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Abstract

Ionizing radiation is known to induce significant damage to the hematopoietic system, primarily
compromising bone marrow function. Folic acid plays a crucial role as a cofactor in one-carbon
metabolism and various cellular processes, including DNA synthesis and repair. This study examines
the potential radioprotective effects of folic acid on hematological parameters and bone marrow
histology in male rabbits subjected to X-ray irradiation. The experimental design included four
groups: (1) Control, (2) Folic acid supplementation, (3) X-ray exposure, and (4) Combined folic acid
supplementation and X-ray exposure. Hematological analysis demonstrated a significant decline in
white blood cell (WBC), red blood cell (RBC), and platelet (PLT) counts following X-ray exposure,
indicating radiation-induced hematopoietic suppression. Notably, folic acid supplementation
partially restored these parameters, suggesting its role in promoting hematopoietic recovery.
Additionally, histological examination of bone marrow revealed increased cellularity in folic acid-
treated groups, further supporting its protective effects against radiation-induced myelosuppression.
These findings indicate that folic acid supplementation may attenuate the adverse hematopoietic
effects of ionizing radiation, underscoring its potential as a radioprotective agent.
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Introduction

Radiation-induced damage to the hematopoietic system is a well-documented consequence of ionizing
radiation exposure, primarily affecting bone marrow function and peripheral blood cell counts. Ionizing
radiation generates reactive oxygen species (ROS), leading to oxidative stress and cellular apoptosis,
particularly in hematopoietic stem and progenitor cells [1,2]. Folic acid, an essential B vitamin involved in
DNA synthesis and repair, has been hypothesized to possess radioprotective properties.

Acute Radiation Syndrome (ARS), commonly referred to as radiation sickness, occurs as a result of whole-
body exposure to high doses of ionizing radiation. This condition is characterized by significant disruptions
in biochemical parameters and can adversely impact multiple organ systems, including the hematopoietic
[3], cardiovascular [4], and gastrointestinal systems [5]. Furthermore, developing brains are particularly
vulnerable to ionizing radiation, as evidenced by numerous studies [6]. Prenatal exposure to X-irradiation
has been associated with histological changes in the brain of both humans and experimental animals,
leading to impairments in learning and memory [7].

Hematopoietic stem cells, known for their high radiosensitivity, play a crucial role in maintaining blood cell
counts, which remain a critical diagnostic tool in assessing disease conditions. Prolonged exposure to X-
rays has been shown to cause significant alterations in peripheral blood cell profiles, including an increase
in neutrophil count, severe lymphopenia, and thrombocytopenia due to a reduction in platelet levels.
Ionizing radiation typically suppresses bone marrow activity, leading to decreased production of blood cells
in peripheral circulation, although its direct effects on most cells or tissues are relatively rare [8]. The
systemic effects of whole-body radiation primarily manifest in the hematological, gastrointestinal, and
cerebrovascular systems, resulting in widespread dysfunction and organ damage [9,10]. These insights
underscore the broad and complex biological impact of ionizing radiation on both cellular and systemic
levels.

Hematopoietic stem cells, being highly radiosensitive, play a vital role in monitoring disease conditions, with
platelet counts serving as a reliable diagnostic indicator. Exposure to ionizing radiation doses ranging from
0.5 to 1 Gy can result in significant changes in peripheral blood cell profiles, including elevated neutrophil
counts, severe lymphopenia, and reduced platelet levels (thrombocytopenia). Lymphocytes are particularly
susceptible to radiation-induced damage, undergoing interphase death even at low doses of 0.05-0.15 Gy.

Ionizing radiation suppresses bone marrow activity, leading to a reduction in peripheral blood cell
production, although it inflicts minimal direct harm on most cells or tissues [8]. The systemic effects of
radiation extend to various organ systems, including the gastrointestinal, cerebral, and circulatory systems,
resulting in widespread organ dysfunction [9,10]. Radiation-induced bone marrow suppression and
decreased peripheral blood counts highlight the importance of hematopoiesis recovery in treating radiation
injuries [11].

Research by Li and colleagues (2014) [12] suggests that radiation not only diminishes hematopoietic cell
numbers but also stimulates the activation of remaining cells. In a study by Geng et al. [8], mice exposed to
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60Co y-rays exhibited a decline in red blood cell (RBC) count, hemoglobin (Hb) concentration, white blood
cell (WBC) count, and lymphocyte percentage. Notably, WBCs and lymphocytes demonstrated greater
radiosensitivity than RBCs and Hb, likely due to the longer lifespans of mature RBCs and Hb compared to
WBCs. In 2005, Deng et al. [13] also reported a pronounced reduction in WBCs following radiation exposure.
Since lymphocytes retain immature potential even after differentiation, the initial observable effect of ionizing
radiation on blood cells is a sharp decline in lymphocyte counts. Previous studies examining radiation's
impact on leukocytes consistently highlight the early and profound susceptibility of lymphocytes to
radiation-induced damage.

Folic acid functions as a cofactor in single-carbon metabolism and various cellular processes, such as the
biosynthesis of purines, thymidylate, and methionine [14]. It serves as a unique body coenzyme with
antioxidant properties that support erythropoiesis, DNA synthesis [15], amino acid metabolism within DNA
[16], sperm production [17], and overall male fertility [18].

Additionally, specific medications, such as antacids, triamterene, anticonvulsants, cimetidine, anticancer
drugs, and sulfasalazine, can interfere with folic acid levels in the body. Pregnant women or those planning
pregnancy are advised to consume 400 micrograms of folic acid daily to reduce the risk of neural tube defects
and other pregnancy complications. In some cases, physicians may also recommend this dosage to decrease
the risk of cardiovascular diseases [18].

The Food and Drug Administration (FDA) mandates the fortification of cereals with folic acid, allowing
individuals who regularly consume fortified grains to meet their daily folic acid requirement with as little as
100 micrograms. However, research by Tolba et al. [16] indicates that this minimal intake is often insufficient
to maintain optimal folic acid levels in the body, underscoring the importance of ensuring adequate dietary
supplementation. This study aims to assess the protective effects of folic acid supplementation in mitigating
hematological and histological damage to bone marrow in rabbits exposed to X-ray irradiation.

Methods

Experimental animals

The study utilized 20 native adult male rabbits, with body weights ranging from 2.00 to 2.32 kilograms. The
animals were housed in group cages measuring 100 x 85 x 45 cm at the Zoology Department facilities at
Omar Al-Mukhtar University. Environmental conditions were maintained at a temperature of 25 + 1°C, with
a photoperiod of 12 hours of light and 12 hours of darkness. The rabbits were provided with unrestricted
access to water and fed a standard commercial pellet diet. To ensure proper acclimatization, the animals
were housed under laboratory conditions for one week prior to the initiation of the experiment.

Experimental groups and protocol

The rabbits were randomly assigned to one of four experimental groups, with five rabbits in each group:
Group I (control group): Normal, healthy rabbits receiving distilled water orally each day. Group II (folic acid
supplemented group): Healthy male rabbits administered folic acid at a dose of 0.07 mg/kg of body weight
daily for one month [17]. Group III (X-Ray exposed group): Healthy male rabbits exposed to X-ray irradiation
at a dose of 80 kV from a distance of 98 cm, once daily for one week [18]. Group IV (Combined Treated with
folic acid and exposed to x ray group): Healthy male rabbits treated with folic acid at 0.07 mg/kg of body
weight daily for one month, followed by X-ray irradiation at a dose of 80 kV from a distance of 98 cm, once
daily for one week. All experimental procedures were conducted over a period of one month.

Morphological and Clinical Observations

Daily observations were conducted to record behavioral changes and external clinical signs, including
dehydration, changes in eye colour, body hair condition, stool consistency, respiratory difficulties, signs of
bone fragility, fever, muscle weakness, alterations in activity levels, signs of toxicity, or mortality.

The body weights of all rabbits were measured at the beginning and end of the experimental period using
an electronic balance. Body weight changes (as a percentage) and weight gain were calculated to assess the
[19]. These observations were critical for evaluating the physiological and morphological responses of the
animals to the treatments administered.

Haematological parameters

Hematological parameters, including white blood cell (WBC) count, red blood cell (RBC) count, hematocrit
(HCT), hemoglobin (HGB) levels, and platelet (PLT) count, were analyzed using an automated hematology
analyzer (XP-300 Automated Hematology Analyzer, Sysmex America, Inc.).

Histopathological studies

At the conclusion of the experiment, animals were euthanized by cervical dislocation, followed by
postmortem examinations to detect any abnormalities or notable alterations in internal organs. Skin, liver,
testis, and bone marrow samples were carefully excised for further analysis.

The tissues were fixed in 10% formalin solution for 24 hours, dehydrated using a graded series of ethyl
alcohol, and cleared with xylene. Samples were embedded in paraffin wax with a melting point of 56-60°C
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after undergoing three cycles of paraffin infiltration. Paraffin blocks were sectioned into 5-7 um thick slices
using a Leica RM 2125 rotary microtome. Sections were stained with Harris's hematoxylin and eosin (H&E)
following the protocol outlined by [20]. Slides were mounted using Canada balsam and covered with a
coverslip. A light microscope equipped with a digital camera (Nikon Eclipse E400) was used to evaluate and
document histological changes.

Statistical analysis

Statistical analyses were performed using SPSS (version 27). A one-way analysis of variance (ANOVA)
followed by Tukey's Honest Significant Difference (HSD) test was employed to evaluate differences between
group means. Results were expressed as mean * standard error of the mean (SEM), with statistical
significance defined as a P-value < 0.05. On the graph if a p-value is less than 0.05, it is flagged with one
star (*). If a p-value is less than 0.01, it is flagged with 2 stars (**). If a p-value is less than 0.001, it is flagged
with three stars (***).

Results
Effect of folic acid supplementation and X-ray exposure on CBP parameters in male rabbits exposed to X
rays.
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Figure 1. WBC count of the studied groups. Folic acid administered group has the highest WBC count,
suggesting a strong response (possibly an immune reaction or inflammation). X-ray exposure seems to
decrease WBC count, which may indicate radiation-induced suppression of white blood cells. The
combination of FA and X-ray shows an intermediate effect, reducing WBC count but not as drastically as X-
ray alone. (***) indicate p-value less than 0.001.
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Figure 2. RBCs count of the studied group. Folic acid group (F) increases RBC count significantly, suggesting
a stimulatory effect (possibly an erythropoietic response)., X-ray exposure seems to reduces RBC count, likely
due to radiation-induced bone marrow suppression, The combination of FA and X-ray shows partial recovery,
meaning F might counteract some of the suppressive effects of X-ray on RBC production. (*) indicate p-value
less than 0.05; (***) indicate p-value less than 0.001.
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Figure 3. Platelets count of the studied groups. Folic acid group (F) shows an increase platelet count,
suggesting a stimulatory effect (possibly enhancing megakaryocyte activity or bone marrow function), X-ray
exposure seems to reduces platelet count, likely due to radiation-induced suppression of bone marrow, The
combination of FA and X-ray shows partial recovery, meaning F might counteract some of the suppressive
effects of X-ray on platelet production. (*) indicate p-value less than 0.05; (**) indicate p-value less than 0.01;
(***) indicate p-value less than 0.001.
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Figure 4. HGB level of the studied groups. The group which was given folic acid has the highest HGB level,
and, X-ray exposure seems to decrease haemoglobin, which may indicate radiation-induced suppression of
HGB, the combination of FA and X-ray shows an intermediate effect, reducing HGB level but not as
drastically as X-ray alone. (***) indicate p-value less than 0.001.

The significant drop in the X-ray-exposed group suggests radiation-induced anemia, likely caused by
damage to hematopoietic stem cells in the bone marrow, leading to impaired erythropoiesis Folic acid
appears to mitigate the harmful effects of radiation by supporting red blood cell production and maintaining
hemoglobin levels, aligning with its known role in DNA synthesis and erythropoiesis. The group which was
given folic acid and exposed to X-ray group, while showing improvement compared to X-ray alone, does not
reach the levels of the control or folic acid-only groups, suggesting that radiation damage still has a lasting
effect despite folic acid supplementation.

The possible Radio-protector effect of folic acid on BM histological structure in male rabbits
exposed to X ray

Figure 5 (a) illustrate the section of the Control Group which shows a normal bone marrow architecture with
a balanced ratio of hematopoietic cells (H) and adipocytes (A), while Presence of megakaryocytes (M) and
stromal cells (S) suggests normal platelet production and bone marrow support. Figure 5 (b) indicate bone
marrow Section of the rabbits Group which was administered folic acid shows an increased hematopoietic
activity, with a higher density of hematopoietic cells (H). More megakaryocytes (M), suggesting enhanced
platelet formation. Slightly reduced adipocyte (A) content, indicating a shift towards active blood cell
production.

That indicates that, folic acid administration enhances haematopoiesis, increasing blood cell production and
supporting bone marrow function. The control group shows normal bone marrow architecture, whereas folic
acid appears to stimulate hematopoietic cell proliferation, which aligns with folic acid’s role in DNA synthesis
and cell division, benefiting overall bone marrow health.
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Figure 5. 40x (H.E), Photomicrograph illustrates bone marrow sections of rabbits, showing hemopoietic cells

admixed with adipocytes; H= Hematopoitic cells, A= Adipocytes, M= Megakaryocytes, S= Sinsoides: (a) Control
group; (b) after folic acid administration: normal hemopoietic population.

The section of bone marrow of group which exposed to X-ray (figure 6a) shows Increased fat cells (A) and
reduced hematopoietic cells (H) indicate radiation-induced bone marrow suppression; The structure seems
more damaged, showing lower cellularity and signs of atrophy. On other hand, combined administration
during x-ray exposure (figure 6 b); suggests partial protection against radiation damage indicated by the
presence of hematopoietic cells (H), megakaryocytes (M), and adipocytes (A); The marrow appears more
cellular, with better-preserved components.

_ 40X
(a) (b)

Figure 6. 40x (H.E), Photomicrograph illustrates bone marrow sections of rabbits, showing hemopoietic cells
admixed with adipocytes; H= Hematopoitic cells, A= Adipocytes, M= Megakaryocytes, S= Sinsoides: (a) exposed
to X-ray showing depletion of hematopoietic cells; (b) after folic acid administration: exposed to X-ray and
folic acid group: improvement in hemopoietic population.

Discussion

The present study objective was to evaluate the potential beneficial effects of folic acid as radioprotective on
hematological parameters and bone marrow histological structures in male rabbits exposed to X-ray
radiation. The results demonstrated that X-ray exposure significantly reduced WBC, RBC, and platelet
counts, while folic acid supplementation partially mitigated these effects. Histological analysis further
revealed that X-ray exposure led to depletion of hematopoietic cells, whereas folic acid treatment contributed
to cellular recovery. These findings align with prior research, emphasizing the detrimental effects of ionizing
radiation on hematopoiesis and the potential protective role of folic acid. Similarly, mice exposed to 8 Gy or
15 Gy doses of irradiation showed no mortality or significant neurological deficits within 24 hours post-
irradiation [21].

Radiation-induced hematopoietic suppression has been extensively documented in previous studies.
Ionizing radiation affects bone marrow function by increasing oxidative stress, leading to DNA damage and
apoptosis of hematopoietic stem cells [12]. The observed reduction in RBC, WBC, and platelet counts in the
X-ray-exposed rabbits is consistent with findings reported by Coleman et al. [9] and Xiao & Whitnall [10],
who noted that radiation disrupts multiple organ systems, particularly hematopoietic and immune
functions. Similarly, a study [22] linked radiation exposure to declines in hemoglobin and erythrocyte
counts, attributing these changes to oxidative stress and bone marrow suppression.

In the current study, histological analysis revealed a depletion of hematopoietic cells and an increase in
adipocytes in X-ray-exposed rabbits, indicative of bone marrow atrophy. These findings correspond with
prior reports highlighting radiation-induced hypoplasia in the hematopoietic system [23,24]. Notably, Fuks
and his colleagues [25] and Matsumoto and his team [26] documented similar effects, showing that radiation
exposure leads to significant alterations in peripheral blood composition and lymphoid organ weight.

The administration of folic acid before X-ray exposure resulted in a partial recovery of hematological
parameters and bone marrow cellularity. This protective effect is likely due to folic acid’s essential role in
DNA synthesis and repair, as well as its function in reducing oxidative stress [27]. Previous studies have
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demonstrated that folic acid supplementation enhances hematopoiesis and mitigates radiation-induced
damage by reducing reactive oxygen species (ROS) and improving cellular proliferation [28,12]. Moreover,
the observed increase in WBC, RBC, and platelet counts in the folic acid-treated group aligns with findings
by Gridley et al. [24], who reported that dietary supplementation with folate and other antioxidants enhances
hematopoietic recovery following radiation exposure. These effects are likely mediated through folic acid’s
role in methylation and nucleotide biosynthesis, which are crucial for maintaining genomic integrity under
stress conditions [29]. The decrease in hematological parameters observed in X-ray-exposed rabbits is
consistent with earlier studies [9,10], which reported that whole-body irradiation disrupts various organ
systems, including hematological, gastrointestinal, and cerebrovascular systems. lonizing radiation has
been shown to cause bone marrow destruction and peripheral blood cell depletion. Li et al. [12] further
demonstrated that radiation exposure increases reactive oxygen species (ROS) in hematopoietic stem cells,
bone marrow, hematopoietic progenitor cells, and mononuclear cells, leading to cellular damage. Singh and
Roy [22] attributed reductions in hemoglobin and RBC counts to radiation toxicity, while leucocyte decline
was linked to inflammatory responses.

Numerous studies have corroborated the impact of radiation on bone marrow [23], peripheral blood [25,26],
lymphoid organ weight [22], and other biological tissues, with the extent of damage varying according to the
radiation dose received. Anemia, a common side effect of radiation therapy and chemotherapy, is attributed
to decreased erythrocyte counts following radiation exposure [24]. The current study’s findings corroborate
those of previous investigations into the radioprotective properties of dietary supplements. For example,
Coleman et al. [9] reported that folic acid and other antioxidants protect against radiation-induced damage
by scavenging free radicals and promoting DNA repair mechanisms. Similarly, a study by Scott & Lyons in
1979 [30] found that folic acid administration improved erythropoiesis and immune function in irradiated
subjects. The beneficial effects observed in the present study further support the hypothesis that folic acid
acts as a radioprotective agent, reducing hematopoietic suppression and promoting recovery. Additionally,
research [26] demonstrated that folic acid supplementation enhances hematopoietic stem cell survival
following radiation exposure by modulating oxidative stress responses. These findings align with the present
study’s histological observations, where folic acid-treated rabbits exhibited improved cellular architecture,
with a well-preserved hematopoietic population and reduced adipocyte infiltration compared to the X-ray-
exposed group. These findings align with earlier researches [9,10], which reported that whole-body radiation
causes dysfunction in multiple organ systems, including the hematopoietic, gastrointestinal, and
cerebrovascular systems. Ionizing radiation exposure has been shown to damage bone marrow, resulting in
reduced peripheral blood cell counts [12]. Additionally, radiation-induced oxidative stress, characterized by
increased reactive oxygen species (ROS) in hematopoietic stem cells and other bone marrow cells,
contributes to this dysfunction. Singh and Roy [22] attributed declines in hemoglobin and RBC counts to
toxic effects, while inflammation, acting as a defensive mechanism, accounted for the reduction in
leukocytes.

Limitations and future directions

While this study provides strong evidence supporting the radioprotective effects of folic acid, several
limitations should be acknowledged. First, the study was conducted on a small sample size of male rabbits,
and further investigations with larger cohorts and different animal models are warranted. Second, molecular
mechanisms underlying folic acid’s protective effects, particularly its role in DNA repair pathways and
antioxidant enzyme modulation, require further exploration. Future research should focus on the long-term
effects of folic acid supplementation post-radiation exposure and its potential applications in clinical
settings.

Conclusion

The findings of this study indicate that folic acid supplementation plays a significant role in reducing the
damaging effects of X-ray exposure on blood parameters and bone marrow histology. The observed
improvements in WBC, RBC, platelet and hemoglobin counts, along with stimulating haematopoiesis,
suggest that folic acid has radioprotective properties. These results align with previous research,
emphasizing the potential therapeutic applications of folic acid in radiation-exposed populations.
Hematological Analysis indicate that folic acid administration exhibited the highest WBC, RBC, and PLT
counts and HGB level, while X-ray exposure resulted in a significant reduction, indicative of radiation-
induced bone marrow suppression. However, the treatment with folic acid with X-ray exposure showed
partial recovery, implying a potential protective effect of folic acid against radiation damage. Histological
analysis shows the effect of X-ray exposure on BM tissue which shown as severe depletion of hematopoietic
cells, increased adipocyte content, and disrupted bone marrow architecture. However, moderate recovery of
hematopoietic cellularity, reduced adipocyte infiltration, and enhanced megakaryocyte presence
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