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Abstract: People have been exposed to the 900 MHz mobile phone electromagnetic field for ap-
proximately 30 years. There is still no conclusion from immature rodent experiments regarding the
potential effects of nonthermal radiofrequency (RF) 900 MHz continuous wave exposure during
biological development. Here, we test the hypothesis that mother rats exposed at a whole-body
specific absorption rate (wbSAR) occupational (Oc) limit of the International Commission on Non-
Ionizing Radiation Protection for humans (0.4 W/kg) will show impairments in development, with
less effect at the public (Pu) limit (0.08 W/kg). The wbSAR was estimated at 0.4 W/kg to mimic
working mothers (OcM exposure) and 0.08 W/kg for non-working mothers, i.e., public (PuM ex-
posure). This pre- and postnatal study is the first to compare public and occupational exposure
limits on rat pup physical development. Litter endpoints and the descendants’ body weights and
lengths were recorded regularly from birth concomitantly with the age of developmental landmarks.
Male neonates showed earlier pinna ear detachment and earlier eye opening in both the OcM and
PuM groups, but earlier incisor eruption only in the PuM group. The OcM-exposed males showed
lower body weight as juveniles until adolescence. The OcM- and PuM-exposed descendant females
showed earlier pinna ear detachment and eye opening with similar body weight. These data suggest
variations in the development time of descendant rats when the mother rats received daily 900 MHz
continuous waves at human limits for workers and non-workers (public).

Keywords: 2G communications; radiofrequency fields; weight; eye opening; ear detachment;
electromagnetic radiation; development

1. Background

Exposure to 900 MHz radiofrequency electromagnetic fields (RF-EMFs) was first
introduced in the 1990s as the second generation (2G) of wireless signals, i.e., the Global
System for Mobile communication (GSM) network. Up to date, exposure to 900 MHz
RF-EMF is ongoing in everyday public and professional life. Van Wel et al. [1] showed that
the 2G network is still an important contributor to people’s RF-EMF exposure and the main
contributor to RF-EMF penetration in the brain during phone calls with the device close to
the head. To date, the limits at 900 MHz were set at 0.08 W/kg for the general public (Pu)
and 0.4 W/kg for occupational (Oc) exposures to RF-EMF. At 900 MHz incident electric
field (EF) reference levels were set on the whole body over 30 min, at 41.25 V/m for the
Pu and 90 V/m for Oc environment exposures [2]. One may hypothesize that vulnerable
populations may be physiologically impacted at lower SARs than the ICNIRP limits.

Both Pu and Oc environments include vulnerable subjects which are ubiquitously
exposed to RF-EMF, i.e., pregnant women, immature (fetuses, new-born, and children), sick
(ill and injured), or aging (senile). Hospitals are also the seat of the rapid growth of RF-EMF
wireless medical devices and the increased use of mobile phones by health professionals [3].
The Developmental Origins of Health and Disease (DoHaD) have been supported by
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decades of research. From the first days of gestation until adolescence, numerous processes
may be disturbed by external or internal factors and lead to long-term impacts on the fully
developed organism [4]. The skulls of newborns and fetuses are less efficient in protecting
their brains from RF-EMF penetration compared to the adult skull [5].

One might assume that the effects observed in rodents may be transferred to humans
since the biological tissues of humans and rodents have similar dielectric properties [6].
However, this assumption requires caution, because the same penetration depth can expose
the whole body of a rat but only the superficial tissues of a human [7].

Recent studies looking at the effects of 2450 MHz continuous waves during the pre-
natal and postnatal period on the growing rat bone development do indicate histological
alteration (tibia thickness) at 10 and 15 V/m [8]. Another study exposed pregnant rats
1 hour per day from gestational day GD 13 to 21 to 900 MHz at 0.025 W/kg and indicated no
effect on weight but an effect of exposure specifically on the development of vertebrae (re-
duced quantity of cartilage tissue) [9]. The National Toxicology Program recently indicated
lower body weight for offspring at birth and during early development when exposed
to 900 MHz RF-EMF at different specific absorption rate (SAR) (1.5 W/kg, 3 W/kg, or
6 W/kg) from GD 5 and up to 106 weeks with 18 hours per day of exposure [10]. No effect
was shown on litter size, but a reduction in length was shown in a meta-analysis study in
non-human mammals exposed to RF-EMF at a whole-body SAR of 4 W/kg [11]. A similar
effect on weight at birth was observed when pregnant rats were exposed during pregnancy
2 hours per day to 900 MHz RF-EMF at 0.155 W/kg [12]. Kumlin et al. [13] exposed postna-
tal day (PND) 21 rats to 900 MHz SARs of 0.3 or 3.0 W/kg 2 hours per day for 5 weeks. This
post-weaning exposure did not modify the rats’ body weight. With the same period of expo-
sure, Bosquillon de Jenlis et al. [14] showed an increased weight when exposing PND 21 rats
23 hours per day for 5 weeks at 900 MHz and 0.03 W/kg. Klose et al. exposed rats from 14
until 19 months of age 2 hours per day to GSM 900 MHz at 0.7 or 2.5 W/kg. In response to
this long-term exposure during adulthood, rats showed reduced body weight at the age of
17, 18, and 19 months [15]. No physical development impact was detected in two protocols
with prenatal RF-EMF exposures, 1 hour per day at 2 W/kg [16] and 6 hours per day at
0.5–0.9 W/kg [17]. No physical development impact was detected in rats exposed 1 hour
per day at 0.025 W/kg from GD 13 until PND 32 [18]. Physical impact was detected on
weight with 8 hours per day exposures during gestation from GD 1 until 10 at 915 MHz and
0.045 µW/cm2 [19]. Physical growth impact was also detected in protocols using shorter
daily exposure (30 min per day) on a longer developmental period for the entire gestation
and until PND 6, 15, or 30 (up to 51 days) at 950 W/kg and 1.3–1.0 W/kg [20]. No physical
impact was detected in one protocol using extended daily exposures of 22 hours per day
from GD 1 for 19 days at 970 MHz and with a SAR of 0.07 and 2.4 W/kg [21].

Overall, the published data do not converge to a simple correlation between rodents’
RF-EMF exposure SAR or duration and their physical development. One may hypothesize
lower physiological and developmental health protection of ICNIRP limits in vulnera-
ble populations, i.e., day-long working, and non-working pregnant women, and young
children.

Here, we aimed to assess the hypothesis that when mother rats receive a wbSAR at the
occupational (Oc) limit of the ICNIRP for humans (0.4 W/kg), their descendants will show
impairments on growth and development, with less effect at public (Pu) limit (0.08 W/kg).
The wbSAR was estimated for mean dam rat body weight of 330 g: 0.4 W/kg to mimic
working mothers (OcM exposure, n = 8) and 0.08 W/kg for non-working mothers, i.e.,
public (PuM exposure, n = 8). Wang et al. [22] highlight the need to assess long duration of
exposure in toxicological studies to observe the impact on growth as for RF-EMF during
the perinatal period.

The descendants’ body weights and lengths were examined from birth until adoles-
cence, on pups, sex and stillbirth ratio, and on age at pinna ear detachment, incisor eruption,
and eye opening.
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2. Methods
2.1. Animals

Twenty-five pregnant female rats (Sprague Dawley, 10–12 weeks old) were purchased
from Janvier (France). The protocols complied with the decree on vertebrate animal
experiments (French State Council, 1987) and were approved by the Regional Ethical
Committee N. 96 (CREMEAP) and the French Ministry of Research. The rats were received
at the vivarium at GD 3. Before the start of the experiment, the rats acclimatized for 5 days
in the exposure chambers.

2.2. Procedures and Experimental Groups

The animals were kept in a 12 h light/dark cycle (light: 300 lux) at 22 ◦C room
temperature with food and tap water ad libitum. The 25 pregnant rats were randomly
assigned to the sham-exposed group (control, n = 9), the general public wbSAR for mothers
group (PuM; n = 8), or the occupational wbSAR for mothers group (OcM; n = 8). Three
exposure chambers were used (dimensions: 1.42 m × 1.795 m × 2.35 m). One chamber was
allocated for one exposure level. The pregnant rats were exposed to continuous waves at a
frequency of 900 MHz from GD 8 until the weaning of pups at PND 17 (Figure 1). All the rats
were exposed from 11:00 a.m. to 7:00 p.m. The pregnant rats were housed individually.
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Figure 1. Experimental design. From gestational day (GD) 8 until postnatal day (PND) 17, the rats
were daily exposed to 900 MHz radiofrequency (RF) from 11:00 a.m. to 7:00 p.m. of 0 (sham-exposed
group), 30.2 V/m electric field and 0.08 W/kg (PuM: whole-body limits of the general public applied
to mother rats), or 67.5 V/m electric field and 0.4 W/kg (OcM: whole-body occupational limits
applied to mother rats). The dam’s body weight was assessed from GD 8 until PND 22, and food
consumption was assessed from GD 9 until PND 20.

The experimental design was planned for each litter and each sex before birth. The
semi-random numbering of pups was performed as previously described [23]. The assigned
age of sacrifice for the 1st, 2nd, and 3rd rats of each sex per litter, were, respectively, PND
8, 17, and 43. At birth, the litters were reduced to 3 males and 3 females. Each litter was
housed with the mother until PND 20. After weaning, rats from the same litter were housed
4 or 3 per cage per gender and experimental group.

2.3. Exposure and Field Measurements

Details of reverberating chambers are described by Maalouf et al. [24]. Briefly, RF-
EMF exposures were performed in 3 reverberation chambers commercialized by IT’IS
Foundation (Zurich, Switzerland) [25]. A signal generator (SMIQ02B generator, Rohde
and Schwarz Munich, Germany) produced a 900 MHz band RF-EMF (continuous waves).
It was coupled with amplifiers (700 MHz–2200 MHz TE UMS 015 AA, Zurich, Switzer-
land) and with 3 log-periodic antennas manufactured by SPEAG. The antennas were
directed to one of the two stirrers (vertical and horizontal) for good RF-EMF signal ho-
mogeneity. The exposure to the electromagnetic field (EMF) was monitored with two
probes (ER3DV5, SPEAG, Zurich, Switzerland). The rats were free to move in their cages
during the 900 MHz RF-EMF exposure from the generator. IT’IS Foundation performed
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the dosimetry using the finite difference time domain (FDTD) method as previously de-
scribed [26]. Exposures were off anytime the investigators had to open the exposure
apparatus doors to manipulate, weigh, check the rats, and check the system (before
11 a.m. or after 7 p.m.). To determine the SAR in rats at mobile phone frequencies,
a simplified 12-plane wave model for the average exposure in a reverberation cham-
ber was used in conjunction with a variety of anatomical rat model within the FDTD
solver in SEMCAD X (SPEAG, Switzerland). The measurement indicates a variation of
0.2 dB standard deviation for the E-Field strength.

Exposure was set at 30.2 V/m and 67.5 V/m EF to reach 0.08 W/kg (PuM group) and
0.4 W/kg (OcM group) for the wbSAR of a 330 g adult rat. The corresponding postnatal
pups wbSAR were deduced from extraction from the exposure software with theoretical
weights (Figure 2) or from the approximation formula from Gong et al. [27] with measured
weight of pups or mothers (Figures 2 and 3). The wbSAR of a 10 g pup was approximately
0.12 W/kg and 0.024 W/kg when its 330 g mother was exposed at 0.4 W/kg (EF: 67.5 V/m)
or 0.08 W/kg (EF: 30.2 V/m), respectively. The wbSAR then grew with the body weight
and reached, respectively, 0.4 or 0.08 W/kg when the pups weighed 45 g around the age of
14 days. The wbSAR peak for the pups was reached at PND 27 (weight around 100 g) with
approximately 0.90 W/kg and 0.20 W/kg, respectively, for the OcM and PuM groups.
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Figure 2. Estimate of the wbSAR in the pups and mothers showed linear growth before a peak at
100 g body weight (around PND 27) followed by a linear decrease with 0.4 W/kg and 0.08 W/kg
attained for 330 g body weight. The wbSAR was calculated for the pups (a) and mothers (b) on a
“coupling factor” dependent on the animal’s body weight.
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2.4. Physical Development

Every four days from birth, body weight, and length were measured for the pups. The
mothers’ weight was measured every day from GD 8 to delivery and then every four days.
Each pup was observed every day to determine the age of eye opening, incisor eruption,
and pinna ear detachment. The timeline for these markers occurs around PND 2–4 for
pinna ear detachment, PND 8–13 for incisor eruption, and PND 14–17 for eye opening.

2.5. Statistical Analysis

Means ± standard error were analyzed using GraphPad Prism (Version 8.0.2, Graph-
Pad Software, Boston, MA, USA) and R Studio (Version 3.6.2, Vienna, Austria). In complete
data sets, two-way ANOVA was performed. Time, RF-EMF exposure, and sex were con-
sidered between-subject factors. A mixed effects analysis was performed for incomplete
data sets (missing mother’s body weight data). We performed Sidak’s or Tukey’s t test post
hoc. Permutation tests were performed with the R package ‘statmod’ (version 1.5.0, [28])
with the function “compareGrowthCurves” for the weight and size of the pups (set with
1 × 106 random permutations) with complementary multiple t test analyses. Significant
effects were found when p-value < 0.05.

3. Results
3.1. Mothers and Litter Endpoints

The effects of daily exposure at 900 MHz on the mothers and their litters are shown
in Figure 3. The weights of the mothers with the corresponding wbSAR are presented
in Figure 3a. The mixed-effects analysis indicated no effect of 900 MHz exposure on the
mothers’ weight (Table 1), but an effect of interaction between age and exposure was
observed (F72,599 = 2.514, p-value < 0.0001, Table 1). Multiple comparisons confirmed no
effect of exposures for all the ages but showed an effect of age due to the increase in weight
during gestation. The mixed-effects analysis indicated a significant difference in estimated
SAR over time (F36,397 = 20.35, p-value < 0.0001). The variation in the mean SAR was
calculated between 0.067 W/kg and 0.081 W/kg (max standard deviation: 0.005) for the
PuM group and between 0.336 W/kg and 0.407 W/kg (max standard deviation: 0.028) for
the OcM group.

The mother’s food intake per cage is presented in Figure 3b. The multiple t test indi-
cated that maternal food intake was impacted punctually by 900 MHz exposure. For the
OcM group, the mothers ate less at 29 days postfertilization (t-ratio = 2.559, p-value = 0.037).
For the PuM group, the mothers ate less at 9 days (t-ratio = 2.408, p-value = 0.047),
more at 17 days (t-ratio = 3.596, p-value = 0.0088), and less at 38 days postfertilization
(t-ratio = 2.623, p-value = 0.039).

No effect of exposures was shown at PND 0 on the sex balance of the litters presented
in Figure 4a, the percent of the pups born alive presented in Figure 4b, or the size of the
litters presented in Figure 4c, (Table 1).

Table 1. Results of the analysis of variance for physical development and SAR exposure.

Variables Source of
Interaction dF MS F p-Value

Mixed effects Mother’s body weight

Age a 36 / 68.18 /

RF exposure 2 / 0.01807 0.9821

RF exposure × Age a 72 / 2.514 <0.0001

One-way ANOVA
Size of litters RF exposure 2 5.593 1.632 0.2183

Pups born alive RF exposure 2 0.1256 1.156 0.3331

Two-way ANOVA Sex balance of litters

Sex 1 2.2 0.6137 0.4374

RF exposure 2 2.463 0.6869 0.5082

RF exposure × Sex 2 13.26 3.699 0.0324
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Table 1. Cont.

Variables Source of
Interaction dF MS F p-Value

Three-way ANOVA Calculated pups’ wbSAR variation

Age b 2.020 / 449.4 <0.0001

Sex 1 / 0.03906 0.8447

Treatment 1 / 1176 <0.0001

Interaction
(Age b × Treatment) 7 / 160 0.6774

Permutation test

Male weight
PuM / / / 0.3857

OcM / / / 0.0025

Female weight
PuM / / / 0.1556

OcM / / / 0.3857

Male length
PuM / / / 0.0557

OcM / / / 0.0557

Female length
PuM / / / 0.8119

OcM / / / >0.9999

Legend: dF—degrees of freedom; MS—mean square; F—MS factor/MS residual; p-value—statistical significance;
Age a—age of mother; Age b—age of the pups; significant results (p-value < 0.05) are in bold. wbSAR: whole-body
specific absorption rate; PuM: general public whole-body specific absorption rate for mothers; OcM: occupational
whole-body specific absorption rate for mothers.
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3.2. Pups’ Physical Development

The effects of 900 MHz exposure on the physical development of pups (weight and
size from PND 2 to PND 43) are presented in Figure 5.

The weights of the male pups are shown in Figure 5a. The results of the 1 × 106 random
permutation tests suggested that there was a significant decrease in weight between the
OcM group and sham group (adjusted p-value = 0.0025, Table 1). This difference was refined
using a complementary multiple t test analysis showing a significant decrease at PND 6
(p-value = 0.007) and until PND 43 (p-value = 0.006). There was no difference between the
PuM group and sham group (Table 1) but a decrease between the PuM and OcM groups
(p-value = 0.0125). Weight increased with age in all the groups (p-value < 0.0001).
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Figure 5. Effect of perinatal exposure to 900 MHz on pup weight. There was a significant difference
between the exposed and sham groups in male pup body weight from PND 6 to PND 43 (a). There
was no difference between the groups regarding the body weight in females (b) and the body length
in males (c) and females (d). n = 8–9/group. * p < 0.05; ** p < 0.01. SAR was calculated numerically
with an approximation formula.

The weights of the female pups are presented in Figure 5b. No difference was found
between the sham and exposed groups for the female pups’ weight (Table 1). Weight
increased with age in all the groups (p-value < 0.0001). The body length of the male pups is
presented in Figure 5c. No difference was found between the groups for male pup length
(Table 1). The body length of the female pups is presented in Figure 5d. No difference
was found between the groups for female pup length (Table 1). Length for both male and
female pups increased with age in all the groups (p-value < 0.0001).

The result of the three-way ANOVA on mean wbSAR variation showed no signifi-
cant effect for sex, age/sex interaction, sex/treatment interaction, or age/sex/treatment
interaction. The statistical test showed a significant effect of age (F2.020,46.16 = 449.4,
p-value < 0.001, Table 1) between the treatments (F1,28 = 1176, p-value < 0.0001, Table 1)
and interaction between age and treatment (F7,160 = 190.2, p-value < 0.0001, Table 1). The
variation in the mean SAR was calculated to be between 0.03 W/kg and 0.103 W/kg (max
standard deviation: 0.004) for the PuM group (EF: 30.2 V/m) and between 0.150 W/kg and
0.506 W/kg (max standard deviation: 0.018) for the OcM group (EF: 67.5 V/m).

The effects of exposure to 900 MHz radiation on the clinical markers of development,
for ear detachment, incisor eruption, and eye opening, are presented in Figure 6.
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Figure 6. Precocious phenotype exhibited by developmental landmarks. There was a significant
difference between the exposed groups and the sham-exposed group regarding the start of ear
detachment for males (a) and females (b) (p < 0.05). The end of pinna ear detachment was significantly
early for the exposed groups in males (c) and in females (d) compared to the sham group. Incisor
eruption (gum break) was significantly early in the PuM group compared to sham in males (e), but
equivalent between sham and exposed in females (f). Eye opening was significantly early in both
exposed groups in males (g) and in both SAR groups for females (h). n = 8–9/group. *: sham vs.
0.4 W/kg p < 0.05, ** p< 0.01. ◦: sham vs. 0.08 W/kg p < 0.05, ◦◦ p < 0.01.

Figure 6a,b represent the age of the start of ear detachment for males and females,
respectively. The log-rank test indicated a significant effect of 900 MHz exposure in
the PuM groups with earlier ear detachment for the female pups (Chi square = 8.504,
p-value = 0.0035, Table 2) and for the male pups (Chi square = 7.524, p-value = 0.0061,
Table 2) compared to the sham group. For the OcM group compared to the sham group,
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the start of ear detachment occurred earlier for both the male pups (Chi square = 5.334,
p-value = 0.0209, Table 2) and female pups (Chi square = 4.801, p-value = 0.0284, Table 2).

Table 2. Results of the analysis of variance for clinical markers in the pups.

Variables Source of
Interaction dF Median

Sham/RF Chi² p-Value

Log-rank test

Start of male ear detachment
PuM

1

2/2 7.524 0.0061

OcM 2/2 5.334 0.0209

Start of female ear detachment
PuM 2/2 8.504 0.0035

OcM 2/2 4.801 0.0284

End of male ears detachment
PuM 2/2 9.374 0.0022

OcM 2/2 8.669 0.0032

End of female ears detachment
PuM 2/2 8.504 0.0035

OcM 2/2 4.801 0.0284

Male eye opening
PuM 15.5/15 5.295 0.0214

OcM 15.5/15 5.836 0.0157

Female eye opening
PuM 15/15 6.303 0.0121

OcM 15/14 6.819 0.0090

Male incisor eruption
PuM 9/8 4.377 0.0364

OcM 9/9 0.5597 0.4554

Female incisor eruption
PuM 8.5/8 1.146 0.2844

OcM 8.5/9 2.835 0.0922

Legend: dF—degrees of freedom; p-value—statistical significance; significant results (p-value < 0.05) are in bold.
wbSAR: whole-body specific absorption rate; PuM: general public whole-body specific absorption rate for mothers;
OcM: occupational whole-body specific absorption rate for mothers.

Figure 6c,d represent the age of the end of ear detachment for males and females,
respectively. The log-rank test indicated a significant effect of 900 MHz exposure for the
PuM group for the female pups (Chi square = 8.504, p-value = 0.0035, Table 2) and for the
male pups compared to the sham group (Chi square = 9.374, p-value = 0.0022, Table 2). For
the OcM group compared to the sham group, the end of ear detachment occurred earlier
for the female pups (Chi square = 4.801, p-value = 0.0284, Table 2) and for the male pups
(Chi square = 8.669, p-value = 0.0032, Table 2).

Figure 6e,f represent the age of incisor eruption for males and females, respectively.
No effect of exposures with the log-rank test (Table 2) on the age of incisor eruption for the
female pups in both groups (PuM and OcM) and for the male pups in the OcM group were
observed. A significant effect of exposure compared to the sham group was shown only for
the male pups in the PuM group (Chi square = 4.377, p-value = 0.0364, Table 2).

Figure 6g,h represent the age of eye opening occurrence for males and females, re-
spectively. The log-rank test indicated an effect of 900 MHz exposure in the PuM group
in both the female (Chi square = 6.303, p-value = 0.0121, Table 2) pups and males (Chi
square = 5.295, p-value = 0.0214, Table 2) compared to the sham group. An effect of expo-
sure was also observed for the female pups (Chi square = 6.819, p-value = 0.009, Table 2)
and for the male pups in the OcM group (Chi square = 5.836, p-value = 0.0157, Table 2)
compared to the sham group.

No sex effect was observed for ear detachment, incisor eruption, and eye opening in
all the groups.
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4. Discussion

The present study examined clinical endpoints after the perinatal exposure of rats to a
900 MHz signal at the general public and occupational reglementary thresholds (ICNIRP,
respectively, 0.08 and 0.4 W/kg). Here, the male rats showed lower body weight from PND
6 to PND 43 (−15%) in the OcM group. The female pups showed an earlier start of ear
detachment and eye opening in both the exposed groups. Only males showed earlier ear
detachment in the OcM group and earlier eye opening in the PuM group.

According to our exposure system setup, and to some models in the literature, we
presented an estimate of the exposure of the litters from conception until withdrawal. In
our estimate based on previous publication [23], offspring absorbed less energy than their
mothers from the 2nd PND (−55 to −60%) until PND 14, while they absorbed more energy
than their mother from PND 14 until PND 17 (+30 to +40%).

The current results showed no deleterious effect of perinatal exposure to 900 MHz
signal radiation on gestation delivery outcomes (size of litters, sex ratio, or number of
stillbirths) and on the weight and length of the pups at birth. These findings agree with the
results we found in a previous study at a similar level of wbSAR (0.07 W/kg) but at the 5G
frequency of 3.5 GHz [23].

Interestingly, in the OcM-exposed group, a significant decrease in body mass was
observed in males from PND 6 until PND 43. Our results are in accordance with those of
Sangun et al. [29], who reported that prenatal 2450 MHz exposure at 0.1 W/kg wbSAR
in mothers resulted in a reduction (−30%) of rat growth after birth. GSM exposed fetus
rats at low SAR (0.048 W/kg) starting from GD 0 showed impacts on pre- and postnatal
development including a decrease in body mass at GD 20 ([30]. Reduction in weight effect
of RF-EMF exposure on male pups has also been shown by previous studies. Male pups,
when paternal mice were exposed for 10 weeks to a 2000 MHz signal prior to mating and
mothers during the gestation period, exhibited significantly lower weight during the adoles-
cence period (4–12 weeks). This study also found a disturbance in glucose metabolism [31].
On the opposite, higher weight gain (+10%) was shown in juvenile male rats exposed for
5 weeks (PND 8 to PND 43), 23 hours per day, at 900 MHz at 0.03 W/kg SAR [13]. Sim-
ilar results in other studies indicate that prenatal exposure at equivalent wbSAR (0.1 to
0.4 W/kg) but at different frequencies (900 MHz, 2000 MHz, or 2450 MHz) induces de-
creased weight in male pups. However, exposure at the later stages of development showed
higher weight gain in juvenile male rats.

Recently, Maalouf et al. [24] showed that the exposure of adult male mice to 900 MHz at
0.4 W/kg or 0.1 W/kg induced changes in the transcription of genes involved in metabolism
and thermoregulation in males. Differences in glucose metabolism between male and
female rats have been observed previously [32]. Also, female rats showed a delay in weight
gain and less metabolic complications than males when exposed to a high-fat diet [33].

The body length of male pups was lower but not significantly with the permutation
test for the OcM (p-value = 0.0557) and PuM (p-value = 0.0557) groups. Also, the daily
food intake of the litters was sporadically decreased at GD 9, increased at GD 17, and
decreased at PND 15 for the PuM group and decreased at PND 6 for the OcM group. Food
intake follow-up (grams per hour) showed an increase when juvenile rats were housed in a
room at an ambient temperature of 31 ◦C and exposed for 5 weeks to 900 MHz RF-EMF
at 1 V/m [34]. This increased food intake could be the result of compensatory behavior
stimulated by higher energy expenditure after RF-EMF exposure.

Our study is the first to show an effect of 900 MHz on precocious development. Data
indicated earlier eye opening and pinna ear separation in males, respectively, at OcM
or PuM and female pups at both wbSAR after pre- and postnatal exposure. The incisor
eruption occurred earlier only in the PuM male group. The ear and eye endpoints were not
affected in response to a WIFI signal (2400 MHz) and 1800 MHz at 1 mW/cm² exposure
for 21 days of pregnancy [35] but incisor eruption was delayed in response to 3500 MHz
exposure at a wbSAR of 0.07 W/kg [24]. However, premature eye opening was shown in
rat new-borns by Cai et al. [36] in both males and females when exposed to tributylin, a
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biocide used in the industry, with an increase in serotonin and dopamine levels at PND 57 in
males. Neurotransmitter alterations were also observed in males in the F1 to F3 generation
when only ancestors were exposed to tributylin (F0). After pharmacological treatment
with methamphetamine in pregnant rats (inducing increased dopamine released in the
synaptic cleft), a delay in eye opening, ear detachment, as well as incisor was observed in
the offspring [37].

The physical development effects found in our study were also shown when toxicants
impacted serotonin. Abu-Taweel [38] reported a delay in eye opening in mice treated
with mercuric chloride from GD 1 to PND 15 with decreased levels of both serotonin and
dopamine observed in the forebrain (from PND 7 to PND 36). The neurotoxic effect is
shown to be induced by increased oxidative stress and the downregulation of Na+/K(+)-
ATPase [39]. Interestingly, the same animals showed decreased body weight. Premature
eye opening was also reported in pups injected with fluvoxamine (a selective serotonin
reuptake inhibitor) from PND 1 to PND 14 with reduced weight from PND 1 to PND 16 [40].
The association between RF-EMF exposure and increased oxidative stress is one of the
most-studied effects following exposure to further elucidate the mechanisms of action [41].
In rats, increased oxidative stress has been shown following 850 MHz or 900 MHz exposure
in the testis [42,43], and in the brain [44]. The increased oxidative stress in the brain has also
been associated with changes in serotonin levels [45], which may be of interest to further
investigate this pathway after RF-EMF exposure.

Our exposure for the male pups in the OcM group resulted in earlier ear detachment
and eye opening with reduced body weight. These data may suggest a metabolic distur-
bance with higher energy expenditure. One possible mechanism for lower weight gain
may be the activation of brown adipose tissue, increased energy consumption, and non-
shivering thermogenesis [46]. It would be worth following the rats over a longer life period
to assess adult body weight and possible food intake with behavior or learning alterations.
General public exposure is much weaker than the ICNIRP exposure limits evaluated in
the present study [47]. Here, our goal was not to mimic environmental exposure but to
question the reglementary threshold set to prevent the impact of RF-EMF on health.

5. Conclusions

Our pre- and postnatal study was the first to compare public and occupational expo-
sure limits on rat pup physical development. The data suggested more physical develop-
ment disturbances after the occupational limit exposure than after the public limit exposure.
The public and occupational limit-exposed groups showed precocious development in male
and female pups. In addition, the occupational limit-exposed male pups had a decreased
body weight until adolescence. Our data support the hypothesis of the possible impact of
RF-EMF exposure at occupational limits on developmental biology in rats.
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List of Abbreviations

2G 2nd generation
CREMEAP Regional Ethical Committee
DoHaD Developmental Origins of Health and Disease
EF Electric field
EMF Electromagnetic field
FDTD Finite difference time domain
GD Gestational day
GSM Global System for Mobile
ICNIRP International Commission on Non-Ionizing Radiation Protection
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