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Abstract

Combination treatment with pioglitazone and metformin are utilized clinically in the treatment of 

type II diabetes. Treatment with this drug combination reduced the development of aerodigestive 

cancers in this patient population. Our goal is to expand this treatment into clinical lung cancer 

chemoprevention. We hypothesized that dietary delivery of metformin/pioglitazone would prevent 

lung adenoma formation in A/J mice in a B[a]P-induced carcinogenesis model while modulating 

chemoprevention and anti-inflammatory biomarkers in residual adenomas. We found metformin 

(500 & 850 mg/kg/day) and pioglitazone (15 mg/kg/day) produced statistically significant 

decreases in lung adenoma formation both as single agent treatments and in combination, 

compared to untreated controls, after 15 weeks. Treatment with metformin alone and in 

combination with pioglitazone resulted in statistically significant decreases in lung adenoma 

formation at both early and late stage interventions. Pioglitazone alone resulted in significant 

decreases in adenoma formation only at early treatment intervention. We conclude oral metformin 

is a viable chemopreventive treatment at doses ranging from 500 to 1000 mg/kg/day. Pioglitazone 

at 15 mg/kg/day is a viable chemopreventive agent at early stage interventions. Combination 

metformin and pioglitazone performed equal to metformin alone and better than pioglitazone at 15 

mg/kg/day. Since the drugs are already FDA approved, rapid movement to human clinical studies 

is possible.
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Introduction

Aerodigestive malignancies (lung; head and neck) affect millions worldwide and 

approximately 90% of these malignancies are attributed to tobacco use. Those treated for an 

initial malignancy are at risk for second primary malignancies attributable to “field 

cancerization” (1). “Field cancerization” occurs as a result of prolonged exposure to 

toxicants found in cigarette smoke, resulting in the development of a field of initiated but 

morphologically normal appearing cells in the damaged lung epithelium that contain a 

mutation in an oncogene or tumor suppressor gene (2–4). Continued exposure of the lung 

parenchyma to environmental toxicants, as occurs in smokers, results in further genetic or 

epigenetic damage to the initiated cells from genotoxic carcinogens and lung tumor 

promoters. Minimal change in survival for either malignancy for over a generation mandates 

novel approaches for those affected with tobacco-associated field cancerization in primary 

and secondary prevention settings.

Both pioglitazone and metformin are type II diabetes therapies which may have off-target 

use as aerodigestive cancer chemoprevention agents (5–14). Pioglitazone is a 

thiazolidinedione (TZD) peroxisome proliferator-activated receptor gamma (PPARγ) 

activator with chemoprevention capacity preclinically and clinically in both head and neck 

and lung carcinoma (7,12–19). This drug class has been demonstrated to have anti-

inflammatory effects targeting NFκB in both diabetes and cancer. Observational studies 

derived from the Veterans Administration Veterans Integrated Service Network (VA VISN) 

database have shown greater than 35% reductions in both head and neck and lung cancer 

incidence in diabetics treated with TZD drugs (20,21).

Initial interest in metformin as an anticancer agent has come from clinical and epidemiologic 

research which has shown, for type II diabetes patients prescribed metformin, reduced 

cancer incidence and/or mortality (22–31). This has provided an empiric basis for its 

evaluation in the clinical setting. One of the effects of metformin is reducing cell growth and 

proliferation via attenuation of the insulin/IGF-1R pathway, which inhibits PI3K/Akt/mTOR 

signaling. In one recent study by Dennis et al., dietary metformin reduced lung cancer 

burden in the NNK model of mouse carcinogenesis by over 70%, with a potential 

mechanism being downregulation of IGF-1 receptor phosphorylation (5). Additionally, 

several recent studies using metformin point to NFκB attenuation by this agent with respect 

to both angiogenic and matrix metalloproteinase activity in both cancer and atherogenesis 

(28,32–37). To summarize, both pioglitazone and metformin have been demonstrated to 

prevent tobacco smoke-induced lung tumor development in preclinical models; however, the 

pharmacological effectiveness of each agent individually in preventing lung tumor 

development has been deemed modest. Therefore, it is imperative to elucidate potential 

additive effects on lung cancer of these agents in combination in a prevention setting.
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We presently explore this in an A/J mouse carcinogenesis model used for our 

chemoprevention work for several decades using a fixed dose combination of pioglitazone 

plus metformin. The FDA approved two fixed-dose combinations of pioglitazone plus 

metformin (15 mg/500 mg ACTOPLUS MET® and 15 mg/850 mg ACTOPLUS MET®) for 

human use, and generic brands of these medicines have been available in the U.S. since 

December 2012. Therefore, if successful, there could be direct translation to humans with 

this single drug which combines both agents.

Materials and Methods

Pulmonary tumor formation

Seven-week-old female A/J mice were fed pellet diet NIH-07 7022 (Harlan Teklad Diets, 

Madison WI) and acclimated to the facility for two weeks. Mice were weighed one day after 

arrival and then weekly. Mice were then switched to D62 semi-purified diet (Research Diets 

Inc., New Brunswick, NJ) consisting of 27% vitamin-free casein, 59% corn starch, 10% corn 

oil, 4% salt mix (USP XIV), and a complete mixture of vitamins. We employ the D62 diet 

for chemoprevention studies as other diet preparations, providing a more complete 

complement of nutrients and vitamins, have been found to be chemopreventive in their own 

right (e.g. soy inositols) (38,39). Animal diet was replenished twice weekly. At 11 weeks of 

age, the mice were given the first of three administrations of 3 mg benzo[a]pyrene (B[a]P) 

(TCI America)/kg of body weight in 0.2 mL cottonseed oil by oral gavage (Days 1, 4 and 8). 

Mice were randomized into treatment groups by weight the day prior to the first 

administration of test agents and reweighed once per week.

Experimental diet administration

Experimental diets were started one week after last dose of B[a]P. Pioglitazone and 

metformin were received from the NCI DCP chemical repository. Pioglitazone (15 mg/kg/

day) and metformin (500, 850 and 1000 mg/kg/day) alone and in combination were prepared 

in the D62 diet. The addition of 1000 mg/kg/day metformin as a dietary additive was 

included in the second study. A third experiment tested lower doses of metformin only at 

235 and 470 mg/kg/day.

Dose finding chemoprevention study

In the dose finding chemoprevention study, 192 seven-week-old female A/J mice were 

acclimated to the facility for two weeks, weighed, and received carcinogen (B[a]P by oral 

gavage) on days 1, 4, and 8. One week after the last dose of B[a]P, animals were randomized 

into six groups of 32 mice per group based on weight and placed on experimental diets as 

shown in Fig. 1. Animals were continued on the feeding schedule, weighed weekly, and 

monitored for weight loss, lethargy, rough hair coat, or other signs of ill health. For this 

experiment, all treatment groups were fed experimental diet for a total of 15 weeks.

Intervention stage chemoprevention study

In the intervention stage chemoprevention study, 224 seven-week-old female A/J mice were 

acclimated to the facility and all procedures performed as in the dose finding study. 

Metformin (12 mg/g and 10.2 mg/g) and/or pioglitazone (0.18 mg/g) (w/w) were 
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administered in the diet. Early stage agent intervention began seven days after the last dose 

of B[a]P and continued until termination of the animals. Late stage agent intervention began 

eight weeks after the last dose of B[a]P (Supplementary Table 1). Experiment termination 

occurred 16 weeks post carcinogen, resulting in 15 weeks of treatment for the “early” stage 

group and eight weeks of treatment for the “late” stage group (Figure 1). All lung lobes were 

preserved in 10% formalin and surface lung adenoma counts were performed. Six animals 

were euthanized or found dead during the treatment period which is less than the typical 

attrition of 12–24 animals usually expected for carcinogenesis experiments. Any data from 

these animals were censored from analysis.

Compliance

All experimental procedures are carried out according to University of Minnesota 

Department of Environmental Health and Safety requirements which abide by regulatory 

requirements set at the local, state, and federal level. All studies were conducted with the 

approval of the Institutional Animal Care and Use Committee at The University of 

Minnesota, under NIH Animal Welfare Assurance number A3456.

Immunohistochemistry (IHC)

Immunohistochemistry evaluations were performed after surface tumor counts were 

completed. After counting surface tumors, lungs were fixed in 10% neutral buffered 

formalin were processed into paraffin blocks. Lungs were sectioned at three levels, 75 

microns apart, with eight to sixteen 4 µm unstained sections saved at each level. H&E-

stained slides were examined by light microscopy to monitor the presence of tumors and to 

select slides for subsequent IHC.

For IHC, 4 µm formalin-fixed, paraffin-embedded sections were deparaffinized and 

rehydrated, followed by antigen retrieval using Tris EDTA buffer, pH 9.0, in a steamer. After 

blocking endogenous peroxidase and application of a protein block (Dako), 

immunohistochemistry for cyclin D1 and Ki-67 was performed on a Dako Autostainer using 

rabbit monoclonal antibodies obtained from Biocare Medical (#CRM 307 and CRM 325, 

respectively). A rabbit EnVision™+ HRP-polymer kit (Dako, #K4010) was used for 

detection with diaminobenzidine as the chromogen. Mayer’s Hematoxylin (Dako) was used 

as the counterstain. Primary antibodies were substituted with negative control rabbit IgG 

(Biocare Medical, #NC495H) for negative control slides. Positive control tissues included 

murine small intestine, spleen, and colon adenomas, and human tonsil; negative control 

tissues included murine skeletal and cardiac muscle. Digital images were collected via a 

Spot Insight 4 MP CCD Scientific Color Digital camera (Diagnostic Instruments) mounted 

on a Nikon E-800 microscope (Nikon Plan Apo 20×/0.95 lens).

IHC evaluations were done using light microscopy with tumor immunoreactivity 

subjectively graded on a 1 to 4 scale based on the extent and intensity of immunolabeling for 

the marker of interest in any given tumor. The pathologist was blinded from knowing 

experimental versus control groups for this analysis. Based on their relative abundance in 

any given animal, from one to 11 tumors were evaluated per animal, and mean scores noted 

for each animal. Data was obtained from three animals per group.
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Cell culture experiments

Beas-2B, SV40 immortalized bronchial epithelial cells were a kind of gift from Reuben 

Lotan (MD Andersen Cancer Center). These cells were grown in keratinocyte serum free 

medium (KSFM) (Life Technologies, Carlsbad, CA) supplemented with L-glutamine 

(2mM), human recombinant epidermal growth factor (5ng/mL), and bovine pituitary extract 

(50µg/mL) at 37°C in 5% CO2. Cell line was authenticated by short tandem repeat 

genotyping performed by the Genetic Resources Core Facility at Johns Hopkins University 

followed by analysis of allele values in the AACR STR, CLIMA, and DSMZ databases. Cell 

proliferation was determined via MTT assay. Cells were plated at 5×103 cells/well in 96-

well tissue culture plates and drugs added at day zero. MTT was added to the culture media 

at 0.5 mg/mL and incubated at 37°C for four hours, solubilized in isopropyl alcohol/DMSO, 

and absorbance read at 560 nm. Six replicates per data point were analyzed and experiments 

repeated thrice.

Statistical Methods

Data were analyzed in a group wise fashion for differences in tumor counts and changes in 

animal body weights between control and individual experimental groups by ANOVA 

testing (one-way) for each experiment, unless otherwise noted. Dunnett's post testing was 

additionally routinely employed to determine which groups were statistically different from 

the control groups or if the combination treatments were statistically different from the 

single agent treatments. One-way ANOVA results are presented as F ratio with degrees of 

freedom and the p value. Data in the charts were presented as a Mean +/− SEM for each 

group. P<0.05 was used as a cutoff for statistical significance on testing.

Similar to the tumor animal counts, immunohistochemistry data were analyzed in a group 

wise fashion for changes in expression of any of the markers versus the control. Scores were 

assigned to each sample based on intensity of stain and relative number of nuclei stained. 

Kruskal-Wallis nonparametric testing was used to determine if staining intensity of treated 

groups differed from the control group. All results indicating p<0.05 were considered 

statistically significant.

Results

We first tested dietary pioglitazone (15 mg/kg/day) and metformin (500 and 850 mg/kg/day) 

alone and in combination in a B[a]P mouse carcinogenesis model to evaluate efficacy. 

Adenoma formation was reduced in all treatment groups (single and combination dosing) 

versus the control group (Figure 2A) (p < 0.0001, one-way ANOVA). Both metformin doses 

resulted in statistically significant adenoma reductions from control (t-test: 500: p = 0.001; 

850: p ≤ 0.0001). There was a greater reduction in adenoma counts in the 850 mg/kg 

metformin group (58.3% reduction from control) versus the 500 mg/kg metformin group 

(35.7% reduction from control) (t-test: p = 0.0003). Pioglitazone (15 mg/kg/day) alone also 

demonstrated a significant 29.3% tumor reduction compared to the control group (t-test: p = 

0.0098).
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When the two drugs were used in combination, 15 mg/kg/day pioglitazone and 500 

mg/kg/day metformin reduced tumor formation by 43.5% from control (t-test: p = 0.004) 

and pioglitazone with 850 mg/kg/day metformin reduced tumor formation by 53.5% from 

control (t-test: p < 0.0001). Pioglitazone and 500 mg/kg/day metformin reduced tumor 

formation by 12.2% from 500 mg/kg/day metformin alone and by 20.1% from pioglitazone 

alone, which was not significant (Figure 2A). However, although the use of 850 mg/kg/day 

metformin and 15 mg/kg/day pioglitazone did not significantly decrease tumor formation 

from 850 mg/kg/day metformin alone, it did significantly decrease tumor formation from 

pioglitazone alone (Dunnett’s post test: p <0.05 and t-test: p = 0.0078).

Interestingly, throughout the experiment there was no overt toxicity with regard to animal 

physical appearance, behavior, tolerance of diet, rough coat, etc. However, there were weight 

differences which reflected an initial weight loss, followed by a partial recovery and a slower 

rate of weight gain primarily in the metformin treated animals. We observed a 20–30% 

weight difference in the animals treated with 500 and 850 mg/kg/day metformin compared 

to other groups over the course of the experiment (Figure 2B). By one-way ANOVA testing, 

the endpoint weight differences between the control group and the metformin treated groups 

were significant at p < 0.001 (Figure 2C). Therefore, either agent was associated with lack of 

weight gain; however, lack of weight gain was greater in groups treated with metformin 

compared to pioglitazone alone. As described in greater detail in the Discussion section, we 

believe treatment with metformin may have resulted in metabolic changes in the mice, which 

may have prevented full energy utilization of dietary intake, and resulted in weight gain 

differences in control versus experimental animals.

Next, we examined the effect of combination therapy pioglitazone and metformin on early 

versus late stage carcinogenesis (Figure 3). This experiment allowed us to add an additional 

dose of 1000 mg/kg/day metformin, and to confirm previous combination treatment results. 

Further, we tested the intervention at a much later post-initiation time point. At the early 

stage, treatment with pioglitazone, metformin, or both agents resulted in reductions in 

adenoma counts from 32–71%. Analysis via one-way ANOVA showed significant 

differences between treatment groups (F(4, 126)=34.57,p<0.0001) and all groups were 

significantly lower in surface adenoma count than the control by Dunnett’s post test (p < 

0.05). Treatment with pioglitazone alone at 15 mg/kg/day resulted in 32% reduction in 

adenoma formation (t-test: p = 0.0023). Treatment with metformin alone at 850 mg/kg/day 

or 1000 mg/kg/day resulted in adenoma reductions of 65% and 71% respectively (t-test: p < 

0.0001). Combination pioglitazone/metformin treatment resulted in 70% adenoma 

reductions from control (t-test: p < 0.0001) and 56% from pioglitazone alone (t-test: p < 

0.0001). Combination treatment did not significantly lower adenoma formation over 

metformin alone.

Late stage treatment with either pioglitazone, metformin, or both agents resulted in 

reductions adenoma counts from 17–41% (Figure 3). Treatment with 15 mg/kg/day 

pioglitazone alone resulted in 17% reduction in adenoma formation which trended towards, 

however did not reach, statistical significance (t-test: p = 0.1126). Treatment with metformin 

alone at 850 mg/kg/day resulted in adenoma reductions of 38% (t-test: p = 0.0007). 

Combination pioglitazone and metformin treatment resulted in 44% adenoma reductions 
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versus control (t-test: p < 0.0001) and 32% versus pioglitazone alone (t-test: p = 0.0029). 

One-way ANOVA analysis found significant differences between the treatment groups 

(F(3,98)=8.894,p<0.0001) and by Dunnett’s post test, metformin alone and with 

pioglitazone was significantly lower in surface adenoma count than the control (p < 0.05). In 

summary, treatment with metformin alone and in combination with pioglitazone resulted in 

statistically significant decreases in lung adenoma formation at both early and late stage 

interventions versus control and versus pioglitazone alone (Figure 3). Treatment with 

pioglitazone alone resulted in a significant decrease in adenoma formation only at the early 

treatment intervention.

As in the first experiment, animals in the metformin groups experienced a 15% decrease in 

weight upon treatment onset, in both the early and late stage administration, followed by a 

partial recovery and an overall slower rate of weight gain over the duration of the experiment 

(Figure 4A & B). This resulted in final body weights significantly different among treatment 

groups in both the early stage administration (F(4,125)=48.32,p<0.0001) (Figure 4C) and 

the late stage administration (F(3,98)=33.58,p<0.0001) (Figure 4D) by one-way ANOVA 

analysis. By Dunnett’s post test, the metformin and the pioglitazone treated animals are 

significantly lower in body weight than the control at the early intervention and in the late 

intervention study, only the metformin treated animals (not the pioglitazone alone) are 

significantly lower in body weight than the controls (p <0.05).

We performed one additional experiment with lower doses of metformin alone. Metformin 

was added to the diet at 235 and 470 mg/kg/day at early and late stage post-initiation time 

points. The most efficacious group was the high dose administered at the early stage, having 

an average of 8.3 tumors per animal compared with 14.5 in the control group, an inhibition 

of 43%. The early stage low dose and both late stage doses showed inhibition in the range of 

25%–28%. The groups were found to be significantly different by one-way ANOVA analysis 

(F(4,105)=3.533,p=0.0095) and the early stage 470 mg/kg/day metformin treatment was 

found to be significantly lower than the control by Dunnett’s post test (p < 0.05) (Figure 

5A). At these lower doses, the 470 mg/kg/day metformin treatment groups showed a 10% 

decrease in weight gain (Figure 5B). The endpoint body weights were found to be 

significantly different via one-way ANOVA analysis (F(4,105)=5.153,p=0.0008) and only 

the 470 mg/kg/day metformin treatment groups were significantly different from the control 

by Dunnett’s post test (p < 0.05) (Figure 5B). Other than the change in rate of weight gain, 

no other indicators of overt toxicity were observed. This data supports the concept that even 

five-fold lower doses of metformin from our maximum dietary dose (1000 mg/kg/day) still 

result in significant reduction in adenoma formation.

Immunohistochemistry in residual adenomas

Adenomas from both early and late stage treatment groups (excluding the 1000 mg/kg/day 

metformin alone group) were analyzed via IHC for cell cycle markers. Positive and negative 

control stains for each marker are presented in supplementary data (Figure S1). 

Immunohistochemical analysis of the cell proliferation marker, cyclin D1, showed no 

statistically significant differences in staining intensity or observed stained nuclei (Figure 6). 

Immunohistochemical analysis of Ki-67 did not show any epitope staining in the lung 

Seabloom et al. Page 7

Cancer Prev Res (Phila). Author manuscript; available in PMC 2017 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



adenoma tissues. In the final experiment with 235 mg/kg/day and 470 mg/kg/day dietary 

metformin, cyclin D1 staining was also not reduced (data not shown).

In vitro analysis of metformin and pioglitazone

We concluded the project with exploratory MTT experiments utilizing combination 

metformin/pioglitazone treatment of human immortalized bronchial epithelial Beas-2B cells. 

We treated cells with 10 µM pioglitazone in serum free media with or without 5–20 µM 

metformin for 1–3 days. Doses in this range are achievable serum concentrations in vivo. We 

found significant decreases in Beas-2B proliferation with 10 µM pioglitazone in several 

experiments with no further decreases in proliferation noted with the addition of 5–20 µM 

metformin (Supplementary Figure 2). This is consistent with published data on metformin 

effects on in vitro cell growth. Often, metformin doses need to be in the mM range in order 

for changes in proliferation to be observed (40).

Discussion

Considerable preclinical and clinical epidemiologic data indicates both biguanides, such as 

metformin, and thiazolidinediones, such as pioglitazone, demonstrate lung cancer prevention 

effects (5,22,23,31). Thus far, no unifying mechanism of action ties together the 

chemoprevention effects of either of these agents in aerodigestive cancer. In experimental 

lung carcinogenesis, data suggest AKT associated pathways can be targeted by metformin as 

a potential lead strategy for their use (5).

In our current study, we hypothesized metformin and pioglitazone dual therapy might be 

more useful in a prevention setting than either agent alone. We chose doses of metformin 

and pioglitazone at the exact ratio they are available at as an FDA-approved combination 

agent for type II diabetes treatment (15 mg pioglitazone with 500 or 850 mg metformin). We 

found metformin (500 and 850 mg/kg/day) and pioglitazone (15 mg/kg/day) produced 

statistically significant decreases in lung adenoma formation both as single agent treatments 

and in combination compared to untreated control. Adenoma reduction ranged between 30–

60% with either metformin dose alone or with the addition of pioglitazone. Pioglitazone 

alone was effective in producing 30% reductions in adenoma when applied in early stage 

testing.

We observed weight differences between groups at the end of the experiment which 

reflected both an initial weight loss at the initiation of 500 and 850 mg/kg metformin 

treatment as well as reduced weight gain while under metformin treatment. It is likely that 

metformin at 500 and 850 mg/kg/day resulted in metabolic changes preventing full energy 

utilization in the diet at a time in murine life where weight gain is a feature of normal 

growth. Both metformin and pioglitazone have been categorized, particularly in studies of 

longevity and aging, as calorie restriction mimetics (CRM). CRMs are agents which mimic 

calorie restriction in the diet while not causing a decrease in food intake. Other than the 

differences in weight gain, no other signs of overt toxicity were observed in any of the 

groups. During replenishment of diet throughout the experiment, food consumption of all 

treatment groups was observed to be similar. On further analysis of effects of metformin in 

humans, weight loss is a common observance and up to 5% weight loss is experienced by 

Seabloom et al. Page 8

Cancer Prev Res (Phila). Author manuscript; available in PMC 2017 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



patients given prescription doses of metformin for three months or more (41,42). Molecular 

mechanisms contributing to weight loss have been increases in muscle, adipose, and liver 

AMPK levels, leading to decreases in carbohydrate uptake, leptin, liver gluconeogenesis, 

and fat and cholesterol synthesis (42).

When we tested combination pioglitazone/metformin treatment for early and late stage post-

carcinogen initiation effects, the treatments again resulted in a statistically significant 

decrease in adenoma formation. Treatment with metformin alone and in combination with 

pioglitazone resulted in statistically significant decreases in lung adenoma formation at both 

early and late stage interventions. The addition of pioglitazone did not augment the reductive 

effect observed with metformin at either stage. Treatment with pioglitazone alone resulted in 

a significant decrease in adenoma formation only at the early treatment intervention. Similar 

to our previous observations, animals in the metformin groups experienced a 15% decrease 

in weight upon treatment onset in both the early stage administration and the late stage 

administration, followed by slower rates of weight gain resulting in final body weights 15% 

lower than non-metformin treated animals. No other evidence of overt toxicity was observed 

in any treatment group, including the higher 1000 mg/kg/day metformin dose. Therefore, it 

is not trivial to rectify the complete etiology of some of the tumorigenesis effects we 

observed, since a CRM such as metformin would be expected to have multiple metabolic 

effects which are anti-tumorigenic. There is established literature showing intentional calorie 

restriction, animal starvation, and overt drug toxicities causing decreased food intake can be 

individually associated with reduced tumorigenesis (43–48).

We made it a project goal to handle the adenoma specimens in the manner they would be 

handled in a human clinical trial, with preservation and short term storage in formalin before 

blocking and cutting. Also, the efficacy of the prevention effects made biomarker 

determination difficult. This was attributable to the decrease in both number and size of the 

lung adenomas in the treated groups. We thus limited our analyses to assessment of cyclin 

D1 and Ki-67 expression levels due to their key roles in cell growth and proliferation as well 

as the decreased amount of tissue available from the animals. Immunohistochemistry 

analysis of the cell proliferation marker, cyclin D1, indicated no obvious effect of treatment 

on cyclin D1 expression, with similar scores observed across the groups. Although there 

were slightly lower scores in treatment groups, this was not considered to be significant due 

to the relatively small magnitude of the effect. Immunohistochemistry analysis of Ki-67 did 

not provide any epitope staining in the lung adenoma tissues. This was attributed to 

prolonged fixation and storage in formalin. It has been well documented that prolonged 

formalin fixation results in deterioration or absence of immunolabelling for many markers 

(49,50). In future studies, tissues will be formalin-fixed for 24 hours and stored in 70% 

ethanol prior to processing into paraffin blocks, conditions which work well for routine 

detection of Ki-67 and other markers in our hands.

We conclude oral metformin is a viable chemopreventive treatment at doses ranging from 

235 to 1000 mg/kg/day at both early and late stage interventions. Pioglitazone at 15 

mg/kg/day is a viable chemopreventive agent at early stage interventions. Combination 

metformin and pioglitazone perform equal to metformin alone and better than 15 mg/kg/day 

pioglitazone alone. These are promising preclinical findings which could be advanced to 
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clinical prevention studies with pioglitazone, metformin, or ACTOplus Met®. If this drug 

combination were to make it to a clinical trial, the likely agent, ACTOplus Met®XR, 

contains a 30:1000 ratio of pioglitazone:metformin, quite close to the ratio we used in our 

combination study of 15:500 pioglitazone:metformin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Infographic depiction of experimental timeline.
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Figure 2. 
Determination of dosing for pioglitazone and metformin. (A) By one-way ANOVA analysis, 

a statistically significant difference in adenoma formation in all treatment groups versus the 

control group was observed (F(5,171)=11.06,p<0.0001). (t-test versus control: * = p <0.01, 

** = p <0.001) (B) Body weights over the duration of the dose finding study. (C) Endpoint 

body weights were significantly different by one-way ANOVA analysis 

(F(5,171=46.35,p<0.0001) and lower in treated groups versus the control group by 

Dunnett’s post testing (* = p <0.05).
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Figure 3. 
Effect of pioglitazone and metformin in an early versus late stage intervention model. 

Treatment with metformin alone and in combination with pioglitazone resulted in 

statistically significant decreases in lung adenoma formation at both early and late stage 

interventions versus control. Pioglitazone alone resulted in significant decrease in adenoma 

formation only at the early treatment intervention. (* = p <0.01, ** = p <0.001)
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Figure 4. 
Effect of treatment on animal weight gain. Animals in the metformin groups experienced a 

15% decrease in weight upon treatment onset in both the early stage administration and the 

late stage administration followed by a weight plateau and a slower rate of weight gain (A & 

B), resulting in final body weights lower than non-metformin treated animals (C & D). (t-

test: * = p <0.05, ** = p <0.0001).
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Figure 5. 
Effect of low dose 235 and 470 mg/kg/day dietary metformin on lung adenoma formation. 

(A) Treatment with metformin alone resulted in statistically significant decreases in lung 

adenoma formation at the early stage intervention and a strong trend toward decreases by 

one-way ANOVA. (B) At the conclusion of the experiment, the animals treated with 470 

mg/kg/day metformin experienced a small lack of weight gain of approximately 10%. (t-test: 

* = p <0.05, ** = p <0.0001)
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Figure 6. 
Immunohistochemical analysis of cyclin D1 in lung adenoma tissue. Adenomas from each 

treatment group (excluding the 1000 mg/kg/day metformin alone) from early and late stage 

interventions were analyzed via IHC for cyclin D1. No statistically significant differences in 

staining intensity or observed stained nuclei were detected after Kruskal Wallis testing.
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