0.134) (Figure 3). Furthermore, metformin treatment increased the phosphorylated-to-total ratio of p53 (p = 0.0367). However, this is likely the result of reduced total p53 expression following metformin treatment. Interestingly, metformin treatment reduced total p53 protein expression (p = 0.0078; Figure 3). Metformin did not significantly alter the expression of p-AMPK Thr172 (p = 0.2390), total AMPK (p = 0.0730; Figure 4), p-STAT3 Ser727 (p = 0.5291), or total STAT3 (p = 0.4274; Figure 4) protein expression. Metformin treatment significantly decreased REDD1 protein expression (p = 0.0082; Figure 5). There were no marked differences in total AKT protein expression (p = 0.4135; Figure 5).




3.4. Ki-67 Immunofluorescence in NSCLC Cells following a 48 h Metformin Treatment


A total of 10 mM metformin treatment for 48 h significantly reduced Ki-67 expression by ~65% in NSCLC cells (p = 0.0021). The total number of nuclei was significantly reduced after treatment with 10 mM metformin (p = 0.0020). The percent of co-localized Ki-67 did not differ between treatments (p = 0.4671; Figure 6).




3.5. Ki-67 Immunofluorescence in NSCLC Cells after a 48 h GSI Treatment


In Figure 2 we reported that metformin reduced HES1 gene expression. HES1 is a downstream target of notch signaling, and the overactivation of notch signaling has been documented as a contributor to NSCLC tumorigenesis [27,28]. Therefore, we sought to determine whether inhibiting notch with a gamma-secretase inhibitor (GSI) will suppress Ki-67 expression. A 48 h GSI (4 µM) treatment of NSCLC cells significantly reduced Ki-67 expression (~20%, p = 0.0028). However, the total number of nuclei and Ki-67 extracted were not significantly different with Ɣ-secretase inhibition (p = 0.2716 and p = 0.6473, respectively; Figure 7).




3.6. Ki-67 Immunofluorescence in NSCLC Cells following a 48 h Co-Treatment with GSI and Metformin


A 48 h co-treatment with 4 µM GSI and 10 mM metformin significantly reduced Ki-67 expression by NSCLC cells (>50%; p = 0.0245). The total number of nuclei was also significantly reduced after a 48 h co-treatment with metformin (10 mM) and GSI (4 µM) (p = 0.0191). However, the percent of extracted Ki-67 did not differ between treatments (p = 0.1969; Figure 8).





4. Discussion


The present study aimed to determine the effects of metformin on LL/2 lung cell growth in vitro. These findings indicate that 48 h of metformin exposure (≥10 mM) decreases NSCLC growth in vitro, evidenced by decreased proliferation. Metformin treatment (≥10 mM) increased the phosphorylated-to-total-p53 ratio and decreased total p53 protein, suggesting cell cycle arrest driving the reduction in proliferation. Metformin treatment (≥10 mM) staunchly reduced HES1 expression, which is regulated by Notch, Wnt, or Hedgehog signaling, so this alteration in gene expression could be an important moderator of NSCLC [29]. Metformin treatment (≥10 mM) also reduces p-mTOR Ser 2448; however, total mTOR protein expression remains similar irrespective of treatment, suggesting that metformin exposure as a monotherapy (≥10 mM) is not sufficient to completely abrogate cell growth. Our findings are supported by previous literature showing that metformin (5 µM–20 mM) does decrease NSCLC cancer cell proliferation [30,31]. Lower doses of metformin (5 µM–5 mM) have been shown to inhibit human NSCLC cell proliferation in vitro, in a dose-dependent manner [31]. However, the data obtained highlighted that concentrations below 10 mM did not reduce proliferation when compared to control over 48 h of treatment, suggesting that 10 mM metformin was the lowest effective does to combat progression of this Lewis lung cancer cell line. Differences in metformin sensitivity are likely cell-line-dependent, with many studies using human cell lines, whereas the present study used a murine cell line derived from a C57BL mouse. Metformin concentrations lower than 10 mM, i.e., mirrored pharmacological dosing seen in the clinical population, were ineffective at preventing LL/2 Lewis lung cell proliferation in vitro. Thus, the metformin sensitivity of LL/2 cells may be challenging to translate to human therapy, as higher doses (1–50 mM in vitro) lead to in vivo concentrations that are not safely achievable or relevant to the clinical population [31,32].



Despite significantly reduced proliferation, gene expression of key cell cycle regulators (p27, p21, CDK4, Cyclin D) within the LL/2 tumor cells were not significantly altered by metformin. These markers were chosen because p27 and p21 can act as tumor suppressors and inhibit cell cycle progression [33,34,35]. CDK4 and Cyclin D are key players controlling regulation of the G1-S checkpoint and often undergo dysregulation in cancer cells [36]. Previous studies showed that human lung cancer cell lines treated with metformin (10–40 mM) do undergo anti-neoplastic effects, evidenced by repressing cell growth and cell cycle regulatory proteins, namely p27, p57, and PTEN [37]. Metformin (20 mM) induces cell cycle arrest, reduced proliferation but not apoptosis in ovarian cancer cell lines [38]. Breast cancer cells do show increased p27 expression when treated with metformin (10 mM) for 48 h [10]. However, most of these effects again were noted in response to much higher doses of metformin treatment (≥10 mM) in vitro.



While no marked changes were detected in these cell cycle regulatory genes, HES1 showed significant reductions in response to metformin treatment (10 mM). Because HES1 expression decreased when LL/2 cells were treated with metformin, NSCLC growth may have been at least partially mediated through Notch signaling. To date, our data provide the first evidence of metformin’s efficacy on NSCLC cell lines may involve HES1 expression. However, colorectal cancer patients with co-morbid type 2 diabetes have abnormal cellular proliferation, which was correlated with increased Notch1/HES1 signaling and curbed by metformin treatment [39]. Notch1 is a potential independent prognostic factor for small cell lung carcinoma patients (n = 46), with a small cohort having a high expression of Notch-1 (n = 10) [40]. In addition to its role in cell cycle regulation, cellular growth, and survival, HES1 is also regulated through other pathways besides Notch (i.e., Wnt and Hedgehog signaling pathways) and is a key player in T cell development [29]. Metformin may target cancers through HES1 signaling; however, much surrounding this potential mechanism of action still requires further study.



As an AMPK activator, metformin would be expected to act along its canonical mechanism of action, resulting in slowed growth through LKB-1 activation of AMPK [15]. Activated AMPK also induces cell cycle arrest through activation of protein 53 (p53), leading to upregulation of pro-apoptotic genes [17,18]. However, the present findings revealed no detectable differences in p-AMPK or total AMPK protein expression in LL/2 cells treated with metformin (10 mM) for 48 h. However, alterations in p53 were present. Specifically, metformin treatment increased the ratio of phosphorylated to total p53 protein while reducing total p53 protein expression. This could be indicative of a metformin-induced downregulation of total p53 protein. Previous studies have shown metformin (20 mM) induced alterations in metabolism, including AMPK and glycolysis in ovarian cancer cell lines [38]. Further studies combining metformin treatment (4–16 mM) with low-dose celecoxib (an anti-inflammatory drug, 4–16 µM) show staunch reduction in NSCLC cell migration, invasions, and increased expression of p53, resulting in cell cycle arrest [41]. In breast cancer cells, AMPK has also been shown to activate forkhead transcription factors (FOXO), a protein family that can act as a tumor suppressor through promotion of cell cycle arrest, DNA damage repair, and apoptosis [10]. Metformin does elicit tumor-suppressing properties, particularly via p53 in this LL/2 cell line; however, other published studies better support the activation of AMPK via metformin and downstream repression of tumor growth.



The Lewis lung carcinoma mouse model has attenuated expression of fundamental genes involved in the phosphatidylinositol 3-kinase (PI3K)–protein kinase B (Akt) pathway [22]. The PI3K/AKT pathway plays an important role in cellular proliferation, growth, metabolism, and protein synthesis and is often constitutively active in tumor cells [23]. Regulated in development and DNA damage response (REDD1) is a ubiquitous protein that is a well-known endogenous inhibitor of the AKT/mTOR pathway [42]. Thus, not surprisingly, REDD1 does play a role in regulating cell growth, mitochondrial function, oxidative stress, and apoptosis [43]. In the present study, metformin treatment (10 mM) significantly reduced REDD1 expression in LL/2 cells, but overall AKT expression remained similar between both control and metformin-treated cells. If REDD1 inhibited mTOR activity, its expression would be expected to increase following metformin treatment. In contrast to the present study, REDD1 expression inhibits NSCLC invasiveness in human cell lines via mTOR suppression [44]. Prostate cancer cells treated with metformin showed increased expression of REDD1, promoting mTOR inhibition and cell cycle arrest [45]. Our findings in LL/2 differ from prior observations demonstrating a role for REDD1 in tumor suppression. A better understanding of the role of REDD1 negatively regulating mTOR activity in LL/2 cells may be obtained through investigating REDD1 expression following treatment combining metformin with an mTOR inhibitor or a targeted chemotherapeutic.



Metformin treatment (10 mM) over 48 h reduced p-mTOR Ser2448 but not total mTOR protein in control NSCLC cells. These findings are partially supported by another study of lung cancer cells exposed to metformin over 72 h [46]. Metformin treatment (10 mM), particularly in combination with rapamycin (an inhibitor of mTOR), reduced the viability of human lung cancer cells that were resistant to cisplatin [46]. Proteomic analyses revealed that these anti-proliferative effects were associated with mTOR signaling [46]. In lung cancer cells, metformin was more effective as a co-treatment promoting then the most anti-proliferative effect.



STAT3 also plays a critical role, not only in signal transduction, but also through cancer-promoting inflammation and increasing anti-tumor immunity [47]. In human NSCLC, metformin targets STAT3, curbing tumor proliferation [48]. Surprisingly, our present findings revealed no change in phosphorylation or total STAT3 expression. Indeed, STAT3 is often upregulated in many cancers. In particular, metformin inhibits cell growth, through targeting STAT3, in triple-negative breast cancers [49]. Normally these cancers show upregulation of STAT3 and phosphorylation of STAT3 at Tyr705 and Ser727 and are partially sensitive to metformin, promoting a strong growth-inhibitory and apoptotic effect in these cells [49]. In addition to breast cancers, metformin treatment (125 mg/kg) suppresses pancreatic tumor growth in genetically engineered mice, evidenced by lower tumor volume at the end of the study (1 or 3 weeks) [12]. Metformin treatment decreased phosphorylation at both STAT3 and NF-κB [12].



Immunofluorescence imaging showed that metformin treatment significantly reduced total nuclei and Ki-67 expression with a >65% reduction for the latter between control and metformin-treated cells. Therefore, metformin treatment (10 mM for 48 h) slowed growth of LL/2 cells without abrogating growth. Ki-67 expression correlates with metastasis and tumor stage in clinical populations [50]. The metformin-reduced proliferation was further assessed when combined with a γ-secretase inhibitor (GSI) preventing the cleavage of γ-secretase used to impede downstream effects of mTOR in an effort to better understand the potential role of mTOR regulation in proliferation of LL/2 cells. In the conditions tested, GSI treatment alone did not have as stringent of an effect on the LL/2 cells. Indeed, staining revealed ~20% reduction in Ki-67 proliferation, which is auspicious but nominal compared to metformin alone. The treatment combination of metformin and GSI led to reduced proliferation and ~50% reduction in Ki-67 expression, although no complete abrogation was observed. This could suggest that growth of NSCLC acts independently of Notch. Since inhibition of γ-secretase, a key enzyme in Notch activation, did not completely stop growth of LL/2 cells, LL/2 lung cancer cell growth is probably not solely regulated via Notch. While inhibiting Notch signaling is effective, it is not the most effective treatment for these cells. Combining metformin and GSI resulted in a similar effect—significantly reduced growth—rather than a dramatic additive effect.




5. Conclusions


Based off the present study, metformin treatment (10 mM for 48 h) alone is not sufficient to completely abrogate LL/2 cell growth in vitro. The reduction in proliferation via Ki-67 suggests that metformin treatment (10 mM for 48 h) does have a significant anti-proliferative effect but does not elicit many marked effects when it comes to genes regulating cell cycle progression or proteins involved with cell growth, proliferation, and metabolism. Importantly, since GSI did not fully blunt NSCLC proliferation, it is highly probable that NSCLC growth is not solely regulated via Notch signaling. Metformin (10 mM for 48 h) is an effective pharmaceutical to reduce cancer cell proliferation when directly added to LL/2 cells in vitro, but the potential role of metformin as an anti-cancer intervention for patients with NSCLC requires further study and may be most beneficial if metformin is used as part of multi-therapies. This is supported by recent in vivo work demonstrating that metformin alone is not sufficient to reduce NSCLC tumor burden [51]. Indeed, metformin was more effective when combined with another treatment modality (i.e., ionizing radiation, chemotherapeutic, or inhibitor) [31,46,52,53]. Future studies should be conducted to further investigate metformin as a co-therapy and approached with more targeted drug delivery tactics.







Author Contributions


Conceptualization, J.S.M. and N.L.S.B.; methodology, J.S.M., N.L.S.B., D.D., I.M. and S.T.A.; formal analysis, J.S.M., N.L.S.B., D.D., I.M., S.T.A., M.J.T. and J.M.B.; data curation, J.S.M. and N.L.S.B.; writing—original draft preparation, J.S.M. and N.L.S.B.; writing—review and editing, J.S.M., N.L.S.B., D.D., I.M., S.T.A., M.J.T. and J.M.B.; supervision, J.S.M.; funding acquisition, J.S.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Targeted Research Internal Seed Program at the University of North Carolina at Charlotte.




Data Availability Statement


For access to available data, please contact the corresponding author.




Acknowledgments


The authors would like to thank members of the Laboratory of Systems Physiology for their support in the preparation of this manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer J. Clin. 2022, 72, 7–33. [Google Scholar] [CrossRef] [PubMed]

	



Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting cancer incidence and deaths to 2030: The unexpected burden of thyroid, liver, and pancreas cancers in the United States. Cancer Res. 2014, 74, 2913–2921. [Google Scholar] [CrossRef] [PubMed]

	



Molina, J.R.; Yang, P.; Cassivi, S.D.; Schild, S.E.; Adjei, A.A. Non-small cell lung cancer: Epidemiology, risk factors, treatment, and survivorship. Mayo Clin. Proc. 2008, 83, 584–594. [Google Scholar] [CrossRef] [PubMed]

	



Rena, G.; Hardie, D.G.; Pearson, E.R. The mechanisms of action of metformin. Diabetologia 2017, 60, 1577–1585. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Yang, S.; Chen, J.; Su, Z. Unraveling the Regulation of Hepatic Gluconeogenesis. Front. Endocrinol. 2018, 9, 802. [Google Scholar] [CrossRef] [PubMed]

	



Sarmento-Cabral, A.; L-López, F.; Gahete, M.D.; Castano, J.P.; Luque, R.M. Metformin Reduces Prostate Tumor Growth, in a Diet-Dependent Manner, by Modulating Multiple Signaling Pathways. Mol. Cancer Res. 2017, 15, 862–874. [Google Scholar] [CrossRef]

	



Checkley, L.A.; Rho, O.; Angel, J.M.; Cho, J.; Blando, J.; Beltran, L.; Hursting, S.D.; DiGiovanni, J. Metformin inhibits skin tumor promotion in overweight and obese mice. Cancer Prev. Res. 2014, 7, 54–64. [Google Scholar] [CrossRef]

	



Algire, C.; Amrein, L.; Zakikhani, M.; Panasci, L.; Pollak, M. Metformin blocks the stimulative effect of a high-energy diet on colon carcinoma growth in vivo and is associated with reduced expression of fatty acid synthase. Endocr. Relat. Cancer 2010, 17, 351–360. [Google Scholar] [CrossRef]

	



Park, J.; Kim, W.G.; Zhao, L.; Enomoto, K.; Willingham, M.; Cheng, S.-Y. Metformin blocks progression of obesity-activated thyroid cancer in a mouse model. Oncotarget 2016, 7, 34832–34844. [Google Scholar] [CrossRef]

	



Queiroz, E.A.; Puukila, S.; Eichler, R.; Sampaio, S.C.; Forsyth, H.L.; Lees, S.J.; Barbosa, A.M.; Dekker, R.F.; Fortes, Z.B.; Khaper, N. Metformin induces apoptosis and cell cycle arrest mediated by oxidative stress, AMPK and FOXO3a in MCF-7 breast cancer cells. PLoS ONE 2014, 9, e98207. [Google Scholar] [CrossRef]

	



Lei, Y.; Yi, Y.; Liu, Y.; Liu, X.; Keller, E.T.; Qian, C.N.; Zhang, J.; Lu, Y. Metformin targets multiple signaling pathways in cancer. Chin. J. Cancer 2017, 36, 17. [Google Scholar] [CrossRef] [PubMed]

	



Tan, X.L.; Bhattacharyya, K.K.; Dutta, S.K.; Bamlet, W.R.; Rabe, K.G.; Wang, E.; Smyrk, T.C.; Oberg, A.L.; Petersen, G.M.; Mukhopadhyay, D. Metformin suppresses pancreatic tumor growth with inhibition of NFkappaB/STAT3 inflammatory signaling. Pancreas 2015, 44, 636–647. [Google Scholar] [CrossRef] [PubMed]

	



Memmott, R.M.; Mercado, J.R.; Maier, C.R.; Kawabata, S.; Fox, S.D.; Dennis, P.A. Metformin prevents tobacco carcinogen--induced lung tumorigenesis. Cancer Prev. Res. 2010, 3, 1066–1076. [Google Scholar] [CrossRef] [PubMed]

	



Saisho, Y. Metformin and Inflammation: Its Potential Beyond Glucose-lowering Effect. Endocr. Metab. Immune Disord. Drug Targets 2015, 15, 196–205. [Google Scholar] [CrossRef]

	



Willows, R.; Sanders, M.J.; Xiao, B.; Patel, B.R.; Martin, S.R.; Read, J.; Wilson, J.R.; Hubbard, J.; Gamblin, S.J.; Carling, D. Phosphorylation of AMPK by upstream kinases is required for activity in mammalian cells. Biochem. J. 2017, 474, 3059–3073. [Google Scholar] [CrossRef]

	



Inoki, K.; Zhu, T.; Guan, K.L. TSC2 mediates cellular energy response to control cell growth and survival. Cell 2003, 115, 577–590. [Google Scholar] [CrossRef]

	



Lee, C.W.; Wong, L.L.; Tse, E.Y.; Liu, H.F.; Leong, V.Y.; Lee, J.M.; Hardie, D.G.; Ng, I.O.; Ching, Y.P. AMPK promotes p53 acetylation via phosphorylation and inactivation of SIRT1 in liver cancer cells. Cancer Res. 2012, 72, 4394–4404. [Google Scholar] [CrossRef]

	



Irie, H.; Banno, K.; Yanokura, M.; Iida, M.; Adachi, M.; Nakamura, K.; Umene, K.; Nogami, Y.; Masuda, K.; Kobayashi, Y.; et al. Metformin: A candidate for the treatment of gynecological tumors based on drug repositioning. Oncol. Lett. 2016, 11, 1287–1293. [Google Scholar] [CrossRef]

	



Karnevi, E.; Said, K.; Andersson, R.; Rosendahl, A.H. Metformin-mediated growth inhibition involves suppression of the IGF-I receptor signalling pathway in human pancreatic cancer cells. BMC Cancer 2013, 13, 235. [Google Scholar] [CrossRef]

	



Ikhlas, S.; Ahmad, M. Metformin: Insights into its anticancer potential with special reference to AMPK dependent and independent pathways. Life Sci. 2017, 185, 53–62. [Google Scholar] [CrossRef]

	



Cai, S.L.; Tee, A.R.; Short, J.D.; Bergeron, J.M.; Kim, J.; Shen, J.; Guo, R.; Johnson, C.L.; Kiguchi, K.; Walker, C.L. Activity of TSC2 is inhibited by AKT-mediated phosphorylation and membrane partitioning. J. Cell Biol. 2006, 173, 279–289. [Google Scholar] [CrossRef] [PubMed]

	



Constantinou, C.; Fontes de Oliveira, C.C.; Mintzopoulos, D.; Busquets, S.; He, J.; Kesarwani, M.; Mindrinos, M.; Rahme, L.G.; Argiles, J.M.; Tzika, A.A. Nuclear magnetic resonance in conjunction with functional genomics suggests mitochondrial dysfunction in a murine model of cancer cachexia. Int. J. Mol. Med. 2011, 27, 15–24. [Google Scholar] [CrossRef] [PubMed]

	



Hemmings, B.A.; Restuccia, D.F. PI3K-PKB/Akt pathway. Cold Spring Harb. Perspect. Biol. 2012, 4, a011189. [Google Scholar] [CrossRef] [PubMed]

	



Arthur, S.T.; Cooley, I.D. The effect of physiological stimuli on sarcopenia; impact of Notch and Wnt signaling on impaired aged skeletal muscle repair. Int. J. Biol. Sci. 2012, 8, 731–760. [Google Scholar] [CrossRef]

	



Schroeter, E.H.; Kisslinger, J.A.; Kopan, R. Notch-1 signalling requires ligand-induced proteolytic release of intracellular domain. Nature 1998, 393, 382–386. [Google Scholar] [CrossRef]

	



Capaccione, K.M.; Pine, S.R. The Notch signaling pathway as a mediator of tumor survival. Carcinogenesis 2013, 34, 1420–1430. [Google Scholar] [CrossRef]

	



Pine, S.R. Rethinking Gamma-secretase Inhibitors for Treatment of Non-small-Cell Lung Cancer: Is Notch the Target? Clin. Cancer Res. 2018, 24, 6136–6141. [Google Scholar] [CrossRef]

	



Sharif, A.; Shaji, A.; Chammaa, M.; Pawlik, E.; Fernandez-Valdivia, R. Notch Transduction in Non-Small Cell Lung Cancer. Int. J. Mol. Sci. 2020, 21, 5691. [Google Scholar] [CrossRef]

	



Rani, A.; Greenlaw, R.; Smith, R.A.; Galustian, C. HES1 in immunity and cancer. Cytokine Growth Factor Rev. 2016, 30, 113–117. [Google Scholar] [CrossRef]

	



Guo, Q.; Liu, Z.; Jiang, L.; Liu, M.; Ma, J.; Yang, C.; Han, L.; Nan, K.; Liang, X. Metformin inhibits growth of human non-small cell lung cancer cells via liver kinase B-1-independent activation of adenosine monophosphate-activated protein kinase. Mol. Med. Rep. 2016, 13, 2590–2596. [Google Scholar] [CrossRef]

	



Storozhuk, Y.; Hopmans, S.N.; Sanli, T.; Barron, C.; Tsiani, E.; Cutz, J.C.; Pond, G.; Wright, J.; Singh, G.; Tsakiridis, T. Metformin inhibits growth and enhances radiation response of non-small cell lung cancer (NSCLC) through ATM and AMPK. Br. J. Cancer 2013, 108, 2021–2032. [Google Scholar] [CrossRef] [PubMed]

	



Dowling, R.J.; Lam, S.; Bassi, C.; Mouaaz, S.; Aman, A.; Kiyota, T.; Al-Awar, R.; Goodwin, P.J.; Stambolic, V. Metformin Pharmacokinetics in Mouse Tumors: Implications for Human Therapy. Cell Metab. 2016, 23, 567–568. [Google Scholar] [CrossRef] [PubMed]

	



Abbastabar, M.; Kheyrollah, M.; Azizian, K.; Bagherlou, N.; Tehrani, S.S.; Maniati, M.; Karimian, A. Multiple functions of p27 in cell cycle, apoptosis, epigenetic modification and transcriptional regulation for the control of cell growth: A double-edged sword protein. DNA Repair 2018, 69, 63–72. [Google Scholar] [CrossRef] [PubMed]

	



Chu, I.M.; Hengst, L.; Slingerland, J.M. The Cdk inhibitor p27 in human cancer: Prognostic potential and relevance to anticancer therapy. Nat. Rev. Cancer 2008, 8, 253–267. [Google Scholar] [CrossRef] [PubMed]

	



Abbas, T.; Dutta, A. p21 in cancer: Intricate networks and multiple activities. Nat. Rev. Cancer 2009, 9, 400–414. [Google Scholar] [CrossRef] [PubMed]

	



Hamilton, E.; Infante, J.R. Targeting CDK4/6 in patients with cancer. Cancer Treat. Rev. 2016, 45, 129–138. [Google Scholar] [CrossRef]

	



Wang, Y.; Dai, W.; Chu, X.; Yang, B.; Zhao, M.; Sun, Y. Metformin inhibits lung cancer cells proliferation through repressing microRNA-222. Biotechnol. Lett. 2013, 35, 2013–2019. [Google Scholar] [CrossRef]

	



Lengyel, E.; Litchfield, L.M.; Mitra, A.K.; Nieman, K.M.; Mukherjee, A.; Zhang, Y.; Johnson, A.; Bradaric, M.; Lee, W.; Romero, I.L. Metformin inhibits ovarian cancer growth and increases sensitivity to paclitaxel in mouse models. Am. J. Obs. Gynecol. 2015, 212, 479.e1–479.e410. [Google Scholar] [CrossRef]

	



Yang, B.; Huang, C.Z.; Yu, T.; Zhou, S.N.; Liu, Q.; Liu, G.J.; Chen, S.; Han, F.H. Metformin depresses overactivated Notch1/Hes1 signaling in colorectal cancer patients with type 2 diabetes mellitus. Anti-Cancer Drugs 2017, 28, 531–539. [Google Scholar] [CrossRef]

	



Tendler, S.; Kanter, L.; Lewensohn, R.; Ortiz-Villalón, C.; Viktorsson, K.; De Petris, L. The prognostic implications of Notch1, Hes1, Ascl1, and DLL3 protein expression in SCLC patients receiving platinum-based chemotherapy. PLoS ONE 2020, 15, e0240973. [Google Scholar] [CrossRef]

	



Cao, N.; Lu, Y.; Liu, J.; Cai, F.; Xu, H.; Chen, J.; Zhang, X.; Hua, Z.C.; Zhuang, H. Metformin Synergistically Enhanced the Antitumor Activity of Celecoxib in Human Non-Small Cell Lung Cancer Cells. Front. Pharmacol. 2020, 11, 1094. [Google Scholar] [CrossRef] [PubMed]

	



Brugarolas, J.; Lei, K.; Hurley, R.L.; Manning, B.D.; Reiling, J.H.; Hafen, E.; Witters, L.A.; Ellisen, L.W.; Kaelin, W.G., Jr. Regulation of mTOR function in response to hypoxia by REDD1 and the TSC1/TSC2 tumor suppressor complex. Genes Dev. 2004, 18, 2893–2904. [Google Scholar] [CrossRef] [PubMed]

	



Britto, F.A.; Dumas, K.; Giorgetti-Peraldi, S.; Ollendorff, V.; Favier, F.B. Is REDD1 a metabolic double agent? Lessons from physiology and pathology. Am. J. Physiol. Cell Physiol. 2020, 319, C807–C824. [Google Scholar] [CrossRef]

	



Jin, H.O.; Seo, S.K.; Woo, S.H.; Kim, Y.S.; Hong, S.E.; Yi, J.Y.; Noh, W.C.; Kim, E.K.; Lee, J.K.; Hong, S.I.; et al. Redd1 inhibits the invasiveness of non-small cell lung cancer cells. Biochem. Biophys. Res. Commun. 2011, 407, 507–511. [Google Scholar] [CrossRef]

	



Ben Sahra, I.; Regazzetti, C.; Robert, G.; Laurent, K.; Le Marchand-Brustel, Y.; Auberger, P.; Tanti, J.F.; Giorgetti-Peraldi, S.; Bost, F. Metformin, independent of AMPK, induces mTOR inhibition and cell-cycle arrest through REDD1. Cancer Res. 2011, 71, 4366–4372. [Google Scholar] [CrossRef] [PubMed]

	



Morelli, A.P.; Tortelli, T.C., Jr.; Pavan, I.C.B.; Silva, F.R.; Granato, D.C.; Peruca, G.F.; Pauletti, B.A.; Domingues, R.R.; Bezerra, R.M.N.; De Moura, L.P.; et al. Metformin impairs cisplatin resistance effects in A549 lung cancer cells through mTOR signaling and other metabolic pathways. Int. J. Oncol. 2021, 58, 28. [Google Scholar] [CrossRef] [PubMed]

	



Yu, H.; Pardoll, D.; Jove, R. STATs in cancer inflammation and immunity: A leading role for STAT3. Nat. Rev. Cancer 2009, 9, 798–809. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.C.; Yeh, H.H.; Huang, W.L.; Yan, J.J.; Lai, W.W.; Su, W.P.; Chen, H.H.; Su, W.C. Metformin enhances cisplatin cytotoxicity by suppressing signal transducer and activator of transcription-3 activity independently of the liver kinase B1-AMP-activated protein kinase pathway. Am. J. Respir. Cell Mol. Biol. 2013, 49, 241–250. [Google Scholar] [CrossRef]

	



Deng, X.S.; Wang, S.; Deng, A.; Liu, B.; Edgerton, S.M.; Lind, S.E.; Wahdan-Alaswad, R.; Thor, A.D. Metformin targets Stat3 to inhibit cell growth and induce apoptosis in triple-negative breast cancers. Cell Cycle 2012, 11, 367–376. [Google Scholar] [CrossRef]

	



Li, L.T.; Jiang, G.; Chen, Q.; Zheng, J.N. Ki67 is a promising molecular target in the diagnosis of cancer (review). Mol. Med. Rep. 2015, 11, 1566–1572. [Google Scholar] [CrossRef]

	



Bond, N.L.S.; Dréau, D.; Marriott, I.; Bennett, J.M.; Turner, M.J.; Arthur, S.T.; Marino, J.S. Low-Dose Metformin as a Monotherapy Does Not Reduce Non-Small-Cell Lung Cancer Tumor Burden in Mice. Biomedicines 2021, 9, 1685. [Google Scholar] [CrossRef] [PubMed]

	



Chen, N.; Zhou, Y.S.; Wang, L.C.; Huang, J.B. Advances in metformin-based metabolic therapy for non-small cell lung cancer (Review). Oncol. Rep. 2022, 47, 55. [Google Scholar] [CrossRef] [PubMed]

	



Tortelli, T.C.; Tamura, R.E.; de Souza Junqueira, M.; da Silva Mororó, J.; Bustos, S.O.; Natalino, R.J.M.; Russell, S.; Désaubry, L.; Strauss, B.E.; Chammas, R. Metformin-induced chemosensitization to cisplatin depends on P53 status and is inhibited by Jarid1b overexpression in non-small cell lung cancer cells. Aging 2021, 13, 21914–21940. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 11 00065 g001 550] 





Figure 1. Proliferation of Lewis lung carcinoma cells following metformin treatment over 48 h. (A,B) Fold change (relative to control) in proliferating Lewis lung carcinoma (LL/2) cells treated with 5 mM, 7.5 mM, 10 mM, 12.5 mM, or 15 mM metformin for 24 and 48 h. Data were analyzed using a two-way ANOVA followed by Tukey’s multiple comparison test. ** p < 0.01 vs. Con (n = 5). Data are mean ± SEM. 
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Figure 2. Gene expression in Lewis lung carcinoma cells treated with 10 mM metformin. (A) mRNA Cyclin D/GAPDH; (B) mRNA cyclin dependent kinase inhibitor (p27)/GAPDH; (C) Cyclin dependent kinase 4 (CDK4)/GAPDH; (D) mRNA cyclin dependent kinase inhibitor (p21)/GAPDH; (E) mRNA hairy and enhancer of split 1 (HES1)/GAPDH. mRNA expression in LL/2 cells treated with or without 10 mM metformin. Data were analyzed using an unpaired t-test. * p = 0.01 vs. Control (n = 5). Data are mean ± SEM. 
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Figure 3. mTOR and p53 expression in Lewis lung carcinoma cells treated with 10 mM metformin. (A) Phospho (p)- mechanistic target of rapamycin (mTOR)/Total mTOR and mTOR/GAPDH expression (arbitrary units, AU) in LL/2 cells treated with or without 10 mM metformin. Data were analyzed using an unpaired t-test. ** p < 0.01 vs. control (n = 5). Data are mean ± SEM. (B) Phospho (p)-protein 53(p53)/Total p53 and p53/GAPDH expression (arbitrary units, AU) in LL/2 cells treated with or without 10 mM metformin. Data were analyzed using an unpaired t-test. * p < 0.1, ** p < 0.01 vs. control (n = 5). Data are mean ± SEM. 
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Figure 4. STAT3 and AMPK expression in Lewis lung carcinoma cells treated with 10 mM Metformin. (A) Phospho (p)- Signal transducer and activator of transcription 3 (STAT3) Ser727/Total STAT3 and STAT3/GAPDH expression (arbitrary units, AU) in LL/2 cells treated with or without 10 mM metformin. Data were analyzed using an unpaired t-test. Sample size: n = 5. Data are mean ± SEM. (B) Phospho (p)- adenosine monophosphate-activated protein kinase (AMPK) Thr172/Total AMPK and AMPK/GAPDH expression (arbitrary units, AU) in LL/2 cells treated with or without 10 mM metformin. Data were analyzed using an unpaired t-test. Sample size: n = 5. Data are mean ± SEM. 
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Figure 5. REDD1 and AKT expression in Lewis lung carcinoma cells treated with 10 mM metformin. (A) Regulated in development and DNA damage responses 1 (REDD1)/GAPDH expression (arbitrary units, AU) in LL/2 cells treated with or without 10 mM metformin. Data were analyzed using an unpaired t-test. ** p < 0.01 vs. control (n = 5). Data are mean ± SEM. (B) Protein kinase B (AKT)/GAPDH expression (arbitrary units, AU) in LL/2 cells treated with or without 10 mM metformin. Data were analyzed using an unpaired t-test (p = 0.4135). Sample size: n = 5. Data are mean ± SEM. 
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Figure 6. Ki-67 immunofluorescence in Lewis lung carcinoma cells treated with 10 mM metformin. (A) Total objects and objects extracted using binary feature extractor via Fiji. Percent change in Ki-67 expression relative to control in 48 h LL/2 cells treated with or without 10 mM metformin. ** p < 0.01 vs. control (n = 4). Data are mean ± SEM. (B) Representative immunofluorescence images of LL/2 cells treated with or without 10 mM metformin using 4′,6-diamidino-2-phenylindole (DAPI) and Ki-67 expression visualized via AlexaFluor 488. Representative images were taken at 10x. Scale bar = 20 µm. 
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Figure 7. Ki-67 immunofluorescence in Lewis lung carcinoma cells treated with GSI. (A) Total objects and objects extracted using binary feature extractor via Fiji. Percent change in Ki-67 expression relative to control in 48 h LL/2 cells treated with or without 4 µM Ɣ-secretase inhibitor (GSI) every 12 h. ** p < 0.01 vs. control (n = 5). (B) Representative immunofluorescence images of LL/2 cells treated with or without 10 mM metformin using 4′,6-diamidino-2-phenylindole (DAPI) and Ki-67 expression visualized via AlexaFluor 488. Representative images were taken at 10x. Scale bar = 20 µm. 
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Figure 8. Ki-67 immunofluorescence in Lewis lung carcinoma cells treated with GSI and 10 mM metformin. (A) Total objects and objects extracted using binary feature extractor via Fiji. Percent change in Ki-67 expression relative to control in 48 h LL/2 cells treated with or without 10 mM metformin and 4 µM Ɣ-secretase inhibitor (GSI) every 12 h. * p = 0.02 vs. control (n = 3). (B) Representative immunofluorescence images of LL/2 cells treated with or without 10 mM metformin using 4′,6-diamidino-2-phenylindole (DAPI) and Ki-67 expression visualized via AlexaFluor 488. Representative images were taken at 10x. Scale bar = 20 µm. 
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Table 1. Primers used for gene expression analyses.
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Primer

	
Sequence






	
Cyclin D

	
Forward

	
GATGGCGATCGTCCTGTCAT




	
Reverse

	
ACAGGCCGCTACAAGAAACA




	
CDK4

	
Forward

	
ATGGCTGCCACTCGATATGAA




	
Reverse

	
TCCTCCATTAGGAACTCTCACAC




	
p27

	
Forward

	
TCTCTTCGGCCCGGTCAAT




	
Reverse

	
AAATTCCACTTGCGCTGACTC




	
p21

	
Forward

	
TGGTGATGTCCGACCTGTT




	
Reverse

	
CATGAGCGCATCGCAATC




	
HES1

	
Forward

	
GGTCCTGGAATAGTGCTACCG




	
Reverse

	
CACCGGGGAGGAGGAATTTTT




	
GAPDH

	
Forward

	
ATGTTTGTGATGGGTGTGAA




	
Reverse

	
ATGCCAAAGTTGTCATGGAT








CDK4: Cyclin dependent kinase 4; p27: cyclin dependent kinase inhibitor protein 27; p21: cyclin dependent kinase inhibitor protein 21; HES1: Hairy and enhancer split protein; GAPDH: Glyceraldehyde 3-Phosphate Dehydrogenase.
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