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Anemia, a global public health problem, has
significant adverse consequences on the cognitive
development of children and the work capacity of
adults; affecting social and economic development.
Globally, roughly 43% of children under five years of
age, 38% of pregnant women, and 29% of non-
pregnant women had anemia. Anemia during
pregnancy significantly increases the risk of low birth
weight and preterm birth. A 10 g/L increase in
hemoglobin has been estimated to decrease the risk
of maternal and perinatal mortality by 29% and 28%,
respectively.  Prenatal iron  supplementation
increases birth weight, reducing the risk of low birth
weight. Poor iron status can be transferred from
mother to child. Infants born prematurely or with
low birth weight have compromised iron stores at
birth and are at an increased risk of iron deficiency
and anemia. It is evidenced that iron deficiency
anemia (IDA) accounts for approximately 50% of
anemia”'zl, and leads to millions of maternal and
infant mortality cases annually, worldwide.

A low-iron diet (LID)***' or LID-bloodletting®” in
rats are the main rat IDA model. The LID model
needs 3-4 to weeks™**!. LID bloodletting requires a
similar amount of time but causes irritation and
injury in rats”. Both methods need to detect
hemoglobin (Hb) values in 2-7 weeks in all rats
during whole period to determine whether the rats
are anemic®. To avoid harmful effects in rats and
tedious work, an alternative method is to measure
the Hb of all rats and select rats with low Hb values,
that is, lower than 9 mg/kg after treatment for a
predetermined period such as three weeks or
IongerW]. The two models are considered uncertain
when the rats develop IDA. The substitute method
could partly overcome this problem, however, it
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needs experience to make decisions regarding the
time log and induce the waste of rats. Fu et.al.
reported a series of studies on pregnant rats
with IDA induced by LID and the status of their
offspring®®. The study showed that Hb, red blood
cells (RBC), and hematocrit (HCT) levels of offspring
from IDA parent rats were significantly lower than
those of offspring from the non-IDA control
group[&g]. In addition, birth survival rate and 21 days
survival rate of offspring of IDA parents were 80.8%
and 51.2%, respectively, while the control group’s
was 95.5% and 83.3%". Xie et al. generated IDA
offspring rats using LID pregnancy rats to evaluate
goose heme, but the birth survival rate and adult
survival rate were not mentioned™. These studies
show the potential feasibility of establishing a stable
IDA rat model with a controllable time log and high
survival rates. In this study, an IDA rat model was
developed using LID pregnant rats and continuous
LID in their offspring. IDA model rats were evaluated
using iron intervention. This study aimed to establish
an iron deficiency anemia rat model with
controllable time markers, low mortality, and a high
anemia rate in pregnant rats and their offspring.

All the animals were purchased from Beijing Vital
River Laboratory Animal Technology. The research
protocol was evaluated by the Laboratory Animal
Welfare & Ethics Committee, National Institute for
Nutrition and Health, Chinese Center for Disease
Control and Prevention (20180925).

Pregnant rats (12 weeks, 12 weeks, 330 + 34 g)
that were pregnant for 14 days were divided into
two groups: control group A (Group A) and LID group
(Group B). Pregnant rats delivered were counted as
day 0. Baby rats were allowed to lactate for 21 days,
which was the rats wean time. The offspring in
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Group A were designated as the normal control (NC)
group. The offspring in Group B were randomly
divided into five IDA groups according to their body
weight on day 21. The iron-containing solution was
administered by oral gavage and the body weights of
all offspring were recorded once daily throughout
the 28 days observation period. Grouping, diet,
water, and supplemental iron dosages are shown in
Table 1. A 12 hours light/dark cycle was used, and
the room temperature was kept between 18 °C and
25 °C with humidity from 20% to 50%. All the
animals were provided with water and normal chow
ad libitum.

Body weights and feed consumption were
measured daily. Feed conversion efficiency was
estimated as feed consumption/(weight after -
weight before). Hematological parameters were
tested weekly by collecting retroorbital blood.

Rats with IDA showed low weight, inactivity, and
sparse and dim fur compared with rats in the normal
control (NC) group before the intervention. After the
intervention, growth performance remarkably
improved compared with rats in the IDA negative
control (IDANC) group, but remained worse than
that of the rats in the NC group (Supplementary
Figure S1, available in www.besjournal.com). The
weight changes and feed conversion efficiencies are
presented in Supplementary Figures S1 and S2
(available in www.besjournal.com). The body
weights of the rats in the IDA group were
significantly lower than those in the NC group (P <
0.05) before intervention; however, the body
weights of the low-level (IDAL), mid-level (IDAM),

high-level (IDAH), and IDA positive control (IDAPC)
groups were higher than those of the IDANC group.
It appears that the body weights of the intervention
groups were dose-dependent. The feed conversion
efficiency of the rats in the IDANC group was higher
than that in the other groups at the beginning. This
value in the NC group increased and became higher
than that of the IDA groups, and the IDA groups
were similar to each other in the end. IDA reduced
the body weight of rats in our study. Similar results
have been reported in other studies, such as those
by Wang[4], Yingpingm, Liu®, and Fu®. Although iron
treatment had a positive effect on the increasing
body weight of rats, it did not reach the level
observed in the NC group. This perpetual effect of
IDA may result from a series of compromised
metabolic processes caused by anemia. Anemia can
cause low birth weight in young children and
adversely affect their growth and development. Iron
supplementation has been shown to increase
weight-for-age among primary school children with
anemia'™”. The results of the rat model are similar to
those of a population study. A rat model of anemia
can simulate the effect of anemia on body weight.
Except for inherent differences such as weight,
there were no significant differences in other major
related data among the sexes. The Hb levels of all
offspring in the IDA group were less than 60 g/L on
day 21 after birth. This suggests that an iron-
deficiency anemia model has been established. The
IDA rats modeled in this study showed that Hb and
HCT levels of IDA offspring rats was lower than 31.86
g/L-35.00 g/L and 11.33%-12.33% after the 21 days

Table 1. Grouping, diet, water, and supplemental iron dosages during pregnancy, lactating,
and observation periods

Pregnant rat
groups

Diet and water in pregnancy
and lactating of pregnant rats

The offspring groups

Diet and water in
observation period of
offspring

Interventions in observation
period

The control group
(Group A, n=2)
The LID group
(Group B, n=38)

Standard diet and water =20, sex in half)

LID and deionized water

sex in half)

mid-level group (IDAM, n =

20, sex in half)

high-level group (IDAH, n =

20, sex in half)

normal control group (NC, n

IDA negative control group
(IDANC, n = 20, sex in half)
IDA positive control group
(IDAPC 2, n = 20, sex in half)
low-level group (IDAL, n = 20,

Standard diet and water Water 10 mL/kg bw

LID and deionized water Deionized water 10 mL/kg bw

ferrous sulfate 5.42 mg/kg bw
containing iron 2 mg/kg bw
ferrous lactate 4.34 mg/kgbw
containing iron 1 mg/kg bw
ferrous lactate 8.68 mg/kg bw
containing iron 2 mg/kg bw
ferrous lactate 26.0 mg/kg bw
containing iron 6 mg/kg bw

LID and deionized water

LID and deionized water

LID and deionized water

LID and deionized water

Note. The standard diet was formulated according to AIN-93; LID (low-iron diet) was formulated according
to AIN-93 without ferric citrate. Ferrous sulfate and ferrous lactate were dissolved in deionized water. LID: Low-

iron diet; sex in half: Half male and half female.
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lactation period. This result was consistent with that
of Fu’s research®®. Because anemia is a consequence
of LID, it is reasonable to conclude that this method
can be used to model rats with IDA. In the other low-
iron diet model, the Hb of rats could only be reduced
to 100 g/L and not all rats reached this value after 21
days. When the modeling time was proloed to 28
days, the Hb reduced to 57.7 g/L -86.07 g/L®", but
the modeling time was still longer and the Hb value
was also higher than that in this study. Two studies
showed that LID feeding during the whole pregnancy
period of rats could induce IDA offspring, but it could
result in 19.2% and 48.8% mortality at birth and
during lactating period because of severe anemia®®.
Xie et al. designed a study to evaluate the effects of
goose heme, which has potential applications in
fodder™. The study suggested that feeding LID to 14
days pregnant rats or in the last seven days of
pregnancy could induce IDA in the offspring, without
causing death. This suggests that there is a choice to
initially feed pregnant rats with LID to produce
offspring with a moderate degree of anemia without
death. Our results suggest that 14 days after
pregnancy is the optimal time to start LID to obtain
suitable offspring with IDA.

The Hb levels of rats in the IDA group were
significantly lower than those in the NC group (P <
0.05) in baseline observation. The Hb levels
increased significantly in the intervention and
positive control groups after the intervention. There
was a relationship between the Hb levels and iron
intervention dosages in the four measurements
during the study period (Table 2). A similar trend was
observed in the mean corpuscular hemoglobin
concentration (MCHC) to Hb at the end of the study;
however, the MCHC of the IDA intervention group
was remarkably higher than that of the IDANC group
at week 3. The RBC count, HCT, mean corpuscular
volume (MCV), and mean corpuscular hemoglobin
(MCH) of the rats in the IDA group were significantly
lower than those in the NC group (P < 0.05), but did
not differ from those in the beginning. They also
showed a trend similar to that of the Hb levels at the
end of the study. The IDAPC and IDAH groups did not
differ from the normal control group after the
intervention in the expected MCV value. Only IDAH
increased to the level observed in the NC group and
did not differ significantly (P > 0.05) in MCV. The
ferrous lactate levels showed a positive correlation
between the parameter values in the rats and the
doses administered. Ferrous sulfate showed a better
improvement in iron parameters than ferrous lactate
in the same dose. The MCV, MCH, and MCHC values

in the IDAPC and iron intervention groups increased
during the intervention period. The same result has
been shown in other models, in which Hb, RBC, MCV,
and HCT increased after iron supplementation for
2-8 weeks® . In studies by Wang, K.P, Wang, and
Yinping, Hb did not differ between the IDA and
normal groups[6’4’7]. In Oluwasegun's  study,
improvements in hematological parameters and
dosimetry were dose-dependentls]. A notable
phenomenon was that MCV and MCH in the IDAPC
and high-dose groups appeared to increase rapidly in
the first one or two weeks and then remained stable
in the last two weeks. We could speculate that with
iron supplements, Hb could quickly synthesize and
integrate into reticulocytes and microcytic cells,
which account for some of the RBCs in the circulating
blood. This might stimulate MCV and MCH to quickly
increase in the first two weeks. After the existence of
reticulocytes and microcytic cells saturated with Hb
and enlarged to a stable volume, the continuous
processes of MCV and MCH rely on RBC apoptosis
and the synthesis cycle and remain stable. At the
end of treatment, the MCV, MCH, and MCHC values
of the rats in the IDANC group were still significantly
lower than those in the NC group (P < 0.05), but the
indices of IDAPC and IDAH were similar to those of
NC.

Ferritin and serum iron were iron status indices,
which were measured in the blood of sacrificed rats
after the administration of iron. Both the NC and IDA
intervention groups had higher ferritin and serum
iron levels than the IDANC group (Figure 1), which is
consistent with the results of other studies™"’*".
The data suggest that LID feed during pregnancy and
lactation successfully create an anemia model in the
offspring rats. The model used for the observation of
iron supplementation evaluation showed that Hb
and iron status of rats reacted to the administrated
iron dosages.

The ratios of visceral weight to body weight in
each group are shown in Supplementary Table S1
(available in www.besjournal.com). The weights of
the brain, heart, kidney, and spleen of the observed
rats were significantly lower than those of the NC
group, whereas the organ/body weight ratio was
higher than that of the NC group (P < 0.05). This
could be explained by the greater reduction in body
weight, suggesting that organ weights are less
affected by IDA and the intervention. After iron
supplementation, the organ/body weight of treated
rats improved, which was lower than that of IDANC
(P < 0.05), except for the kidney. Iron intervention
showed a dose-dependent relationship with body
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Table 2. Variation in the blood parameter after intervention
Parameter Group Baseline Week 1 Week 2 Week 3 Week 4
Hb (g/L) NC 121.93+5.51° 139.13 + 6.39" 158.88 + 8.62° 157.50 + 6.35° 145.40 + 6.48°
IDANC 35.00 + 3.02° 28.86 +3.13° 41.15 +13.25° 39.93+9.30° 69.50 + 18.55
IDAPC 35.60 % 2.67° 59.87 + 7.05> 101.57 +10.21%° 116.93 + 12.58°° 139.88 +11.34°
IDAL 35.45 +3.27° 37.77 £ 4.19*° 58.33 +7.10™ 70.38 £ 9.55* 103.17 +11.92*°
IDAM 33.08  4.44° 49.88 + 4.74>" 81.46 + 12.6™ 99.69 + 15.22*° 128.37 + 11.62*°
IDAH 31.86 + 2.85° 81.69 + 11.47*° 119.42 +9.52°° 131.42 +8.69*° 147.13 + 8.41°
HCT (%) NC 38.11+1.48" 42.45+1.71° 47.39 +2.65° 47.59 +1.68° 43.56 +1.48°
IDANC 12.65+1.14° 11.36 +3.53° 17.39+3.71° 16.86 + 2.64° 23.04 +5.38°
IDAPC 13.61+ 1.60° 22.55 + 2,05 35.90  3.60™ 38.63 +3.91*" 43.37 £3.04°
IDAL 13.10+1.31° 15.29 + 1.45"° 23.62 +1.94*° 26.19 +2.58"° 34.07 +3.14*°
IDAM 11.78 +1.54° 19.46 +2.15*° 30.37 £3.72*° 3434 +4.32°° 40.03 £ 3.39*
IDAH 11.81+0.58° 28.39 +2.53* 40.11+2.91*° 42.35 +2.65™° 45.20 +1.99°
MCV (fL) NC 68.96 +3.17° 69.81 + 1.90° 64.64 +1.69" 63.32 +1.30° 60.59 + 1.31°
IDANC 43.62 +1.42° 41.63 +3.23° 45.97 £ 4.50° 4274 +2.81° 46.55 + 3.30°
IDAPC 43.23 +1.80° 51.81+2.57* 54,76 +2.57* 56.64 +2.14> 55.72 +2.19*°
IDAL 42.90 +2.63° 48.04 +1.63™° 45.33+2.37° 43.85+1.67° 46.91+3.30°
IDAM 43.46 +1.55° 50.98 + 2.56™ 49.28 +3.24° 50.41 + 4.16™ 50.30 + 4.39°
IDAH 41.78 +1.32° 62.90 + 5.86™ 65.75 + 4.70° 64.95 + 3.79" 60.67 + 2.43"
MCH (pg) NC 22.05+0.87° 22.87 4 0.55 21.67+0.72° 20.94 +0.45° 20.15 +0.46°
IDANC 12.19+1.24° 9.99+1.04° 10.83 +2.14° 10.10 + 1.13° 14.11+2.74°
IDAPC 11.40 £0.25° 13.76 + 0.60*" 15.53 +0.76*° 17.16 + 0.65*° 17.95 + 0.66*°
IDAL 11.66 + 0.74° 11.93+0.63*° 11.21+0.84° 11.82 +0.95”° 14.23+1.32°
IDAM 12.33+1.41° 13.20 + 1.40*° 13.23+1.26*° 14.65 + 1.46*° 16.16 + 1.56°
IDAH 11.33+0.80° 18.08 + 1.83*° 19.59 + 1.36° 20.14+1.07° 19.73£0.86°
MCHC (g/L) NC 319.93 +4.16° 327.73 £5.54° 335.41 +4.86° 330.83 +2.94° 332.35+2.87°
IDANC 279.15+23.74°  240.04 +21.44° 234.09 * 27.15° 236.26 + 24.67° 289.83 +24.67°
IDAPC 264.30+ 13.96° 266.07 + 15.50°° 283.69 +5.77°° 302.99 £6.17*° 321.99 +7.24%°
IDAL 27258 +16.53°  248.17 + 11.50° 248.63 * 16.17° 269.03 £18.12°°  303.01 + 13.27°
IDAM 283.15 +25.94° 258.75 + 26.37°° 271.03 £ 16.70*° 290.38 + 11.06*° 321.31+7.80°°
IDAH 270.97 +19.70° 287.40 +16.62*° 297.33 +6.61%° 310.25 + 6.58™° 325.46 + 7.54™°
RBC (10%*/1) NC 5.54 +0.40" 6.09 +0.30° 7.34+0.54° 7.52+0.34° 7.19+0.36°
IDANC 2.90+0.27° 2.72+£0.82° 3.90+0.76° 3.96+0.72° 4.53+1.50°
IDAPC 3.13£0.26° 4.36+0.41>° 6.49 +0.63*° 6.82 +0.65*° 7.78 £0.49°°
IDAL 3.05+0.27° 3.18 £0.34*° 5.24 +0.47"° 5.97 £ 0.53"° 7.28+0.71°
IDAM 2.71+0.40° 3.82+0.43*° 6.16 + 0.62°° 6.81+0.60*" 7.97 +£0.48°°
IDAH 2.82+0.15° 4.54+0.56> 6.12 +0.50*" 6.53 +0.42°° 7.46 +0.38°

Note. Hb: hemoglobin; HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular
hemoglobin; MCHC: mean corpuscular hemoglobin con-centration; RBC: red blood cells; NC: normal control
group; IDANC: IDA negative control group; IDAPC: IDA positive control group; IDAL: low-level group; IDAM: mid-
level group; IDAH: high-level group; IDA: iron deficiency anemia; a: P < 0.05, compared with group NC; b: P <
0.05, compared with the IDANC group.
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Figure 1. Ferritin and serum iron at the end of intervention. (A) Value of serum iron. (B) Value of ferritin.
NC: normal control group; IDANC: IDA negative control group; IDAPC: IDA positive control group; IDAL:
low-level group; IDAM: mid-level group; IDAH: high-level group; IDA: iron deficiency anemia; a: P < 0.05,
compared with the NC group, b: P < 0.05, compared with the IDA 1 group, c: P < 0.05, compared with the

NC group and greater than the NC group.

and organ weights. This revealed that iron
supplementation benefited the growth and
development of rats treated with IDA. Liver weight
and its ratio with body weight were lower than those
of the NC group (P < 0.05) and did not differ from
those of the IDANC group (P > 0.05). This is uniquely
different from other organs, but still awaits further
understanding. Iron supplementation supports organ
weight restoration to the NC level. Wang’s and Xie's
studies also observed similar results regarding the
effect of IDA on the body weight and organ weight of
model rats™'®. The heart ratio was higher in the
model group than in the control group in both
studies but differed for the liver, spleen, and
kidneys. In Wang’s study, the liver-to-kidney ratio
was greater in the IDA group, and no difference was
observed in the spleen ratio compared to the control
group[‘”. In Xie's study, there was no difference in
the ratio of the liver and kidney in IDA and normal
rats, but the ratio in the spleen was increased™. It
can be assumed that an increase in the heart ratio is
common in iron deficiency anemia, while the effect
in other organs may be influenced by more factors.

The results of this study confirmed that the LID
method 14 days after pregnancy and LID in offspring
can be used to establish an IDA rat model after
lactation. The IDA model showed an expected
response to the measured metabolic parameters or
indices of iron and anemia in iron intervention for 28
days.
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