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Abstract

Obesity increases the risk of a number of chronic diseases in humans including several cancers. 

Biological mechanisms responsible for such increased risks are not well understood at present. 

Increases in systemic inflammation and oxidative stress, endogenous production of mutagenic 

metabolites, altered signaling in proliferative pathways, and increased sensitivity to exogenous 

mutagens and carcinogens are some of the potential contributing factors. We hypothesize that 

obesity creates an endogenously mutagenic environment in addition to increasing the sensitivity to 

environmental mutagens. To test this hypothesis, we examined two in vivo genotoxicity endpoints. 

Pig-a mutant frequencies and micronucleus frequencies were determined in blood cells in two 

independent experiments in 30-week old male mice reared on either a high-fat diet (60% calories 

from fat) that exhibit an obese phenotype or a normal-fat diet (10% calories from fat) that do not 

exhibit an obese phenotype. Mice were assayed again at 52 weeks of age in one of the 

experiments. N-ethyl-N-nitrosourea (ENU) was used as a positive mutation control in one 

experiment. ENU induced a robust Pig-a mutant and micronucleus response in both phenotypes. 

Obese, otherwise untreated mice, did not differ from non-obese mice with respect to Pig-a mutant 

frequencies in reticulocytes or micronucleus frequencies. However, such mice, had significantly 

higher and sustained Pig-a mutant frequencies (increased 2.5–3.7-fold, p<0.02) in erythrocytes as 

compared to non-obese mice (based on measurements collected at 30 weeks or 30 and 52 weeks of 
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age). This suggests that obesity, in the absence of exposure to an exogenous mutagen, is itself 

mutagenic.
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Introduction

Obesity is a major risk factor for the development of a number of chronic diseases including 

several cancers (Irigaray et al. 2007a; Irigaray et al. 2007b; Lavie et al. 2009; Roberts et al. 

2010; Flegal et al. 2012; Regnier and Sargis 2014; Lauby-Secretan et al. 2016). 

Mechanistically, it is unclear what factors contributing to obesity drive the increased risk of 

developing cancer (Roberts et al. 2010; Lichtman 2012; Yoshimoto et al. 2013; Lauby-

Secretan et al. 2016). Obesity and consequent metabolic disorder may independently 

increase cancer risk through the production of endogenous reactive metabolites, systemic 

oxidative stress, and/or systemic inflammation. Thus, a high-fat, high-calorie diet that 

induces obesity may itself be carcinogenic. Obesity may also increase sensitivity to 

environmental mutagens and carcinogens. It is likely that multiple factors interact to increase 

cancer risk.

While genetic and environmental factors contribute to the development of obesity, the 

primary cause of obesity stems from an energy imbalance due to the excess caloric intake of 

primarily fats and carbohydrates in conjunction with reduced energetic expenditure (Casazza 

et al. 2013; Malik et al. 2013). Medical consequences of an obese physiological state 

manifest as dysfunctional metabolism as well as chronic, systemic inflammation and 

oxidative stress (Matsuda and Shimomura 2013; Aye et al. 2014). This can lead to increased 

mutagenesis and carcinogenesis by chronically elevating the levels of reactive oxygen 

species.

Recent research indicates that microbes in the gastrointestinal (GI) tract and the composition 

of the microbial community in the GI tract itself can produce mutagenic and possibly 

carcinogenic metabolites (Yoshimoto et al. 2013). This may be a function of the high fat 

and/or high carbohydrate and low fiber diet that promotes obesity. Additionally, obesity may 

affect the hepatic metabolism of some chemicals by altering the expression of essential drug 

metabolizing enzymes (O’Shea et al. 1994). For example, obese individuals are more 

sensitive to the toxic effects of acetaminophen, and this appears to be modulated through 

increased expression or activity of the bioactivating enzyme, CYP2E1 (O’Shea et al. 1994; 

Aubert et al. 2012; Brill et al. 2012). This supports the hypothesis that obesity alters the 

metabolism of drugs and xenobiotics in the liver and likely other organs as well. It is 

probable that chronic systemic inflammation, oxidative stress, and altered multi-organ 

xenobiotic metabolism compound mutagenic and toxicological risk in obese individuals. 

Determining the molecular mechanisms that cause these changes and using biomarkers to 

delineate increased mutagenicity and increased risk from eobiotics, endobiotics, and 
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xenobiotics is needed to fill these important gaps in our knowledge regarding obesity and 

cancer risk.

This set of experiments was designed to determine if age-matched, male C57BL/6J mice 

reared on a high-fat diet (60% fat) that exhibit an obese phenotype have a higher frequency 

of somatic Pig-a mutants and/or an increase in the formation of micronuclei when compared 

to control mice reared on a source-matched normal-fat diet (10% fat) that do not exhibit an 

obese phenotype. Mice with an obese phenotype reared on this high-fat diet exhibit a 

number of biochemical and phenotypic markers (e.g. insulin resistance, glucose intolerance, 

excess adiposity/body mass) consistent with human obesity (Surwit et al. 1988; Petro et al. 

2004).

We hypothesize that obesity and the high-fat diet that induces and maintains an obese 

phenotype in these mice increase the risk of somatic mutagenesis independent of exposures 

to exogenous mutagens effectively creating an endogenous mutagenic environment. To test 

this hypothesis, we used the Pig-a gene mutation and micronucleus assays in a mouse model 

of diet-induced obesity (DIO). The Pig-a gene mutation assay is a relatively new platform 

for studying somatic mutations and has been used in recent rodent studies including mice 

(Bryce et al. 2008; Phonethepswath et al. 2008; Bhalli et al. 2011; Dertinger et al. 2011; 

Kimoto et al. 2011a; Kimoto et al. 2011b; Lemieux et al. 2011; Dobrovolsky et al. 2012; 

Ohtani et al. 2012; Cao et al. 2014; Labash et al. 2016). Furthermore, observations in the 

Pig-a mutation biomarker in the mouse have the potential to be confirmed in analyses of the 

human PIG-A gene. An explicit assumption that we make in this study is that the underlying 

cause of the cell surface CD24-negative phenotype among cells analyzed are mutations in 

the X-linked Pig-a gene and that observed mutant cells are the product of independent 

mutational events. Without DNA sequence analysis of the Pig-a gene itself from mutant 

cells, this cannot be verified in this study. However, the vast literature in which the Pig-a 
gene and other Pig protein encoding genes have been sequenced either as a function of 

mutational biomarker analysis or studies investigating paroxysmal nocturnal hemoglobinuria 

find, with extremely rare exception, that mutations in the Pig-a/PIG-A gene are the cause of 

the mutant Pig/PIG phenotype (Chen et al. 2001; Araten et al. 2005; Araten and Luzzatto 

2006; Brodsky and Hu 2006; Miura et al. 2008; Brodsky 2009; Kimoto et al. 2011b; Nicklas 

et al. 2015). That said, without DNA sequence and mutational analysis of observed mutants, 

we cannot be unequivocally certain in this study that these cells are the product of 

independent mutational events (our assumption) and not the product(s) of clonal expansion 

from a mutant progenitor cell(s) as is the case with PNH.

Materials and Methods

Pig-a mutant and micronucleus frequencies were examined in two independent groups of 

mice described in more detail below. All mice in both groups were male C57BL/6J mice. All 

mice in both groups were obtained from the Jackson Laboratory at 24 weeks of age and had 

been maintained on either a high-fat calorie content (60%) diet (D12492) or a source-

matched normal-fat calorie content (10%) diet (D12450B) starting at 6 weeks of age 

(Research Diets, Inc., NJ). All mice in both groups were maintained on a 12-hour light:dark 

cycle and were fed and watered ad libitum. Mice maintained on the high-fat diet exhibit a 
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diet-induced obese phenotype by week 24 (DIO) compared with mice maintained on the 

normal-fat diet (non-DIO). All DIO and non-DIO mice were maintained on their respective 

research diets throughout both group experiments and were housed individually. All 

procedures involving these mice were approved by Tulane University’s IACUC (Protocols 

#4303 and 4374). Body mass (in grams) was obtained from untreated or vehicle control 

mice prior to initiation, throughout, and at the end of each experiment.

Experimental Group 1 Mice

A total of 36 mice were used in this experimental group. There were 18 DIO mice and 18 

non-DIO mice. In this particular experiment, mice were either untreated, treated with a 

vehicle control, or treated with N-ethyl-N-nitrosourea (ENU), a potent, direct-acting, 

alkylating mutagen, as described in more detail in the following subsections.

ENU treatment as a positive control for the Pig-a gene mutation and 
micronucleus endpoints—On day 21 post-arrival, 24 mice (n=12 DIO, n=12 non-DIO 

controls) were randomly selected for either ENU or vehicle control (phosphate-buffered 

saline, pH 6.0) treatment. Positive mutational control mice were randomly selected for 

gavage treatment for 3 consecutive days to 40 mg/kg ENU (n=6 DIO, n=6 non-DIO 

controls) in vehicle totaling 120 mg/kg ENU cumulative exposure. Mice treated with ENU 

for chemical induction of Pig-a gene mutants (n=3 DIO, n=3 non-DIO controls) were treated 

at the beginning of the exposure experiment over the first 3 days to allow for a 3.5-week 

mutant manifestation period. Mice treated with ENU for micronucleus (MN) induction (n=3 

DIO, n=3 non-DIO controls) were treated near the end of the exposure experiment over the 

last 3 days prior to euthanasia and blood sampling. Vehicle control mice were randomly 

selected to receive an appropriately adjusted volume of vehicle control (n=6 DIO and n=6 

non-DIO controls). All gavage volumes in ENU-treated or vehicle-treated mice were ≤100 

μl. ENU and vehicle control-treated mice were 30 weeks of age at the time of blood 

sampling for Pig-a mutant cell and MN analysis.

Background Pig-a mutant frequency and micronucleus formation—Twelve 

additional mice (n=6 DIO and n=6 non-DIO controls) were maintained on their respective 

diets throughout experimental time period. These mice were chemically untreated and were 

used to establish the spontaneous frequencies of Pig-a mutant cells and MN frequency at 30 

weeks of age in the absence of any treatment other than dietary fat content.

Experimental Group 2A and 2B Mice

Fourteen mice were used in these experiments (n=7 DIO and n=7 non-DIO controls). Mice 

were maintained on their respective diets and blood samples were taken non-lethally 

(submandibular blood collection) at week 30 (2A) for Pig-a and MN analysis. No mutagenic 

chemical treatments were administered in any of these mice throughout this experiment. 

Exposures were only to caloric content from fat in the respective diets. Mice were sampled 

again for Pig-a and micronucleus analysis at 52 weeks of age (2B) by cardiac exsanguination 

following euthanasia.
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Blood collection, shipment, and data analysis—For mice in the experimental groups 

2A and 2B, the first blood samples were obtained non-lethally by submandibular blood 

collection at 30 weeks of age. Samples, 60–150 μl of blood, were collected in 1.7 ml 

microtubes containing K2-EDTA as an anticoagulant. Samples were then packaged and 

shipped as described below. In terminal experiments with both groups of mice (group 1 at 30 

weeks of age, group 2B at 52 weeks of age), mice were euthanized using CO2 asphyxiation 

and immediately exsanguinated by cardiac puncture collecting blood into heparin-coated 

syringes. Blood samples were transferred to vacutainer tubes containing K2-EDTA and 

packed into Exakt-Pak® shipping containers. Samples were shipped priority overnight to 

Litron Laboratories (Rochester, NY) for further processing, preparation, and flow cytometric 

analysis using the MutaFlow® method for Pig-a mutant cell analysis and enumeration and 

the MicroFlow® method for micronucleus analysis and enumeration.

Statistical analysis—Statistical and post hoc power analyses were conducted using Prism 

6 for Windows (ver. 6.07, GraphPad, La Jolla, CA) and G*Power (ver. 3.1.9.2, freeware that 

can be accessed at http://www.gpower.hhu.de/en.html), respectively (Faul et al. 2007; Faul et 

al. 2009). Biological endpoints for statistical analyses included the frequency of Pig-a 
mutant RBCs, the frequency of Pig-a mutant RETs, fold-differences in Pig-a mutant 

frequencies, the percentage of RETs (%RET), the percentage of micronucleated 

normochromatic erythrocytes (%MN-NCE), and the percentage of micronucleated 

reticulocytes (%MN-RET) as a function of dietary fat exposure and phenotype in untreated 

mice and exposure to ENU in treated mice. Data were tested for normality, where possible, 

using the D’Agostino & Pearson omnibus normality test. Parametric statistical testing 

methods included the Student’s t-test applying a Welch’s correction when variances were 

determined to be unequal and Analysis of Variance (ANOVA) followed by Bonferroni-

corrected post-hoc mean comparisons when the results of the ANOVA were significant. If 

the assumption of normality for any data was not met or could not be adequately tested, non-

parametric testing methods including the Mann-Whitney and Kruskal-Wallis tests were used 

to test for statistical significance. All tests were conducted as two-tailed tests and differences 

were considered statistically significant at p<0.05. G*Power was used for power analyses 

and for estimating minimum sample sizes based on observed effect sizes when statistical 

tests did not reach the level of significance for select cases.

Results

All mice survived and were sampled for Pig-a and micronucleus endpoints in both 

experimental groups except for 1 DIO mouse at the 52-week time-point in group 2. This 

mouse was found dead at week 48 and was therefore not included in the blood sampling for 

mutant analysis for the 52-week time-point. On gross necropsy, this mouse had substantial 

visceral, gonadal, and cardiopulmonary fat deposits, an enlarged liver, and a visibly 

atrophied, diseased spleen.

Body Mass—Body masses for mice in the experimental groups and time-points are 

presented in Table I as arithmetic means ± standard deviations. Only body mass 

measurements taken at the end of each experiment are included in Table I. No ENU-treated 
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mice in group 1 were included in the body mass estimates for that group as there were 

notable losses of body mass likely related to treatment at 30 days post-treatment in the mice 

treated for Pig-a mutant frequency analysis. Male mice in both groups 1 and 2 maintained on 

the high-fat diet for 30 weeks were significantly heavier than male mice maintained on the 

normal-fat diet for the same time period (Group 1, t=12.1, df=17.1, p<0.0001; Group 2, 

t=9.8, df=12.0, p<0.0001), but mice on their respective diets among groups were not 

significantly different from one another at this time-point (Non-DIO, t=1.7, df=17.0, p<0.11; 

DIO, t=2.1, df=17.0, p<0.06). Mice in group 2 on the high-fat diet were significantly heavier 

than mice on the normal-fat diet at 52 weeks (t=11.0, df=11.0, p<0.0001). Group 2 mice on 

their respective diets at 52 weeks were significantly heavier than they were at 30 weeks 

(Non-DIO, t=5.5, df=24.0, p<0.0001; DIO, t=3.4, df=23.0, p<0.003).

Experimental Group 1 Mice

Background/Spontaneous Pig-a mutant frequencies and MN frequencies—To 

explore whether or not it was reasonable to combine untreated mice with vehicle control 

treated mice in both dietary groups, we analyzed the frequencies of Pig-a mutant RBCs and 

RETs as well as %MN-NCEs and %MN-RETs using non-parametric Mann-Whitney tests. 

Sample sizes in these groups (maximum n=6) were too small for normality testing.

Two DIO mice were not included in the Pig-a analyses because of cellular aggregation that 

prevented mutant frequency analysis on these two samples. Therefore 12 non-DIO mice and 

10 DIO mice (n=6 untreated, n=4 vehicle control) were available for Pig-a analyses. In a 

comparison of untreated control and vehicle-treated mice, we found no significant 

differences in mutant RBCs (non-DIO, Mann-Whitney U=9, p<0.17; DIO, Mann-Whitney 

U=7.5, p<0.36) or mutant RETs (non-DIO, Mann-Whitney U=12.5, p<0.40; DIO, Mann-

Whitney U=9.5, p<0.65). All mice were available for %MN analyses. In a comparison of 

untreated control and vehicle-treated mice, we found no significant differences in %MN-

NCEs (non-DIO, Mann-Whitney U=15, p<0.67; DIO, Mann-Whitney U=18, p<0.99) or 

%MN-RETs (non-DIO, Mann-Whitney U=9, p<0.17; DIO, Mann-Whitney U=16, p<0.78).

We chose to combine the data from untreated and vehicle control treated mice in their 

respective dietary groups and respective mutant endpoints going forward.

After combining data from untreated and vehicle control treated mice in both dietary groups, 

tests for normality indicated that frequencies of Pig-a mutant RBCs and RETs were not 

normally distributed. Therefore, Mann-Whitney non-parametric testing was conducted. 

Though on average the frequency of Pig-a mutant RETs appeared elevated in DIO mice, this 

difference was not statistically significant between non-DIO and DIO mice in this 

experimental group (Mann-Whitney U=47, p<0.41). The frequency of Pig-a mutant RBCs 

was significantly higher in DIO mice when compared to non-DIO mice (Mann-Whitney 

U=26.5, p<0.025). Frequencies of Pig-a mutant RBCs in DIO mice were on average 2.5-fold 

higher than in non-DIO mice (Figure 1).

After combining data from untreated and vehicle control treated mice in both dietary groups 

for %MN-NCEs and %MN-RETs, Mann-Whitney non-parametric testing was conducted. 

No significant differences were observed between dietary groups with respect to %MN-
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NCEs (Mann-Whitney U=65.5, p<0.73) or %MN-RETs (Mann-Whitney U=68, p<0.83). No 

significant difference was observed regarding the %RETs between dietary groups (Mann-

Whitney U=43, p<0.10).

ENU-induced Pig-a mutant frequencies—One ENU-treated (120 mg/kg/3 days) DIO 

mouse and one ENU-treated (120 mg/kg/3 days) non-DIO mouse were unusable for the Pig-
a assay because of cellular aggregation. As expected, ENU induced a robust, significant 

mutagenic response as measured by Pig-a mutant frequencies in RBCs (Kruskal-Wallis 

statistic=13.6, p<0.002) and RETs (Kruskal-Wallis statistic=10.5, p<0.02) in both DIO and 

non-DIO mice (Figures 2A and 2B), but there was no significant difference between 

phenotypes.

ENU-induced micronucleus frequencies—ENU treatment significantly increased 

both %MN-NCEs (Mann-Whitney U=25, p<0.01) and %MN-RETs (Mann-Whitney U=0, 

p<0.0001) in both non-DIO and DIO mice (Figures 3a and 3b) when compared to untreated 

controls. ENU-induced MN frequencies were not significantly different between treated 

non-DIO and treated DIO mice (%MN-NCE, Mann-Whitney U=1.5, p<0.4; %MN-RET, 

Mann-Whitney U=4, p<0.99). The %RETs was significantly lower in ENU-treated mice 

compared to untreated mice (Mann-Whitney U=0, p<0.0001).

Experimental Group 2 Mice

Background/Spontaneous Pig-a mutant frequencies and MN frequencies—One 

DIO animal was not used in the analysis at 30 weeks because the blood sample was unusable 

due to clotting. This same animal was not used in the analysis at 52 weeks because this 

animal expired at 48 weeks of age.

30 Weeks of Age—The frequency of Pig-a mutant RBCs was significantly higher in the 

DIO mice (n=6) when compared to the non-DIO mice (n=7) confirming what was observed 

in the prior, independent experiment (Mann-Whitney U=4, p<0.02; Figure 4). The difference 

was on average 3-fold higher in the DIO mice. The frequency of Pig-a mutant RETs was 

again on average higher (~5-fold in this experiment) in the DIO mice, but this difference was 

not statistically significant (Mann Whitney U=11, p<0.17). Fold-differences normalized to 

each respective control (non-DIO) group were combined for mice in both experiments, and 

on average, DIO mice at 30 weeks of age (n=16) had combined frequencies of Pig-a mutant 

RETs that were 3-fold higher than age-matched non-DIO mice (n=19) but this difference 

was not statistically significant (Mann-Whitney U=116, p<0.24; Figure 5). A post-hoc 

power analysis indicated that at this effect size (d=0.63) and an α<0.05, the power (1-β error 

probability) of the experiment was 0.55. An a-priori power analysis using this same effect 

size in this slightly imbalanced design and a power of 0.80 indicated that sample sizes would 

need to be doubled (N=70; n=38 non-DIO, n=32 DIO) to achieve statistical significance at 

α<0.05. Setting the power at 0.95 indicated that the total sample size needed to achieve 

statistical significance would minimally require 120 animals (n=65 non-DIO, n=55 DIO).
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No significant differences were observed between dietary groups and body mass phenotypes 

for %MN-NCEs (Mann-Whitney U=16, p<0.50) or %MN-RETs (Mann-Whitney U=17.5, 

p<0.65).

52 Weeks of Age—The frequency of Pig-a mutant RBCs was significantly greater in the 

aged DIO mice when compared to the aged non-DIO mice (Mann-Whitney U=4, p<0.02), 

confirming what was observed in the same animals at 30 weeks of age. The difference was 

on average 3.7-fold higher in the DIO mice. The frequency of Pig-a mutant RETs was again 

on average higher (2-fold in this experiment) in the DIO mice, but this difference was not 

statistically significant (Mann Whitney U=20, p<0.92).

No significant differences were observed between dietary groups and body mass phenotypes 

for %MN-NCEs (Mann-Whitney U=20, p<0.93) or %MN-RETs (Mann-Whitney U=14, 

p<0.36).

After combining dietary groups at each sampling time-point, we conducted matched pairs 

analyses of %RETs, %MN-NCEs, and %MN-RETs using a Wilcoxon matched-pairs signed 

rank test. Samples from the mice at 52 weeks had significantly lower %RETs (median 

difference=-1.49, p<0.01), significantly higher %MN-NCEs (median difference=0.04, 

p<0.001), and significantly higher %MN-RETs (median difference=0.05, p<0.02) than the 

samples from 30 week old mice.

Mutant Frequencies in RBCs-Numerical Differences and Fold-Differences

Numerical estimates of the frequency of Pig-a mutants in RBCs (adjusted per million RBCs) 

and fold-differences in Pig-a mutant frequencies are presented in Figures 6a and 6b. 

Spontaneous mutant frequencies in the Pig-a gene in mice are exceptionally low. As such, 

the procedure uses an immunomagnetic separation/enrichment step in order to increase the 

total number of cells analyzed. This or other processing steps may contribute to the modest 

day-to-day variation observed in spontaneous Pig-a mutant RBC frequencies for these 

studies. Variation among experiments both among and within laboratories has been observed 

and documented in studies of Pig-a mutagenesis in rats though differences are considered 

modest and results are considered quite reproducible (Godin-Ethier et al. 2015; Johnson et 

al. 2016). Reducing such variation among rodent Pig-a mutation assays, especially for 

spontaneous mutant frequencies, remains an active area of research and development. In any 

event, fold-differences which serve to normalize this variability across experimental time-

points quite clearly show that Pig-a mutant frequencies in RBCs are consistently elevated in 

DIO mice compared to non-DIO mice, and these differences are maintained as mice age up 

to one year (Figures 6a and 6b).

Data on Pig-a mutant cell analysis and micronucleus analysis for all animals used in this 

study are available in Supplemental Tables I–III.

Discussion

Robust induction of Pig-a mutant phenotype cells by orally administered ENU (40 

mg/kg/day for 3 days) was expected. A significant 50-fold increase in Pig-a mutant RBCs 
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and RETs was induced by ENU. No significant difference with respect to obesity phenotype 

and ENU-induced mutagenesis was noted. Thus, the Pig-a biomarker reported expected 

mutant induction by this model exogenous, direct-acting genotoxicant in both non-DIO and 

DIO mice. As mentioned previously, a few samples were not amenable to Pig-a flow 

cytometric analysis because of cellular aggregation. This likely occurred due to some 

clotting of blood at the time of blood sampling that may affect Pig-a processing but not 

during the processing of samples for Pig-a staining and flow cytometric analysis. With a 

relatively small number of mice, conclusions are difficult, but in our limited experience, the 

DIO mice are more difficult to exsanguinate by cardiac puncture and tended to take more 

time to do so than their non-DIO counterparts. Opening the chest cavity immediately 

following euthanasia and exsanguinating the cardiac compartment directly was more 

effective as that was the approach we took in closing out the second experiment at 52 weeks.

As expected, ENU also induced a significant increase in the formation of micronucleated 

NCEs and RETs and a decrease in the %RETs indicating some degree of acute 

hematopoietic toxicity in both non-DIO and DIO mice. No significant difference was 

observed between phenotypes with respect to ENU-induced MN frequencies, but the sample 

size was probably too small for a compelling comparison.

Untreated and vehicle control treated male mice maintained on a high-fat diet over the time-

course of experiment 1 (24 weeks) had a significantly higher Pig-a mutant frequency (2.5-

fold) in RBCs than age-, strain-, and gender-matched mice that were maintained on a normal 

fat diet at 30 weeks of age. Mice in independent experiment 2 reared on the same source-

matched diets exhibited the same pattern in that male DIO mice had a significantly higher 

frequency (3.1-fold) of Pig-a mutants in RBCs compared to non-DIO mice. Therefore, the 

same outcome in terms of increased Pig-a mutant RBCs has been observed in untreated, 

gender- and age-matched mice from 2 independent experiments. The same mice in 

experiment 2 assayed again at 52 weeks had significantly higher frequencies (3.7-fold) of 

Pig-a mutants in RBCs. Thus, obesity in this mouse model appears to sustain this apparent 

increase in Pig-a mutants in RBCs at least up to 1 year. This increase in somatic mutant 

frequency is evident in the absence of any explicit exposure to mutagenic toxicants. The 

only exposure is to different proportions of calories driven by dietary fat content (10% fat 

non-DIO vs 60% fat DIO) that causes an obese phenotype in mice maintained on the high-

fat diet. The trends in RETs were similar to those in the RBCs but did not reach statistical 

significance. This is likely a function of scoring error and statistical power, in that far fewer 

RETs (5–7×106 RET equivalents in these experiments) are assayed in comparison to RBCs 

(130–200×106 RBC equivalents in these experiments).

DIO mice reared and maintained on a high-fat diet did not exhibit an age-matched increase 

in the frequency of micronucleated NCEs or RETs. This suggests that this phenotype is not 

associated with any substantial increase in the types of DNA damage that would be 

responsive to the micronucleus assay. We observed a small but significant age-related 

increase in micronucleus formation in Group 2 mice comparing %MN in these mice at 30 

weeks of age and again at 52 weeks of age. This has been demonstrated previously in mice 

including the C57BL/6J strain (Sato et al. 1995; Dass et al. 1997).
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At 30 weeks of age, the mice reared and maintained on the high-fat diet were obese and 

approximately 45% heavier in terms of body mass compared with the non-DIO, matched 

mice. Though body mass increased up to the 52 week time-point in both non-DIO and DIO 

groups, DIO mice were still on average approximately 42% heavier by mass than their non-

DIO counterparts. Taken together, this suggests that obesity as expressed in this mouse 

model is mutagenic as measured by the Pig-a mutation assay and that this mutant phenotype 

is maintained up to 1 year of age.

We hypothesize that biochemical and phenotypic obesity essentially creates an endogenous 

mutagenic environment in the absence of an overt exposure to exogenous mutagens. It is 

also plausible that the excess caloric intake of fats in the diet used in this study is genotoxic 

and mutagenic. Fats are important and necessary dietary macronutrients but under conditions 

of excessive intake, it is possible that increased lipid peroxidation and excess fatty acid 

metabolism through β-oxidation or by phase I metabolic enzymes increases the systemic 

content of genotoxic intermediates (Refsgaard et al. 2000; Robertson et al. 2001; Day 2002; 

Gonzalez 2005; Reddy and Sambasiva Rao 2006; Porubsky et al. 2008; Toshiro et al. 2009; 

Pizzimenti et al. 2013). Interestingly, a recent study in rats has found that malnutrition 

appears to increase the frequency of Pig-a mutants (Pacheco-Martínez et al. 2016). In light 

of our study, this might suggest that caloric and nutrient imbalance is mutagenic under 

malnourishment as well as overnourishment.

This hypothesis remains to be thoroughly tested using appropriate experimental designs and 

a range of genotoxicity endpoints as utilized herein. This includes using assays and/or other 

cell types amenable to DNA sequence and mutational analysis to verify whether or not 

observed mutant cells are in fact primarily the products of independent mutational events 

and not clonal expansion from a mutant progenitor(s). Even so, the current experiments 

suggest that obesity and/or a major dietary factor (high-fat content) contribute to a small but 

significant increase in somatic mutant frequencies as reported by the Pig-a gene mutation 

assay without exposure to a known exogenous mutagen. These initial data are consistent 

with the observation that obesity increases the risk of developing somatic mutation-based 

diseases such as cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Background or spontaneous frequencies of RBCs phenotypically mutant for Pig-a in 

Experimental Group 1 mice. Non-DIO mice (n = 12, 6 untreated, 6 vehicle control treated) 

were reared on a normal fat diet and DIO mice (n = 12, 6 untreated, 6 vehicle control 

treated) were reared on a high-fat diet. Mice assayed at 30 weeks of age. The frequency of 

mutant RBCs is significantly higher in DIO mice (p<0.025). Presented as median ± 

interquartile range.
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Figure 2. 
Frequencies of Pig-a mutant RBCs (A) and RETs (B) in untreated mice on either a normal-

fat diet (Non-DIO) or a high-fat diet (DIO) compared to ENU-treated (120 mg/kg/3 days) 

mice on their respective diets in Experimental Group 1 mice. Mutant RBCs and RETs are 

significantly higher in ENU-treated mice. Presented as median ± interquartile range.
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Figure 3. 
Frequencies of micronucleated normochromatic erythrocytes (%MN-NCEs; 3A) and 

micronucleated reticulocytes (%MN-RETs; 3B) in untreated mice on either a normal-fat diet 

(Non-DIO) or a high-fat diet (DIO) compared to ENU-treated (120 mg/kg/3 days) mice on 

their respective diets in Experimental Group 1 mice. %MN-NCEs and %MN-RETs are 

significantly higher in ENU-treated mice. Presented as geometric means ± 95% confidence 

intervals.
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Figure 4. 
Background or spontaneous frequencies of RBCs phenotypically mutant for Pig-a in 

Experimental Group 2 mice at 30 weeks of age. Non-DIO mice (n = 7) were reared on a 

normal fat diet and DIO mice (n = 6) were reared on a high-fat diet. The frequency of 

mutant RBCs is significantly higher in DIO mice (p<0.02). Presented as median ± 

interquartile range.
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Figure 5. 
Background or spontaneous frequencies of RETs phenotypically mutant for Pig-a in 

Experimental Groups 1 and 2 mice at 30 weeks of age combined. Non-DIO mice (n = 19) 

were reared on a normal fat diet and DIO mice (n = 16) were reared on a high-fat diet. The 

frequency of mutant RETs is not significantly higher in DIO mice (p<0.24). Presented as 

median ± interquartile range.
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Figure 6. 
Numerical estimates of the frequencies of Pig-a mutant RBCs (6A) and fold-differences 

(6B) in the frequencies of mutant RBCs normalized to their respective non-DIO samples in 

untreated mice on either a normal-fat diet (Non-DIO) or a high-fat diet (DIO). Mutant RBCs 

and associated fold-differences are significantly higher in DIO mice in both experiments and 

at both time points in experiment 2. Presented as arithmetic averages ± standard error of the 

mean.
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Table I

Body mass (in grams) of age-matched male mice at experimental sampling times for Pig-a mutation and 

micronucleus analysis.

Diet (% Calories from Fat) and Body Mass (in grams)

Experimental Group (age in weeks) Normal Fat (10%) High Fat (60%)

Group 1a (30 weeks) 33.5 (±2.7) 52.9 (±4.9)b

Group 2A (30 weeks) 35.6 (±2.4)c 48.8 (±2.6)b,c

Group 2B (52 weeks) 40.8 (±2.5)d 58.2 (±3.2)d,e

a
Does not include ENU-treated mice for either dietary regimen

b
Significantly higher body mass than normal-fat diet mice at 30 weeks (p < 0.0001)

c
Not significantly different from mice on respective diets among groups at 30 weeks

d
Significantly higher body mass than mice on respective diets at 30 weeks (p < 0.0001 for normal fat diet, p < 0.003 for high fat diet)

e
Significantly higher body mass than normal-fat diet mice at 52 weeks (p < 0.0001)
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