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Abstract

Folate is an essential B vitamin required for the de novo synthesis of purines, thymidylate and 

methionine. Folate deficiency can lead to mutations and genome instability, and has been shown to 

exacerbate the genotoxic potential of environmental toxins. We hypothesized that a folic acid (FA) 

deficient diet would induce genotoxicity in mice as measured by the Pig-a mutant phenotype 

(CD24−) and micronuclei (MN) in reticulocytes (RET) and red blood cells/normochromatic 

erythrocytes (RBC/NCE). Male Balb/c mice were fed a FA deficient (0 mg/kg), control (2 mg/kg) 

or supplemented (6 mg/kg) diet from weaning for 18 wk. Mice fed the deficient diet had 70% 

lower liver folate (p < 0.001), 1.8 fold higher MN-RET (p < 0.001), and 1.5 fold higher MN-NCE 

(p < 0.001) than mice fed the control diet. RETCD24− and RBCCD24− frequencies were not 

different between mice fed the deficient and control diets. Compared to mice fed the FA 

supplemented diet, mice fed the deficient diet had 73% lower liver folate (p < 0.001), a 2.0 fold 

increase in MN-RET (p < 0.001), a 1.6 fold increase in MN-NCE (p < 0.001) and 3.8 fold increase 

in RBCCD24− frequency (p = 0.011). RETCD24− frequency did not differ between mice fed the 

deficient and supplemented diets. Our data suggest that FA adequacy protects against mutagenesis 

at the Pig-a locus and MN induction in the red blood cells of mice.
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1. Introduction

Folate, an essential B vitamin, is required for the de novo synthesis of purines and 

thymidylate, and the remethylation of homocysteine to methionine. In conditions of folate 

deficiency, impaired folate metabolism can have genotoxic consequences. The rate of DNA 

synthesis is dependent on de novo purine synthesis. Reduced purine synthesis can result in 
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cell cytostasis and cytotoxicity, as well as aberrant DNA synthesis, repair and mutagenesis 

[1,2]. Reduced thymidylate synthesis can result in uracil incorporation into DNA. The DNA 

repair machinery attempts to remove the uracil, but in the presence of a high dUTP to dTTP 

ratio, uracil can be incorporated again. This futile cycle of uracil incorporation and repair 

can ultimately lead to double DNA strand breaks and genome instability [3]. Finally, 

impaired folate-dependent methionine synthesis can reduce S-adenosylmethionine 

(1AdoMet) synthesis. AdoMet is the main cellular methyl donor and perturbations in its 

availability influence methylation reactions, including that of DNA, RNA and histones, 

which can alter gene expression and genome stability. The genotoxic consequences of folate 

insufficiency, either through reduced folate intake or functional folate deficiency due to 

polymorphisms in folate-related genes, may contribute to cancer susceptibility and other 

folate-dependent pathologies.

The presence of micronuclei is indicative of chromosome damage that results in partial 

chromosome deletion, addition or rearrangement (clastogenicity), or whole chromosome 

gain/loss (aneugenicity). Micronuclei represent extranuclear chromosome fragments or 

whole chromosomes that lag behind during anaphase that have not been included in the 

nucleus when the nuclear envelope reforms [4,5]. Higher dietary folate intake has been 

associated with lower micronucleus (MN) frequency in an Australian population [6]. Human 

lymphocytes cultured in folate deficient media exhibit DNA double strand breaks [3], 

reduced DNA repair [3] and MN formation [7–9]. Further, functional folate deficiency due 

to single nucleotide polymorphisms (SNPs) in folate-related genes has been associated with 

MN formation in lymphocytes [10].

Although the evidence for a relationship between folate and chromosome stability is strong, 

there is less evidence for its direct effect on gene mutations in vivo. Most studies have 

focused on the exacerbating effect of folate deficiency on mutagen-induced mutations. For 

example, folate deficiency was shown to exacerbate the mutagenic potential of alkylating 

agents at the hprt locus in human lymphoblastoid cell lines [11], Chinese hamster ovary cells 

[12] and in mice [13]. There is limited and contrasting evidence for the effect of folate 

deficiency alone. For example, folate deficiency was shown to cause an increased mutation 

frequency at the aprt locus in cultured Chinese hamster ovary cells, an effect that was 

increased further in DNA-repair deficient cells [14]. However, Balb/c mice fed a diet lacking 

both choline and FA for eight weeks exhibited no increase in Expanded Simple Tandem 

Repeat (ESTR) mutation frequencies in sperm [15]. Analysis of the cII mutation reporter 

gene in Big Blue mice fed a FA deficient diet from 3 months of age for 8 months also did 

not reveal significant increases in mutation frequency in colons [16]. Furthermore, mutant 

frequency in the Muta™Mouse lacZ reporter gene was not increased in the colons of mice 

whose mothers were fed a low FA versus high FA diet during pregnancy [17]. Thus, our 

understanding of the repercussions of folate deficiency or supplementation on gene 

mutations, especially in vivo or in a range of somatic cell types, is limited.

In an attempt to elucidate the effect of altered folate metabolism on genotoxicity, we 

recently showed that male Balb/c mice fed a folic acid (FA) deficient diet for 12 weeks 

followed by a three week wash-out period during which the mice were fed a FA sufficient 

diet had a higher MN frequency in normochromatic erythrocytes (MN-NCE), but not 

MacFarlane et al. Page 2

Mutat Res. Author manuscript; available in PMC 2016 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reticulocytes (RET) [18]. Balb/c mice fed a FA deficient diet for multiple generations had an 

amplified MN-NCE frequency and a higher MN-RET frequency than mice fed a control diet 

[18]. These mice also had a higher DNA fragmentation index and a 2-fold higher ESTR 

mutation frequency in sperm [19]. We found no difference in ESTR mutation frequency in 

sperm between mice fed a FA supplemented diet and a control diet, which to our knowledge, 

is the only study to examine the effect of FA supplementation on mutation.

Here we have used a modified study design in which mice were fed FA defined diets from 

weaning for 18 weeks without a control diet wash-out period to determine the direct 

genotoxic potential of FA deficiency on Pig-a mutant (CD24−) phenotype and MN 

frequencies in the red blood cells (RBC) of male Balb/c mice. The Pig-a gene is found on 

the X chromosome and encodes for the phosphatidylinositol glycan-class A protein that is 

required for glycosylphosphatidylinosital (GPI) anchored protein expression on the surface 

of erythrocytes. Pig-a mutations therefore result in GPI anchor deficiency and the frequency 

of RET and RBC with a Pig-a mutant phenotype (absence of the surface marker) can be 

assessed by flow cytometry using antibodies for GPI-anchored cell surface markers such as 

CD24 [20]. Simultaneous sampling for the Pig-a and MN assays allows for the 

determination of two genotoxic endpoints representing mutagenicity, and clastogenicity or 

aneugenicity, respectively, and their relationship to folate status and uracil content in DNA. 

The FA content of the diets used in our study was physiologically relevant: the deficient diet 

does not result in obvious clinical manifestations such as weight loss [18]; the control diet 

represents adequate dietary FA intake; and the supplemented diet approximates the 

combined intake of FA from fortified foods and supplements available on the Canadian 

market.

2. Materials and methods

2.1. Mice

All mice were cared for in accordance with the Guidelines of the Canadian Council on 

Animal Care, described in their Guide to the Care and Use of Experimental Animals [21]. 

The study was approved by the Health Canada Animal Care Committee. Eighteen three 

week old male weanling Balb/c mice were purchased from Charles River Laboratories (Saint 

Constant, QC). They were fed one of three FA-defined diets (n = 6/group) based on the 

AIN-93G formula [22], as published earlier [18]; deficient, adequate/control, or 

supplemented. The FA deficient diet contained 0 mg FA/kg diet, the FA control diet 

contained 2 mg FA/kg diet and the FA supplemented diet contained 6 mg FA/kg diet (Dyets, 

Inc, Bethlehem, PA). Mice were fed the diets for 18 weeks ad libitum.

A single 12-wk-old male C57BL/6 mouse that had been fed a fixed-formula, nonpurified 

diet (Teklad Diets, Madison WI) was injected intraperitoneally with 80 mg/kg 

ethylnitrosourea (ENU) (Sigma–Aldrich, Oakville, ON) 20 days before being killed to serve 

as a positive control for the Pig-a mutation assay.
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2.2. Sample collection

Mice were anesthetized under isoflurane and blood was drawn by cardiac puncture. A needle 

and syringe were pre-coated with 200–300 μl of anticoagulant solution provided by Litron 

Laboratories (Rochester, NY) prior to drawing the blood. The whole blood-anticoagulant 

mix was collected in EDTA coated Vacutainer® tubes and shipped overnight on ice to Litron 

Laboratories for Pig-a and MN mutation analysis (performed in-kind by Litron 

Laboratories). One Pig-a analysis sample was lost during shipping and was therefore not 

analysed. Livers were immediately dissected and snap-frozen in liquid nitrogen.

2.3. Liver folate

Liver folate was measured using the Lactobacillus casei microbiological assay [23]. Folate 

content was normalized to total protein, which was determined by the modified Lowry assay 

[24].

2.4. Micronucleus detection

Blood was fixed in methanol and cells prepared for flow cytometric analysis using a three-

color labeling method, as previously described [25]. The mean number of cells analyzed was 

1.08 × 106 cells/sample with a minimum of 0.85 × 106 cells/sample.

2.5. Pig-a assay

Whole blood samples were processed using an immunomagnetic separation step and cells 

were stained with anti-CD24-PE and anti-CD61-PE for flow cytometric analysis as 

previously described [26,27]. The mean number of cells analyzed for %RET was 1.58 × 105 

cells/sample with a minimum of 1.45 × 105 cells/sample, for RBCCD24− the mean number of 

cells analyzed was 1.51 × 108 cells/sample with a minimum of 1.39 × 108 cells/sample, and 

for RETCD24− the mean number of cells analyzed was 4.09 × 106 cells/sample with a 

minimum of 3.39 × 106 cells/sample.

2.6. Uracil content in DNA

DNA was extracted from liver tissue using a High Pure PCR Template Preparation Kit 

(Roche Diagnostics, Indianapolis, IN) per manufacturer’s instructions and including RNase 

treatment. This was followed by a second purification with the High Pure PCR Product 

Purification Kit (Roche Diagnostics). Uracil content in DNA was analyzed by GC–MS, as 

previously described using 4 μg DNA per sample [28].

2.7. Statistics

Data are presented as mean ± SEM. The p value cut-off for significance was <0.05 for all 

analyses. Body weight gain, liver folate and DNA uracil content were analyzed using One-

way ANOVA with the Holm-Sidak post-hoc test for all-ways comparison. Body weight over 

time was analyzed using a Two-way ANOVA with Holm-Sidak post-hoc test for all-ways 

comparison. Correlations were determined using the Pearson Product Moment correlation 

test. These analyses were performed in SigmaPlot for Windows, version 11.0 (Systat 

Software, Inc.).
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For %RET, MN-RET, MN-NCE, RETCD24−, and RBCCD24−, generalized estimating 

equations (GEEs) [29,30] assuming a Poisson distribution for the error was applied using the 

geepack library [31–33] in R [34]. GEEs are semi-nonparametric, and provide an alternative 

to generalized linear models. GEEs only require specification of the first two moments, the 

mean and the variance. In this analysis, a log link function was used and the results were 

back transformed to the original scale. The delta method was used to estimate the back 

transformed standard errors. The Grubbs test on the residuals was used to identify potential 

outlier values.

3. Results

3.1. Body weight

No differences were observed in body weight gain between the mice fed the control and FA 

deficient diets from weaning until the end of study (Fig. 1). However, by the end of study, 

mice fed the FA supplemented diet gained approximately 2 g less than mice fed the FA 

deficient and control diets over the study period (p = 0.005) (Fig. 1, inset). The difference in 

weight between the groups was significant from 13 to 16 wk of age (p < 0.05).

3.2. Liver folate and DNA uracil content

Liver folate was 70 and 73% lower in the mice fed the FA deficient diet compared to those 

fed the control (p < 0.001) and supplemented (p < 0.001) diets, respectively (Table 1). The 

12% lower liver folate in the mice fed the control diet compared to mice fed the 

supplemented diet was not significant (p = 0.17). We did not observe a significant difference 

in liver DNA uracil content among the dietary groups. Liver folate and liver DNA uracil 

content did not correlate significantly.

3.3. Pig-a mutant frequency

The %RET, as measured by the In Vivo MutaFlow® Pig-a mutation assay, did not differ 

between mice fed the deficient and control diets; %RET was 6% lower in mice fed the 

supplemented diet compared to mice fed the control diet (p = 0.015)(Fig. 2, panel A). Mice 

fed the deficient diet had 2.2 fold higher RBCCD24− frequency compared to mice fed the 

control diet, although this was not statistically significant (Fig. 2, panel B; p = 0.23). The 

RBCCD24− frequency was 3.8 fold higher in mice fed the deficient diet compared to mice fed 

the supplemented diet (p = 0.011). The RBCCD24− frequency was 2.2 fold higher in mice fed 

the deficient compared to those fed the supplemented diet (p = 0.17) with the removal of one 

potential outlier mouse (Grubbs outlier test, p = 0.05) from the deficient diet group with a 

high RBCCD24− frequency. RETCD24− frequency did not differ among the diet groups (Fig. 

2) %RET, RBCCD24− and RETCD24− did not correlate significantly with either liver folate or 

DNA uracil content. The positive control, a single mouse injected with 80 mg/kg ENU, had 

3.2% RET, 46 × 10−6 RBCCD24−, and 159.1 × 10−6 RETCD24−, representing a 1.2, 62 and 

295 fold increase relative to control diet fed mice.

RBCCD24− and MN-NCE frequencies correlated (Correlation coefficient: 0.55, p = 0.024); 

however, RETCD24− and MN-RET frequencies did not correlate. %RET measured by the In 
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Vivo MicroFlow® and In Vivo MutaFlow® assays correlated (Correlation coefficient: 0.70, p 
= 0.0016).

3.4. Micronucleus frequency

The %RET, as measured with the In Vivo MicroFlow® Micronucleus assay, was 14% lower 

in mice fed either the deficient (p = 0.0099) or supplemented (p = 0.0019) diets compared to 

mice fed the control diet (Fig. 3, panel A). %RET was not different between the deficient 

and supplemented mice. The frequency of MN-NCE was 1.5 and 1.6 fold higher in mice fed 

the deficient diet compared to mice fed either the control (p < 0.0001) or supplemented (p < 

0.0001) diets, respectively (Fig. 3, panel B). Similarly, the frequency of MN-RET was 1.8 

fold higher in mice fed the deficient diet compared to mice fed the control diet (p < 0.0001) 

and 2.0 fold higher than those fed the supplemented (p < 0.0001) diet (Fig. 3, panel C). 

There were no differences in MN-NCE and MN-RET between the mice fed the control and 

supplemented diets. MN-RET (Correlation coefficient: −0.83, p < 0.0001) and MN-NCE 

(Correlation coefficient: −0.88, p < 0.0001) were negatively correlated with liver folate 

concentration, but not with liver DNA uracil content.

4. Discussion

Folate deficiency is associated with increased risk for neural tube defects (NTDs) and many 

cancers. Its role in nucleotide synthesis and cellular methylation potential, and thereby its 

genotoxic potential, provide plausible mechanisms by which folate modifies disease risk. 

Our study design allowed for the simultaneous measurement of two key genotoxic 

endpoints, gene mutation and chromosomal aberrations (clastogenicity or aneugenicity). Our 

data suggest that, at minimum, an adequate FA intake reduces the modestly mutagenic 

potential of folate deficiency, as demonstrated by a significant reduction in RBCCD24− 

frequency in mice fed the FA supplemented diet compared to mice fed a deficient diet. We 

also clearly demonstrate that the induction of somatic cell genome instability by folate 

deficiency in mice can be prevented by adequate FA intake, as demonstrated by a >50% 

higher MN-NCE and an 80% higher MN-RET frequency in mice fed the FA deficient diet 

compared to mice fed a control diet. Compared to the control diet, FA supplementation did 

not provide additional reduction in RBCCD24− or MN frequency, but neither was it 

detrimental.

Because of its important role in the de novo synthesis of nucleotides, altered folate 

metabolism has been hypothesized to cause mutations. We show that mice with at least 

adequate FA intake were protected from Pig-a mutations, as indicated by a lower RBCCD24− 

frequency compared to mice fed the deficient diet. However, the effect of folate deficiency 

on RBCCD24− frequency was modest, being lower than many known chemical mutagens. For 

example, our positive control mouse injected with the strong mutagen ENU had 46 × 10−6 

RBCCD24− compared to 1.6 × 10−6 RBCCD24− in folate deficient mice. Control diet fed mice 

had 0.7 × 10−6 RBCCD24−. Similarly, mice exposed to 25 mg benzo(a) pyrene/kg/day for 28 

days had ~25 × 10−6 RBCCD24− [35]. Eight weak mutagens were found to induce what were 

described as modest increases in Pig-a mutant cell frequency in Sprague Dawley rats in a 28 

day sub-acute exposure study [27], a design that is comparable to our dietary intervention. 

MacFarlane et al. Page 6

Mutat Res. Author manuscript; available in PMC 2016 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For example, rats exposed to cyclophosphamide for 28 d had a 4.6 fold higher RBCCD24− 

frequency compared to vehicle [27]. In comparison, a FA deficient diet resulted in, at best, a 

~2–3 fold higher RBCCD24− frequency relative to a FA control or supplemented diet.

We did not detect an effect of folate deficiency on RETCD24− frequency, despite a significant 

increase in RBCCD24− frequency. This observation could be explained by the limits of the 

Pig-a MutaFlow® assay with respect to the relatively low number of RETs that are evaluated 

per sample compared to RBCs; the MutaFlow® assay analyzes approximately 40 fold more 

RBCs than RETs. As such, the effect size of folate deficiency (~2–3 fold) on RBCCD24− 

frequency is likely near the detection limit of the RET-based analysis given sample sizes of 

5–6 per group. Thus, the larger number of RBCs analyzed coupled with their longer half-life 

allows for the detection of modest increases in Pig-a mutant frequency.

Folate deficiency can result in uracil incorporation into DNA, as well as genome 

hypomethylation. Both of these circumstances can lead to DNA double strand breaks and 

chromosome instability. We found that the FA deficient diet induced a 1.8–2.5 fold and 1.5–

1.6 fold higher MN-RET and MN-NCE frequencies, respectively, compared to mice fed the 

control or supplemented diets. These frequencies are of a similar order of magnitude as 

exposure to sub-acute 28 d exposures to known environmental clastogens. For example, 

Muta™Mouse exposed to 25 mg benzo(a) pyrene/kg/day had ~3 fold higher [35] and 

Sprague Dawley rats exposed to 62.5 or 125 mg hydroxyurea/kg/day had a ~2.5 or 7 fold 

higher MN-RET frequency [27].

Although we demonstrated that MN frequency correlated with liver folate concentration, it 

was not correlated with liver DNA uracil content. These results can be interpreted in two 

ways: MN frequency was not dependent on DNA uracil content leaving changes in genome 

methylation as a potential causal mechanism for genome instability; or, liver DNA uracil 

content is not representative of DNA uracil content in other tissues, perhaps due to 

comparatively lower cellular turnover. While this study cannot exclude a role for genome 

methylation in MN formation, we favor the latter interpretation for a number of reasons. The 

first is that in our previous analysis we found that MN-RET and MN-NCE frequency 

correlated with DNA uracil content in bone marrow cells in a mouse model of long term, 

trans-generational folate deficiency [18]. Second, we showed that while bone marrow DNA 

uracil content was correlated with MN frequency, global DNA methylation was not [18]. 

Third, we and others have shown that the rate and degree of folate depletion due to low 

folate intake varies by tissue and that tissues characterised by rapid cell proliferation, such as 

the colon, deplete faster and to a lower relative concentration than liver [36–38]. Finally, 

while MN-RET and MN-NCE frequencies correlated with liver folate, liver folate did not 

correlate with liver DNA uracil content. Therefore, the association of liver DNA uracil 

content with MN frequency in RBC may not be expected to correlate. Ideally, we would 

have measured uracil in the DNA of bone marrow cells to specifically examine this 

relationship.

In our previous study, we observed that MN-NCE, but not MN-RET frequency, was 

significantly higher in mice fed a FA deficient diet compared to those fed a control diet 

followed by a 3 week wash-out period on a control diet [18]. In contrast, we report here that 
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both MN-RET and MN-NCE frequency were higher in mice fed a FA deficient diet in the 

absence of a wash-out period compared to mice fed the control diet. These differing 

observations can be explained by the short lifespan of RET compared to RBC (days vs. 

weeks). RET exposed to the deficient or control diet would have matured to RBC leaving the 

RET pool during the 3 week control diet wash-out period. In addition, MN-RET would not 

be replenished during the 3 week period because bone marrow precursors would no longer 

be exposed to the dietary intervention. MN formation in progenitor bone marrow cells can 

induce senescence [39] or apoptosis [40], which would lead to their eventual elimination 

from the circulating RET, and later RBC, pool. The data indicate that the MN-RET or MN-

NCE frequency is dependent on folate status, as has been observed previously [41], but that 

the effect is transient and can be corrected with adequate or supplemental FA intake [42].

Finally, we observed a modest effect of dietary FA on the %RET in circulation, an index of 

bone marrow toxicity. As might be expected because of its negative effect on genome 

stability and nucleotide synthesis, folate deficiency was associated with a small but 

significant decrease in the %RET compared to folate adequacy, as measured by the In Vivo 
MicroFlow® assay, but not the In Vivo MutaFlow® assay. These discrepancies may result 

from differences in the RET assays; the MicroFlow® assay measures cell surface expression 

of CD71, whereas the MutaFlow® assay measures RET based on RNA content. Perhaps 

unexpectedly, FA supplementation also resulted in 5–14% lower %RET compared to control 

mice, in both assays. The presence of unmetabolized FA in circulation, as can occur in cases 

of high FA intake, has been hypothesized to negatively affect folate metabolism [43–45]. 

The enzyme dihydrofolate reductase (DHFR) sequentially reduces FA to DHF and 

tetrahydrofolate (THF); DHF is an inhibitor of methyleneTHF reductase (MTHFR) and 

thymidylate synthase (TYMS) [46,47]. As such, its accumulation could reduce the synthesis 

of 5-methylTHF by MTHFR, which is required for homocysteine remethylation and 

maintenance of cellular methylation capacity, or decrease the capacity for TYMS-dependent 

de novo thymidylate synthesis. Therefore, the accumulation of DHF could theoretically lead 

to chromosome breaks and genome instability through a “functional” folate deficiency. 

However, we did not observe an increase in MN frequency in mice fed the FA supplemented 

diet in this or our previous study [18]. The FA supplemented mice did, however, demonstrate 

lower weight gain compared to mice fed the FA deficient or control diet, a finding that we 

have not observed previously [18]. Whether the lower %RET in FA supplemented mice is 

reproducible, or is due to their lower weight gain or a toxic effect on the bone marrow will 

need to be further explored.

Our study has a number of strengths and limitations. Strengths of the study include the use 

of the In Vivo MicroFlow® and In Vivo MutaFlow® assays to simultaneously determine 

RET and RBC MN and Pig-a mutant frequencies using a very small sample volume. These 

sensitive flow cytometry-based analytical methods allow for the detection of low numbers of 

MN and Pig-a mutant frequencies, as well as the identification of small differences between 

experimental groups due to the large number of blood cells examined. A limitation of the 

study includes the relatively small sample sizes, which could have limited our power to 

detect a modest effect size of folate deficiency, as may have been the case for RETCD24−. 

Also, the assessment of folate status and DNA uracil content in a tissue that was different 
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than in which the Pig-a mutant and MN frequencies were measured likely limited our 

interpretation of the relationship between these factors.

In conclusion, we have demonstrated that folate deficiency is genotoxic; it is modestly 

mutagenic at the Pig-a locus, and induces blood cell MN at frequencies comparable to 

known chemical mutagens. Conversely, adequate FA intake protects somatic cells from these 

genotoxic effects, while FA supplementation provides little additional benefit. These 

findings provide mechanistic insights into the association between altered folate metabolism 

and DNA mutagenesis. Whether these associations can be extended to explain folate-

dependent processes that underlie folate-dependent NTDs or cancers will require further 

investigation.
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Abbreviations

AdoMet S-adenosylmethionine

DHF dihydrofolate

DHFR DHF reductase

ENU ethylnitrosourea

ESTR Expanded Simple Tandem Repeat

FA folic acid

MTHFR 5,10-methylenetetrahydrofolate reductase

MN micronucleus

CD24− Pig-a mutant phenotype

NCE normochromatic erythrocyte

RBC red blood cell

RET reticulocyte

THF tetrahydrofolate

TYMS thymidylate synthase
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Fig. 1. 
Body weight and weight gain of male mice fed folic acid defined diets. Circles, deficient 

diet; diamonds, control diet; squares, supplemented diet. Body weight change over time was 

compared among the diet groups by Two-way ANOVA, Holm-Sidak post-hoc analysis all-

ways comparisons. An asterisk (*) indicates a significant difference between the deficient 

and supplemented diets at that time point (p ≤ 0.002) and a dagger (†) indicates a significant 

difference between the control and supplemented diets (p ≤ 0.04). Inset, total body weight 

gain. Closed bars, deficient diet; open bars, control diet; grey bars, supplemented diet. 

Weight gain was compared among the diet groups by One-way ANOVA, Holm-Sidak post-

hoc analysis for all-ways comparison; p values are indicated for comparisons that were 

significantly different (p < 0.05). Data are presented as mean ± SEM. n = 6/diet group.
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Fig. 2. 
Percent reticulocytes and blood cell Pig-a mutant frequency in male mice fed folic acid 

defined diets. Panel A, % reticulocytes, Panel B, Pig-a mutant RBC frequency (RBCCD24−), 

and Panel C, Pig-a mutant reticulocyte frequency (RETCD24−). Diamonds, squares and 

triangles represent mice fed the folic acid deficient (n = 6), control (n = 5) or supplemented 

(n = 6) diets, respectively. The line represents the mean for each group. Differences among 

the diet groups were assessed using generalized estimating equations assuming a Poisson 

distribution for the error. P values are indicated for comparisons that were significantly 

different (p < 0.05).
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Fig. 3. 
Percent reticulocytes and micronucleus frequency in male mice fed folic acid defined diets. 

Panel A, % reticulocytes, Panel B, normochromatic erythrocyte micronucleus frequency 

(MN-NCE), and Panel C, reticulocyte micronucleus frequency (MN-RET). Diamonds, 

squares and triangles represent mice fed the folic acid deficient (n = 6), control (n = 6) or 

supplemented (n = 6) diets, respectively. The line represents the mean for each group. 

Differences among the diet groups were assessed using generalized estimating equations 

assuming a Poisson distribution for the error. P values are indicated for comparisons that 

were significantly different (p < 0.05).
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Table 1

Liver folate and uracil content in liver DNA in mice fed folic acid defined diets.

Diet8 n Folate (fmol/μg protein) Liver uracil (pg/μg DNA)

Deficient 6 20.2 ± 2.2a 0.312 ± 0.023

Control 6 66.7 ± 5.9b 0.371 ± 0.032

Supplemented 6 75.2 ± 3.5b 0.351 ± 0.039

ANOVA p value* < 0.001 0.48

*
One-way ANOVA and Holm-Sidak test for all-ways comparison. Values in a column that do not share a letter are significantly different, p < 0.05.
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