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Abstract

Folic acid deficiency during conception up to the end of the third month of gestation is believed to play the most important factor in neural

tube defects (NTDs). However, the exact molecular mechanism remains to be elucidated. It has been suggested that transforming growth

factor-h (TGF-h1) and insulin-like growth factor-1 (IGF-1) play a critical role in supporting bone formation. Therefore, folic acid deficiency

may contribute to NTD occurrence via decreased TGF-h1 and IGF-1 expression. This study aimed to determine the correlation between folic

acid deficiency and the expression of TGF-h1 and IGF-1 in rat skull bone. Thirty female Sprague–Dawley rats were divided into three

groups. Purified diet containing 5 (restricted), 15 (low) and 30 Ag (normal) of folic acid was given to the first, second and third groups,

respectively. At 16 weeks of a given diet, blood samples were taken to examine folic acid (folate immunoassay method), TGF-h1 and IGF-1

(enzyme-linked immunosorbent assay method) levels. After forced mating, on the 18th–19th day of gestation (E18–19), the pregnant rats

were subjected to hysterectomy. The skull bone samples of E18–19 rats were taken to examine the TGF-h1 and IGF-1 protein expression by

immunohistochemistry. The folic acid-restricted diet (5 Ag) resulted in decreased serum TGF-h1 and IGF-1 levels. Furthermore, protein

expression of TGF-h1 and IGF-1 in E18–19 rat skull bones was also significantly lower in the folic acid-restricted diet than in the normal

diet. Folic acid deficiency could result in reduction of TGF-h1 and IGF-1 protein levels and might contribute to formation of defects in the

skull bone as observed in mengingocele patients.

D 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Meningocele is defined as a congenital defect with

herniation of the meninx layer and cerebral fluid through a

defect in the skull bone. In cases where the brain tissue

herniated, the term meningoencephalocele or encephalocele

is used [1–3]. These abnormalities are called neural tube

defects (NTDs) [4–6].

Previous reports have suggested that folic acid defi-

ciency during conception up to the end of the third month

of gestation is the most important factor responsible for

NTD. However, its molecular mechanism remains un-

known [3,7,8].

In embryologic development, many speculations were

raised to explain the cause of skull bone defect formation.

One hypothesis follows the neurulation disorder theory,
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which states that the neuralgic ectoderm stays attached to

the epidermis ectoderm in the midline occipital bone during

organogenesis early in the pregnancy. Thus, there is a

hindrance to the bone-forming mesoderm cells’ migration to

the attachment site of the two ectoderm layers. This

condition causes no bone formation in the respective site;

hence, a defect is formed.

Another nonseparation theory has suggested that there is

no explanation for the nonseparation of the two ectoderm

layers [3]. It is assumed that mediator substance, such as

growth factors, plays an important role, especially the

growth factors that synthesize bone tissues, such as trans-

forming growth factor-h (TGF-h), in particular, TGF-h1
and insulin-like growth factor-1 (IGF-1) [9–11]. Previous

studies have suggested that TGF-h1 and IGF-1 supported

the function of bone cells [12–14].

In contrast to bone defect, for instance, in craniosinos-

tosis cases (cranium suture closes before its proper time) and

acromegaly, there have been numerous research that
ochemistry 17 (2006) 51–56
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revealed the increase in activity of those two growth factors

in supporting bone overgrowth [11,14]. Accordingly,

TGF-h1 and IGF-1 expression levels seem to be a critical

factor in bone formation.

An increasing body of evidence has raised an interesting

issue, which claims that administering folic acid supplement

during the periconception period might prevent the occur-

rence and reoccurrence of approximately 70% of NTD cases

[15,16]. Therefore, folic acid may be involved in bone

growth and formation during pregnancy.

However, the mechanism by which folic acid deficiency

could prevent meningocele remains to be elucidated. One

possible explanation is that folic acid deficiency may affect

TGF-h1 and IGF-1 levels, which may disturb these growth

factor functions in bone formation. However, there is a lack

of study that investigates the correlation between folic acid

deficiency and TGF-h1 and IGF-1 levels.

The present study was conducted to determine the

correlation between folic acid deficiency and TGF-h1 and

IGF-1 levels in pulp skull bone. We observed that folic

acid-restricted diet (5 Ag) results in a decrease in serum

TGF-h1 and IGF-1 levels. Furthermore, protein expres-

sion of TGF-h1 and IGF-1 in pulp skull bones was signi-

ficantly lower in the folic acid-restricted diet than in the

normal diet (30 Ag of folic acid). We also observed to a

similar extent a decrease in TGF-h1 and IGF-1 expression

in meningocele patients.
2. Materials and methods

Anti-rat TGF-h1 and anti-rat IGF-1 antibodies were

purchased from Santa Cruz Biotechnology. Monoclonal

antibody for folate binding protein/folate immunoassay was

obtained from R&D Systems.

2.1. Animal care and handling

Thirty 6- to 8-week-old female Sprague–Dawley rats

were randomly divided into three groups; each group

consisted of 10 female rats, with an average weight of

250 g. Group A was given a diet containing very low folic

acid, 5 Ag (restricted); Group B, 15 Ag (low); and Group C,

30 Ag (normal). The process of preparing diets was based

on standard books about nutrient and micronutrient contents

[17,18], with a composition of 350 g of glucose, 100 g of

casein, 70 g of cellulose, 5 g of succinyl-sulphatiazol, 5 g

of choline-Cl, 15 ml of sunflower oil, 100 ml of mineral,

20 ml of trace element and 0.6 ml of mixed vitamin

(without folic acid).

The diets were administered for 16 weeks. On the 16th

week, blood was taken to measure the serum and

erythrocyte folic acid levels as well as serum TGF-h1
and IGF-1 levels. All female rats were then mated with

male Sprague–Dawley rats to induce pregnancy. On the

18th–19th day of gestation, the pregnant rats were sub-

jected to hysterectomy. The care and use of the animals
strictly followed the guidelines of the Animal Research

Committee of Brawijaya University Medical faculty.

2.2. Measurement of serum and erythrocyte folic acid levels

One milliliter of whole blood was collected from the tail

vein of female rats (total 30 rats) at 2:00 p.m. The folic acid

level was measured by folate immunoassay method (FIM)

as previously described [8,19].

2.3. Measurement of serum TGF-b1 and IGF-1 levels

One milliliter of serum was collected from the tail vein of

female rats at 2:00 p.m. The TGF-h1 and IGF-1 levels were

measured by enzyme-linked immunosorbent assay (ELISA).

The wavelength absorbance at 450 and 620 nm was used

after incubation and addition of stop solution.

2.4. Measurement of skull bone TGF-b1 and IGF-1 levels

Pregnant rats were subjected to hysterectomy on the

18th–19th day of gestation (E18–19), and embryos were

operated on to remove the base frontal bone and midline

occipital bone. The skull bones were then fixed in formalin

and subjected to immunohistochemistry using anti-rat TGF-

h1 and anti-rat IGF-1 antibodies [11]. The stained cells were
randomly counted in five different places of the counting

area. These semiquantitative data were further analyzed by a

statistical test.

2.5. Statistical analysis

The significance of differences between groups was

determined by paired-sample t test and one-way analysis

of variance. Values were considered significantly different

if P was b .05. A test was performed using Statview/

SPSS software.
3. Results

3.1. Erythrocyte and serum folic acid level in maternal rats

As shown in Fig. 1, there was a significant difference in

erythrocyte folic acid level between Groups A (very low

folic acid) and B (low folic acid). This significant

difference was further increased when the erythrocyte folic

acid level of Group A was compared with that of Group C

(normal folic acid). The observation suggested that the

folic acid-restricted diet resulted in a significant decrease

in erythrocyte folic acid levels. However, we could not

detect any significant difference in erythrocyte folic acid

level between Groups B and C.

There was a significant difference in serum folic acid level

between Groups A and B (see Fig. 2). We also observed a

significant difference in serum folic acid level among all three

groups. Therefore, the folic acid-restricted diet successfully

reduced the erythrocyte and serum folic acid level in this

study. Accordingly, this model could be useful in evaluating

the effect of folic acid deficiency on the measurement of skull

bone TGF-h1 and IGF-1 expression levels.



Fig. 3. A very-low-folic acid diet resulted in decreased TGF-h1 protein

expression. Only by administration of very-low-folic acid diet did a

significant decrease in serum TGF-h1 level result. Low-folic acid diet did

not change serum TGF-h1 protein level significantly. The TGF-h1 protein

level was measured by ELISA as described in the Materials and Methods.

Fig. 1. Decreased erythrocyte folic acid level of maternal rats in response to

a very-low-folic acid diet. The folic acid-restricted diet resulted in a

significant decrease in erythrocyte folic acid levels. There was no

significant difference in erythrocyte folic acid level between Groups B

and C. The diets were administered for 16 weeks. On the 16th week, blood

was taken to measure the erythrocyte folic acid levels. The folic acid level

was measured by FIM.
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3.2. TGF-b1 and IGF-1 levels in maternal serum

In the presence of a decreased serum folic acid level, we

wanted to determine whether the decrease in folic acid level

may coincide with a down-regulation of serum TGF-h1 and

IGF-1 levels in these rats. As shown in Fig. 3, there was a

significant difference in serum TGF-h1 level either between

normal- and very-low-folic acid diet or between low- and

very-low-folic acid diet. However, comparing the serum

TGF-h1 level of low-folic acid diet and normal-folic acid

diet, we could not find any significant difference. Therefore,

only by administration of very-low-folic acid diet did a

significant decrease in serum TGF-h1 level result. Fig. 4
Fig. 2. Decreased serum folic acid level of maternal rats in response to very-

low- and low-folic acid diets. The folic acid-restricted diet resulted in a

significant decrease in serum folic acid levels. The diets were administered

for 16 weeks as described in the Materials and Methods. On the 16th week,

blood was taken to measure the erythrocyte folic acid levels. The folic acid

level was measured by FIM.
shows a significant difference in serum IGF-1 level between

Groups A (very low folic acid) and C (normal folic acid),

even if Group B (low folic acid) showed a significant

difference in serum IGF-1 level compared with the other

two groups. These data suggested that a folic acid-restricted

diet (5 Ag) was necessary to induce a significant down-

regulation of serum IGF-1 and TGF-h1 levels, whereas a

low-folic acid diet (15 Ag) did not significantly affect either

the serum TGF-h1 or the IGF-1 level.

3.3. TGF-b1 and IGF-1 level in the skull bone of E18–19 rats

We then examined the TGF-h1 and IGF-1 protein levels in
the skull bone of rat embryos, to determine whether the folic

acid-restricted diet resulted in decreased TGF-h1 and IGF-1
Fig. 4. Decreased IGF-1 protein expression in a very-low-folic acid diet.

Low-folic acid diet did not change serum IGF-1 protein level significantly.

Only by administration of a very-low-folic acid diet did a significant

decrease in serum TGF-h1 level result. The IGF-1 protein level was

measured by ELISA as described in the Materials and Methods.



Fig. 5. TGF-h1 expression in the skull bone of E18–19 rat embryos. Immunohistochemistry with peroxide method followed by Mayer–Harris hematoxylin

counterstaining of monoclonal anti-TGF-h1 antibody was used to detect TGF-h1 expression. A red-brownish appearance (arrow) is a typical sign of the TGF-

h1 expression, which differs in each group. The more intense and wider the red-brownish appearance, the higher the TGF-h1 level in the base frontal skull

bone. (A) Very-low-folic acid diet. (B) Low-folic acid diet. (C) Normal-folic acid diet. The stained cell specific for TGF-h1 protein was calculated as

mentioned in the Materials and Methods. (D) Statistical analysis of TGF-h1 in the base frontal bone of E18–19 rat embryos. (E) Statistical analysis of TGF-h1
in the midline occipital bone of E18–19 rat embryos.

Fig. 6. IGF-1 expression in the skull bone of E18–19 rat embryos. Immunohistochemistry with peroxide method followed by Mayer–Harris hematoxylin

counterstaining of monoclonal anti-IGF-1 antibody was used to detect IGF-1 expression. A red-brownish appearance (arrow) is a typical sign of the IGF-1

expression, which differs in each group. The more intense and wider the red-brownish appearance, the higher the IGF-1 level in the midline skull bone. (A)

Very-low-folic acid diet. (B) Low-folic acid diet. (C) Normal-folic acid diet. The stained cell specific for TGF-h1 protein was calculated as mentioned in the

Materials and Methods. (D) Statistical analysis of TGF-h1 in the base frontal bone of E18-19 rat embryos. (E) Statistical analysis of TGF-h1 in the midline

occipital bone of E18–19 rat embryos.
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expressions. Immunohistochemistry method was used to

detect the specific expression of TGF-h1 and IGF-1 using

anti-rat TGF-h1 and anti-rat IGF-1 antibodies, respectively,

as described in the Materials and Methods. Immunohisto-

chemistry with peroxide method followed by Mayer–Harris

hematoxylin counterstaining of monoclonal anti-rat TGF-h1
and anti-rat IGF-1 antibodies was used to detect TGF-h1
and IGF-1 expressions. A red-brownish appearance is typical

of the expression of the two growth factors, which differs in

each group. The more intense and wider the red-brownish

appearance, the higher the TGF-h1 and IGF-1 levels

qualitatively. The stained cells specific for TGF-h1 and

IGF-1 protein were calculated as mentioned in the Materials

and Methods (Fig. 5A–C). In the base frontal bone, we

observed a significant difference in TGF-h1 protein expres-

sions between Groups A (very low folic acid) and C (normal

folic acid). To a lesser extent, TGF-h1 protein expression in

Group B (low folic acid) was significantly higher than in

Group A. A significant difference was also observed in skull

bone TGF-h1 level between Groups B and C (Fig. 5D). We

observed in a similar fashion a decrease in skull bone TGF-h
level in the midline occipital bone, even if there was no

significant difference in skull bone TGF-h1 level between

Groups B and C (Fig. 5C).

In the base frontal bone, we observed a significant

difference in IGF-1 protein expressions between Groups A

and C. We also observed that IGF-1 protein expression in

Group B was significantly higher than in Group A.

However, we could not detect a significant difference

between Groups B and C in IGF-1 protein expression. In

the midline occipital bone, we found that IGF-1 protein

expression significantly decreased in both Groups A and B

compared with Group C (Fig. 6).

These result suggest that a very low concentration of

folic acid caused a significant decrease in TGF-h1 and

IGF-1 protein expression in both the base frontal and

midline occipital bone of E18–19 rat embryos. Fifteen

micrograms of folic acid significantly decreased TGF-h1
level in the base frontal bone but not in the midline occipital

bone. IGF-1 protein expression decreased in the midline

occipital bone but not in the base frontal bone of E18–19 rat

embryos when low-folic acid diet was administered to the

pregnant maternal rats.
4. Discussion

We have observed that 16 weeks after dietary treatment

of folic acid, the serum folic acid concentration was

significantly decreased in both very-low- and low-folic

acid diet treatment. It is suggested that 5 and 15 Ag of folic

acid supplement resulted in decreased serum folic acid

level. However, low-folic acid diet did not significantly

decrease erythrocyte folic acid concentration, so a smaller

concentration of folic acid is necessary to reduce erythro-

cyte folic acid level. It has been reported that erythrocyte

acts as a more stable deposit for folic acid than serum.
Therefore, a small reduction of folic acid in the diet still has

no effect on erythrocyte folic acid level. The level of folic

acid in erythrocyte is also a hundred times higher than that

in serum, because in the serum, it fluctuates according to

activities, last food intake, rats’ health condition, etc.

Accordingly, our result supports those of previous studies,

which showed that decreased erythrocyte folic acid level is

induced by a very low folic acid concentration in the diet or

a longer dietary treatment [17,20,21].

We observed a significant reduction in serum TGF-h1
level in Group A as compared with Group C. However, low-

folic acid diet did not significantly change serum TGF-h1
concentration. These data suggested that a very small

amount is necessary to reduce serum TGF-h1 level.

A similar fashion of IGF-1 down-regulation happens

when a very-low-folic acid diet was given to Group A;

however, in Group B, there was no significant reduction in

IGF-1 level compared with Group C.

These data suggested that the serum protein level of

TGF-h1 and IGF-1 decreased only in response to a very-

low-folic acid diet, whereas a low-folic acid diet did not

significantly reduce these growth factors.

Interestingly, TGF-h1 and IGF-1 protein expressions were
significantly decreased in both the base frontal bone and

occipital midline skull bone of E18–19 rat embryos given a

very-low-folic acid diet. We also observed a discrepancy

between TGF-h1 and IGF-1 protein expression in response to
a low-folic acid diet treatment. TGF-h1 protein expression

was significantly reduced in the base frontal bone but not in

the midline occipital bone. In contrast, IGF-1 protein

expression was significantly reduced in the midline occipital

bone but not in the base frontal bone. These data suggest that

there is a different pattern of decreased TGF-h1 and IGF-1

protein expression. Regarding the distinguished function of

TGF-h1 and IGF-1 in bone formation, a low-folic acid diet

may affect differently the base frontal bone and midline

occipital bone. The normal diet revealed no significant

difference in TGF-h1 and IGF-1 levels.

In agreement with these results, our previous study

observed a decreased TGF-h1 and IGF-1 protein level in the
edge of skull bone defect of meningocele patients. The

width of the defect correlated with the degree of decreased

TGF-h1 and IGF-1 protein expression (manuscript in

preparation). We, therefore, suppose that the decreased

TGF-h1 and IGF-1 protein expression found in meningo-

cele patients may be due to a very low concentration of folic

acid in the diet during the critical period of organ formation

in the first trimester of pregnancy.

Previous studies have revealed strong evidence that folic

acid supplementation during the critical period of organ

formation (the first trimester of pregnancy) will decrease by

70% the incidence and prevalence of some congenital

diseases, such as NTD, congenital heart defect and labio-

and palatoschizis [6,16,20,22–25]. A possible mechanism of

how folic acid prevents NTD might be due to the ability of

folic acid to recover TGF-h1 and IGF-1 expressions, which,
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in turn, may induce normal functioning of TGF-h1 and

IGF-1 as growth factors.

The weight of E18–19 rats in Group A was significantly

lower than that of E18–19 rats in Groups B and C. Moreover,

seven E18–19 rats in Group A grew without tails, while the

E18–19 rats of other groups were morphologically normal.

This finding showed a macroscopic alteration in the growth

and development process of E18–19 rats in Group A (data

not shown).

We also found that, compared with the other two groups,

it was difficult for the rats in Group A to get pregnant and

breed. There are at least two mechanisms responsible for

this finding. First, folic acid deficiency made the rats

subfertile, resulting in conception difficulty. Second, if

conception and pregnancy occur, but supporting factors are

lacking causing failure of embryogenesis and implantation,

then abortion or embryo resorption takes place. Theo-

retically, this was related to folic acid deficiency and

TGF-h1/IGF-1 deficiency, which all play a role in embryo-

genesis and organogenesis as suggested by previous studies

[26–28]. Folic acid deficiency, hyperhomocysteinemia in

particular, may damage embryogenesis and even induce

abortion through its impact on migration and implantation

failure, preterm birth, placental abruption and low-birth-

weight fetus [26–28]. Our study showed the effects of folic

acid-restricted diet treatment, which is similar to folic acid

deficiency, mainly on reducing TGF-h1 and IGF-1 protein

expression, growth and difficulty in conception as well.

Taken together, our study showed a significant decreased

effect of very-low-folic acid diet on TGF-h1 and IGF-1

protein level in skull bone of E18–19 rat embryos and a

different pattern of decreased TGF-h1 and IGF-1 protein

level between base frontal bone and midline occipital

bone. This result may explain the mechanism of decreased

TGF-h1 and IGF-1 expression found in meningocele

patients with folic acid deficiency.
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