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Abstract 

Background  Pulsed low dose rate radiotherapy (PLDR) is a new radiation delivery method, in which the fractional 
dose is divided into sub-fractional doses with periodical time breaks in between. The goal of our study is to assess 
the toxicity on healthy tissues resulting from PLDR as compared to conventional radiotherapy (CRT) using the same 
physical X-ray dose.

Methods  We analyzed the weight and survival time for CRT and PLDR groups and studied the inflammatory cytokine 
transforming Growth Factor-β (TGF-β), usually released following irradiation. Histopathological and immunohisto‑
chemical analyses were conducted for intestinal and bone marrow tissues from rats subjected to 8 Gy whole- body 
irradiation using CRT and PLDR techniques. We investigated genotoxicity by performing a comet assay (CA) in splenic 
tissues.

Results  Our findings showed an improvement in survival time with PLDR versus CRT by 82%.The mean survival time 
for CRT rats’ group was 6.3 days, while it was 35.9 days for PLDR group.The weight of CRT group decreased gradu‑
ally by 3.7%, while weight of PLDR group increased gradually by 2.4%.CRT resulted in more cellular atrophy in bone 
marrow and intestinal tissues than in PLDR treatments as shown by hematoxylin and eosin staining analysis. In addi‑
tion, the transforming growth factor-β (TGF-β) expression in bone marrow and intestinal tissues of CRT was higher 
than those expressed in tissues from PLDR as demonstrated by the Immuno reactive score (IRS). It was10(0.53) 
and 9.8(0.55) for BM and intestinal tissues, respectively from CRT group and 5.8(0.63) for PLDR for both tissues. The 
measured CA parameters were larger with CRT compared to PLDR, where the Tail Length (TL), Tail DNA % (TD%) 
and Tail Moment (TM) measurements were 25.4(3.4), 56.5(7.6) % and 20.5(3.5) for CRT, 7.3(1.9), 30.0(7.2) % and 5.7(1.8) 
for PLDR, with P value 0.000064, 0.0004 and 0.00017, respectively.

Conclusion  This study indicates that PLDR can reduce the toxicity on normal tissues compared to CRT.
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Introduction
Pulsed low dose rate radiation therapy is a new radiation 
delivery method, that has been proposed to overcome the 
unacceptable expected toxicity when re-irradiating recur-
rent cancers that have already received prior radiothera-
peutic doses [1–4].The basic idea behind PLDR is to take 
advantage of the low dose hyper-radiosensitivity (HRS) 
of tumor cells [5, 6] below certain threshold doses, which 
are greater than those of normal tissues. In addition, 
the low dose rate used with PLDR will allow for a better 
healthy tissue repair [7–9]. The potential interpretation 
for the low dose HRS is the lack of DNA repair below this 
given threshold dose which is called the transition dose. 
This is the dose in which cells change from hyper-radio-
sensitivity to resistance response. This can be noticed in 
the cells survival curves as a region of increased radiore-
sistance (IRR). This dose depends on cell type and usu-
ally determined to be in the range of 0.2–0.6 Gy [10–25]. 
Thus, contrary to the normal tissue repair of the sub-
lethal DNA damage at low radiation dose rates, tumor 
cells are shown to be more radiosensitive as long as the 
radiation pulse doesn’t exceed the transition dose. The 
phenomenon of higher radiosensitivity at lower dose 
rate is also called the inverse dose rate effect [10–12] and 
could be seen at radiation dose rates less than 1 Gy/h in 
low dose HRS-expressing cells [25–27]. Survival curves 
for invitro studies have shown that the effect of dose 
rate on sublethal damage is clearly observed in the range 
of 0.01–1 Gy/h [6]. To achieve this effect in PLDR, the 
radiation treatment fraction is divided into a number of 
sub-fractions or pulses, each one has a dose higher than 
the transition dose for normal tissue but lower than the 
transition dose for the tumor, this promotes DNA repair 
in  normal  tissues, but not in cancerous cells. To maxi-
mize normal tissue repair, pulses are delivered with pre-
determined periodic time interval breaks to achieve an 
effective low dose rate [3].

PLDR has been investigated through in  vitro/in vivo 
radiobiological experiments [5, 7, 28–35]. Those stud-
ies have guided pilot clinical studies for the treatment of 
recurrent cancers and aided in determining the schemes 
of fractionation and dose rate for specific tumor sites. For 
a variety of used tumor cell lines, the majority of PLDR 
treatments resulted in comparable or somewhat better 
cell death than CRT. The varied response of the different 
cell lines probably indicates a limited degree of efficacy 
in preventing the activation of the early G2 checkpoint 
and subsequent DNA repair [9]. It is anticipated that 
the distinction between the in vivo and in vitro environ-
ments will also have an impact on the signaling pathways 
that govern the early G2 checkpoint, which is sustained 
by multiple important kinases and phosphorylation 
processes and triggered by ATM (ataxia-telangiectasia 

mutated) activity [9]. Most in-vitro studies used colony 
assays to evaluate PLDR- based HRS. In those studies, 
different cell lines were investigated by assessing the cell 
survival rates with PLDR versus conventional methods 
[28–30, 36]. For example, Todorovic et  al. [28] used a 
clonogenic assay to evaluate the response of different iso-
genic HNSCC Cell lines to PLDR treatment. On the other 
hand, most in-vivo studies evaluated the PLDR effect by 
monitoring the tumor growth delay using different imag-
ing modalities. For example, Dilwarth et al. and Park et al. 
used positron emission tomography (PET) scans to quan-
tify tumor growth of Glioblastoma multiform tumors 
established in nude mice after irradiation with PLDR 
compared to conventional fractionation [32, 33]. Zhang 
et al. used magnetic resonance imaging (MRI) to moni-
tor the weekly growth of lung tumor model implanted in 
mice to study the effectiveness of PLDR [31]. Wang et al. 
also used MRI but to investigate the efficiency of PLDR 
for treating implanted in-vivo prostate cancers [5]. Other 
factors were also used to evaluate PLDR effect in some 
in-vivo studies. For example, Meyer et  al. analyzed the 
toxicity by measuring Transforming Growth Factor-β 
(TGF-β) in tissues from mice that were irradiated with 
PLDR using lethal doses [35].The in-vivo published stud-
ies presented valuable data to aid in the clinical trials, 
but are still not enough to interpret why clinical toxicity 
is reduced in PLDR treatment technique and the mech-
anism of radiation damage repair in the cells is still not 
fully understood at the molecular level [6, 37]. We believe 
more research efforts are needed to have a better under-
standing of this new treatment technique. Therefore, we 
were motivated to perform in vivo experiments using rats 
to investigate the different effect of PLDR on normal cells 
compared to the effect of conventional treatments. PLDR 
effects could be ascribed to DNA damage repair mecha-
nisms prematurely triggered by the accumulation of suffi-
cient damage from the repeated dose pulses. In our study, 
we conducted a comet assay, a technique for quantify-
ing and analyzing DNA damage and repair in individual 
cells. As far as our knowledge, comet assays were not 
performed in the early studies for evaluating PLDR based 
on in-vivo experiments. We also measured TGF-β in dif-
ferent tissues because it is considered the main cytokine 
responsible for the fibrotic response in healthy tissues 
after exposure to radiation and an indicator of tissue 
damage [38, 39].

Materials & methods
Animals
Adult male Wistar rats were obtained from Medicine 
Ain Shams Medical Research Institute (MASRI), weigh 
130–150 gm and approximately 8 weeks old. They were 
kept in cages  made  of  polypropylene  in conventional 
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laboratory condition (temperature 25 °C ± 2  °C, 50 ± 10% 
relative humidity, and a 12-h cycle of darkness and light). 
The animals were fed a regular standard diet, and water 
was available ad Libitum. Prior to the start of the study, 
all rats spent a week getting used to the surroundings.

Experimental design
Our experiments were performed at two stages, the first 
stage focused on the difference in survival time between 
PLDR and CRT. The assessment was done using 24 rats 
divided into two groups, Pulsed low dose rate group and 
the conventional radiotherapy group. In the second stage, 
we conducted toxicity and histopathological examina-
tions using 38 rats divided into three groups, 13 rats for 
the Pulsed low dose rate group, 13 rats for conventional 
radiotherapy group, and 12 rats for the control group. 
The comet assay was compared between 6 rats from each 
group. TGF-β measurements were compared in 7 rats 
from each group. We used the Wilcoxon Rank Sum test 
to calculate P-value.

Irradiation
Rats were placed in a box confining them within an 
area of 12  cm × 12  cm. An arbitrary reference point 
was placed within the center of the box to calculate the 
machine monitor units needed to deliver a dose in the 
order of 8 Gy ± 0. 8 Gy.Treatment was carried out using 
parallel opposed lateral beams, covering the rat’s whole 
body plus some marginal area to ensure that the rat is not 
standing within the field penumbra. Both CRT and PLDR 
groups received total body irradiation to the same dose 
but with different delivery methods. Conventional radio-
therapy (CRT) was delivered as a single 8 Gy dose using 
a machine dose rate equal to 400 MU/minute, whereas 
PLDR was delivered via 40 × 0.2  Gy pulses. Each pulse 
is running at 100 MU/minute and pulses are separated 
by 3  min interval beam off gaps to achieve an effective 
dose rate equal to 0.067 Gy/min. The rats were irradiated 
using a Unique linear accelerator (Varian medical sys-
tems) witha6 MV photon beam. The splenic tissues were 
resected 48  h after irradiation for DNA damage detec-
tion, while bone marrow and gastrointestinal tissues were 
resected one week after irradiation for histopathology 
and immunohistochemistry.

Comet assay
Single cell gel electrophoresis assay (SCGE) or a Comet 
assay is a common method for measuring DNA dam-
age in cells described in several publications [40, 41]. 
This assay detects and quantifies breaks in DNA [42]. 
The original protocol developed by Singh et al. [40] was 
followed in this study with some modifications accord-
ing to the reagents manufacturers. Splenic tissues were 

extracted, fixed in phosphate puffer saline for process-
ing using the Cell Biolabs, Inc.’s OxiSelectTM 96-Well 
Comet Assay kit, cat. no. STA-355, San Diego, USA. 
The test was conducted according to the manufacturer’s 
instructions and the protocol provided in kit handbook 
[43]. The comet assay method is adapted to determine 
DNA damage in isolated cells, first, the cells needed to 
be isolated from splenic tissues. Obtaining a cell suspen-
sion of high quality may be tricky when working with 
tissues. To isolate and lyse splenic tissue, we used dissec-
tion scissors to mince a small piece of spleen in 1–2 mL 
of ice-cold PBS containing 20 mM EDTA (without Mg2+ 
and Ca2+). Then we allowed the tissue/cell suspension to 
stand for5 minutes before transferring the supernatant 
to a centrifuge tube. the supernatant was discarded, then 
cells were resuspended at 1 × 105 cells/mL in ice-cold PBS 
(without Mg2+ and Ca2+). Before applying the individual 
cells on the OxiSelectTM 96-Well Comet Slide, the cells 
were first mixed with molten agarose gel. Then, to relax 
and denature the DNA, the slide was immersed in Lysis 
Buffer for 30–60  min at 4  °C in the dark, and then the 
buffer solution was replaced with alkaline solution for 
30 min at 4 °C in the dark. The DNA in these implanted 
cells was then relaxed and denatured using lysis buffer 
and alkaline solution. The samples were then electro-
phoresed in a horizontal chamber to separate the intact 
DNA from the damaged bits (DNA fragments). The sam-
ples were dried, dyed with a DNA dye and examined 
using epifluorescence microscopy after electrophoresis. 
Damaged DNA (including strand breaks and cleavages) 
moved further than intact DNA and generated a "comet 
tail.". The cells with a comet tail, with damaged DNA, 
were photographed using LABOMED Fluorescence 
microscope LX400, cat no: 9126000; USA. and assessed 
by comet assay analysis software CASPlab. To quantify 
the extent of the DNA damage the distance between the 
genetic material in the nucleus (also known as the "comet 
head") and the subsequent "tail" was measured. Param-
eters used to evaluate comet assay results were as follows; 
Tail length (TL) measured from the center of the comet 
to the tail end, Tail DNA% (TD%) is the DNA percentage 
in the result tail and Tail Moment (TM) equal to (TD%) 
multiplied by the Length of Tail (TM = TD% × TL) [44].

Histopathology and immunohistochemistry
The intestine tissues and bone marrow (BM) were har-
vested from the different groups (7 rats from each group), 
placed into cassette, and then immersed in formalin (10% 
neutral buffered) to be fixed in paraffin blocks for immu-
nohistochemical and histopathological examinations. 
From these tissues in the various groups, autopsy samples 
were taken and fixed in 10% formalin saline for 24 h, then 
washed using tap water (containing ions and cations like 
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calcium, which found to give better results concerning 
differentiation and color intensity) and dehydration was 
induced using diluted alcohol (methyl, ethyl, and pure 
ethyl). In a hot air oven set to 56 °C for 24 h, specimens 
were immersed in paraffin after cleaning with xylene. 
The microtome was used to make paraffin bees wax tis-
sue blocks for sectioning at a thickness of 4 microns. The 
acquired tissue sections were assembled onto glass slides, 
deparaffinized, and stained using the Hematoxylin and 
Eosin (H&E) stain to be examined by LABOMED Fluo-
rescence microscope LX400, cat no: 9126000; USA.

TGF‑β
The samples’ paraffin wax was removed to carry out anti-
body staining using xylene. Rehydration started by plac-
ing the sections in 100% ethanol followed by 95% ethanol, 
then washed two times in dH20. Slides were subjected to 
antigen retrieval by boiling in buffer (10 mM Tris/1 mM 
EDTA, with pH = 9.0). The activity of endogenous peroxi-
dase was quenched to induce a high background stain-
ing using 3% hydrogen peroxide then washed in distilled 
water (dH2O) followed by washing in wash buffer. Large 
circles were drawn around the samples using a hydropho-
bic pen, to obtain the highest quality of antibody staining. 
The sections were blocked for one hour at room tem-
perature using 100–400 μl of the blocking solution then 
subsequently incubated at the same conditions over night 
using the diluted primary antibody, rat specific TGF-β 
polyclonal Antibody, cat no.PA5-85,171, (Invitrogen, 
ThermoScientific, USA), at 1:500 dilution. On the next 
day, dilution of the primary antibody was removed, then 
the sections were cleaned in washing buffer. The immu-
nohistochemically detection kits were allowed, Envi-
sion FLEX link Detection Reagent, cat no. K800 (Dako, 
Denmark) was applied on the samples and incubated for 
30 min, then washed. After that, the slides were stained 
using DAB Chromogen3,3, -diaminobenzidine tetrahy-
drochloride (Dako, Denmark), then a 100 to 400  μl of 
SignalStain® DAB (Dako, Denmark) for each section was 
applied and monitored closely for 1 to10 minutes to allow 
for a suitable staining intensity. Finally, the sample slides 
were immersed in dH2O, followed by counter staining 

with hematoxylin. Then the sections were subjected to 
two 5-min dH2O washes. The immune staining was eval-
uated blindly.

Immunoreactive score calculation
Using a counting grid, the immune-positive cells were 
enumerated and calculated in each region of interest 
(ROI). The ROI’s-, stained areas were digitally defined 
and their percentage was calculated. Immunoreactive 
score system (IRS) was used to calculate the protein 
expression intensity for IHC data interpretation. The 
immunoreactive score system gives a range of 0–12 by 
multiplying the staining intensity score (0–3) and posi-
tive cells proportion score (0–4). The staining intensity 
arbitrary scale and values for the fraction of positive 
tumor cells are shown in Table 1 [45].

Data analysis
Microsoft Excel (365) and Excel Stat (XLStat) were used 
to analyze the data. To illustrate the uncertainty in the 
weight of the rats, we calculated the standard devia-
tion (SD) and added a linear fitting to them using Origin 
2024b. For the other data, the mean and standard error 
of the mean (SEM) were calculated. The SEM were esti-
mated as the standard deviation divided by the square 
root of the sample number. Minitab 19 was used to calcu-
late the Wilcoxon Rank Sum Test, which was utilized in 
statistical analysis. The threshold for a significant differ-
ence is P value ≤ 0.05. Prism was used to create box and 
whisker plots, displaying individual points. The Kaplan–
Meier survival analysis was used to plot the survival 
distribution function. The significant difference level is 
referred to as *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.0001.

Results
Weight and survival time
The average weight of the rats in CRT group decreased 
gradually after the single delivery of the 8  Gy dose. 
The rats started to die at the third day until all rats 
died by the 17th day after radiation, while in the PLDR 
group, the rats’ weight did not decrease (Fig.  1) until 
the 14th day (PLDR’ rats started to die on 14th day). 

Table 1  The Immunoreactivity scoring system (IRS)

A (percentage of positive cells) B (intensity of staining) IRS score (multiplication of A 
and B) IRS score (A × B): 0–12

0 = no positive cells 0 = no colour reaction (No staining) 0–1 = negative

1 =  < 10% of positive cells 1 = mild reaction (Weak staining) 2–3 = mild (weak)

2 = 11–50% positive cells 2 = moderate reaction (Moderate staining) 4–8 = moderate

3 = 51–80% positive cells 3 = intense reaction (Strong staining) 9–12 = strongly positive

4 =  > 80% positive cells
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A significant difference was observed in the initial and 
final weight for the rats between the two groups with 
a P value = 0.001. The average weight before irradiation 
was 129.5gm and126.2 gm for CRT group and PLDR 
group, respectively.CRT group’ weight decreased grad-
ually by 3.7% (this decreasing in average weight was 
from a rapidly decreasing number of surviving rats)) 
while PLDR group’ weight increased gradually by 2.4%. 
The highest difference between the weights of the two 
groups was seen in day 13.

Also, a significant difference was observed in the 
survival rate between the rats in both groups (CRT & 
PLDR) with a P value = 0.001. Kaplan Meier analysis 
in (Fig.  2) shows that the mean survival time for CRT 
group is 6.3 days and all rats died by 17th day, while for 
the PLDR group, the mean survival time is 35.9  days 
and all rats died by the 44th day. This shows that the 
survival time was less by 82%with CRT compared to 
PLDR group. This indicates that PLDR could reduce 
the toxicity after irradiation as demonstrated with the 
slower weight decline and longer survival time.

Symptoms
Acute symptoms of fatigue, lethargy and tremor 
appeared in the rats after exposure to 8 Gy with con-
ventional radiation delivery. One week after irradia-
tion, scars and erosion in the fur were noticed in some 
of the rats in the CRT group (Fig. 3a), while rats of the 

Fig. 1  The average weight per day for both rat groups with a linear fitting. CRT group received single 8 Gy and PLDR received Pulsed 8 Gy 
(0.2 Gy × 40fr with interval time 3 min). Day 0 indicates to time before irradiation

Fig. 2  The survival rate using Kaplan Meier plotting. The CRT group 
received a single 8 Gy dose and the PLDR group received Pulsed 8 Gy 
(0.2 Gy × 40fractions with interval time 3 min). Day 0 indicates the day 
before irradiation
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other group showed normal appearance (Fig. 3b). Dur-
ing dissection, gastric dilation was noticed in some 
rats of both CRT and PLDR groups, but the macro-
scopic morphologic alterations were higher in the CRT 

group. The gasified water contributed to the expan-
sion of the gastric area and led to the elimination of 
the linear depression of the mucous organ following 
irradiation.

Fig. 3  a CRT group one week after irradiation; rats which received single8 Gy, showing changes on the skin. b PLDR group rats which received 
pulsed 8 Gy (0.2 Gy × 40fr with interval 3 min), showing normal skin appearance
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Comet assay
DNA damage was measured in splenic tissues using the 
alkaline comet assay method (Fig. 4). As a result of the 
lysing step using solutions after embedding in the aga-
rose, the cells were destroyed, allowing all components 

of the cells to diffuse into the gel agarose, except DNA 
(form nucleoids, containing DNA helical loops). The 
damaged individual strands and fragments of DNA 
lost their structure and relax. When applying the elec-
tric field for electrophoresis, the small loose DNA 

Fig. 4  Comet assay images: for measuring DNA damage in spleen cells of rats subjected to various approaches of radiation. Control group received 
no radiation, CRT group received single 8 Gy and PLDR received pulsed 8 Gy (0.2 Gy × 40fractions with interval 3 min). The images were taken 
with the LABOMED Fluorescence Microscope LX400.;(catalogue number 9126000, USA). The image scale bar is100µm.Yellow arrow indicates normal 
cell; white arrow indicates head of comet and pink arrow indicates tail of comet
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fragments, negatively charged, were drawn towards the 
positive anode, while non- damaged helical DNA with 
a higher weight was too large to migrate to the positive 
anode. The migration of damaged DNA to the positive 
pole was proportional to cell damage. Therefore, each 
damaged cell formed a comet shape image with head 
and tail under a fluorescence microscope. The head 
consists of the integral helical DNA and the tail con-
sists of DNA fragments with varying lengths that have 
migrated away from the nucleus. Images with higher 
comets, with higher tail length, and with higher fluo-
rescence intensity (which expresses the tail DNA per-
centage) indicate greater DNA damage.

The extent of DNA damage was evaluated based on the 
TL, TD%, and TM = TL × TD. An example of the varia-
tions in the mentioned parameters in the samples of the 
three groups is displayed in Fig.  4. As expected, both 
irradiated groups showed higher DNA damage than the 
unirradiated control group, noticed with higher comets 
and higher tail length (Fig.  4).It was also observed that 
the DNA damage parameters were higher in CRT group 
compared to PLDR group, where the mean (SEM) of TL, 
TD% and TM measurements were 25.4(3.4), 56.5(7.6)% 
and 20.5(3.5) for CRT, 7.3(1.9), 30.0(7.2)% and 5.7(1.8)for 
PLDR, and 5.1(2.5),17.6(10.9)% and 2.7(2.4) for the con-
trol group as shown in Fig.  5. TL, TD%, and TM levels 
all showed statistically significant differences between 

Fig. 5  Comet assay parameters A Tail length (TL), B Tail DNA % (TD%) and C Tail Moment (TM) of Splenic tissue. Control group received 
no radiation, CRT group received single 8 Gy and PLDR received pulsed 8 Gy (0.2 Gy × 40fractions with interval 3 min). This represents the individual 
data points using the box and whiskers plot. *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.0001
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the PLDR and CRT groups with P- value 0.000064, 
0.0004, 0.00017, respectively. There were statistically 
significant differences also between the control and 
CRT groups within all parameters; TL, TD% and TM (P 
value = 0.0041,0.00060 and 0.0024, respectively). On the 
other hand, the difference in DNA damage parameters 
between control and pulsed group was not statistically 
significant as depicted from the P value being > 0.05.

Immunohistochemistry
Histopathological changes in bone marrow and intestinal 
tissue
Bone marrow and intestinal sections of rats from the 
control group” stained with H&E, showed normal histo-
morphological features (Fig. 6). Marked histological fea-
tures of BM atrophy were observed in the CRT group as 
indicated by the moderate widening of BM trabeculae, 
deposition of fibrous tissue as well as extravasation and a 
marked reduction in BM cellularity (Fig. 6A). The PLDR 
group showed histomorphological features of reduced 
toxicity in BM tissues when compared to the CRT group 
irradiated with the same dose (Fig.  6A). Also, an acute 
histological feature of colitis was observed in intestinal 
tissues from the CRT group as noticed by a moderate 
marked Atypia (nuclear enlargement and malorienta-
tion) in epithelium (Fig.  6B) associated with degenera-
tive changes, tissue edema, eosinophilic infiltration, and 
a moderate grade of fibrosis in lamina propria in the 
intestinal tissue of the CRT group, on the other side, it 
showed mild degeneration in intestinal tissues of the 
PLDR group. Histopathology images are shown in (Fig. 6) 
with magnification power10X and 40X. The images were 
taken, with the LABOMED Fluorescence Microscope 
LX400(catalogue number 9126000, USA), images scale 
bars are shown on figures.

IHC staining with TGF‑β Changes in Bone Marrow & intestinal 
tissue
Figure  7 represents assessment of TGF-β expression in 
bone marrow and intestinal tissues following total body 
irradiation with 8  Gy. Immunohistochemistry involves 
the process of quantifying proteins (antigens) in tissues 
and cells show where a specific given protein is located, 
depending on antigen -antibodies binding principle. This 
results in images with colours (blue and brown) which 
indicate the interaction degree (the details are in the 
methodology sections). The colours in immunohisto-
chemistry indicate high protein expression (dark brown) 
and no protein expression (blue), depending on the 
intensity of the colour. Immunohistochemistry of both 
BM and intestinal tissues for CRT shows intense positive 
brown reaction, while for PLDR, shows moderate posi-
tive brown reaction (Fig.  7).The immunoreactive score 

(IRS) defined as multiplication of positive cells percent-
age by staining intensity and used to interpret the IHC 
results is shown in Fig.  8.The nonirradiated tissues of 
the control group exhibited very low protein expression 
with an average immunoreactive score (IRS) = 0.5(0.2) 
and 0.07(0.071) for intestinal and BM tissues, respec-
tively. Total body irradiation with both delivery methods 
induced release of TGF-β in the above tissues. The stain 
pattern in irradiated tissues in CRT Immunohistochemis-
try showed higher positive cells and expression of TGF-β 
than PLDR. The average IRS 10(0.53) and 9.8(0.55), indi-
cates strongly positive reaction for CRT in intestinal and 
BM tissues, respectively. While the average 5.8(0.63) 
indicates moderate reaction for PLDR in both BM and 
intestine tissues (Fig.  8). The immunoreactive scores of 
both BM and intestinal tissues were significantly differ-
ent between CRT and PLDR groups. P value = 0.0030 and 
0.0024, respectively.

Discussion
Organs and cells with high sensitivity to radiation injury 
are the hematopoietic system, the gastrointestinal (GI) 
tract, the brain, spermatogenic cells, and the vascular 
system [46]. The intestine and bone marrow (BM) are 
known to be highly sensitive to the acute toxic effects of 
radiotherapy, both in experimental animal models and in 
patients subjected to radiotherapy [46]. Gastritis, hemor-
rhage, nausea, and vomiting are common side effects of 
whole-body irradiation [46]. This explains choosing BM 
and intestine in our study and quantifying the extent of 
the TGF-β expression in their tissues [47]. The spleen as 
a hemopoietic organ plays a very important role in the 
body immunity and is known to serve as a reservoir for 
platelets, lymphocytes, and potentially other cells [48]. 
Therefore, it was also examined in our work. The study 
done of Ma et  al. [31] examined the effect of radiation 
on the spleen. They showed that using hematoxylin and 
eosin caused spleen atrophy following irradiation. In our 
study, we wanted to detect the damage in spleen using 
a different approach focusing on genotoxicity, so comet 
assay was done. A previous comet assay study on spleen 
lymphocytes showed that very low dose-rate irradiation 
resulted in a statistically significant increase in nucleoid 
relaxation (DNA breaks), starting from a dose of 20 cGy 
[49].

Severe acute toxicity is a crucial factor to consider 
when planning for reirradiation of recurrent cancers. It 
was demonstrated in literature that normal cells could 
be more resistant to radiation with PLDR while preserv-
ing the same tumor control as conventional treatment 
options [5, 7, 31–35]. The PLDR effect on tumor depends 
on the low dose hyper radiosensitivity. The normal cells’ 
sparing relies on the low dose rate. The low dose per 
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Fig. 6  Histopathology images of bone marrow sections (A) and intestinal sections (B) stained with Hematoxylin and eosin, showing 
histomorphology features for both PLDR and CRT in comparison to normal tissues. Both sections of bone marrow and intestinal tissue showed 
a reduced level of toxicity in rats exposed to pulsed radiation (PLDR) than those exposed to equivalent doses of conventional radiation (CRT). Black 
arrows indicate fibrosis in intestinal tissue, Black straight line indicates atypia, blue arrows indicate fibrosis in BM tissues, yellow arrows indicate 
cellularity, red arrows indicate extravasation and black circles indicate wide trabecula in BM tissues. The images were taken with a LABOMED 
Fluorescence Microscope LX400, with the (catalogue number 9126000, USA), Scale bars are shown on images
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pulse and periodical beam off intervals between them 
can enhance the normal tissues’ ability to repair sublethal 
damage and, therefore, reduce toxicity. Several studies 

investigated the effective dose rate that should be used 
to give the optimal clinical outcome. Santos et al. tested 
effective dose rates ranging from 0.083 Gy/min to 1.5 Gy/

Fig. 6  continued
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min by delivering treatment pulses separated by periodi-
cal beam off gaps in the order of 10  s, 20  s, 1  min and 
3  min. His work did not show significant variations in 
the survival fractions of human cell lines A549 and PC3 
[29]. On the contrary, Terashima et  al. used clonogenic 
experiments to investigate the survival rates of A549 
and V79 cancer cells as a function of treatment dose rate 
and time interval and found that with short beam off 
interval (10 s, 1 min and 3 min), both cell lines showed 
significantly reduced survival rates [36]. Ma et  al. [30] 
showed stronger cytotoxic effects at the lower dose 
rate 0.0677  Gy/min which also favors the use of 3-min 
interval gaps. Wen et  al. used colony assay formation 
to investigate the time interval in PLDR in terms of the 
sublethal repair half-time of some normal tissues in the 
abdominal and pelvic areas. The calculated time interval 
in the PLDR technique was found to be 2.5 to 3.5  min, 
and this time interval is equal to the required half life 
time for repairing these tissues, depending on their type 
[50]. However as was stated by Ma et al. [9], a 3-minutes 
interval can be more practical to keep the overall therapy 
session within 30 min. Hence, in the current work based 
on the aforementioned discussions, we chose the 3-min 
interval gap.

Rats prior irradiation were healthy feeding and the 
increase in weight could be a sign of good digestion 
and normal growth. Our results showed a continuous 
decrease in body weight with conventional treatment 
compared to a slightly increasing weight with PLDR, also, 
a higher survival rate for PLDR compared to CRT. This 
agrees with the results of Zhang et al. [31], however our 
data showed 3 times higher survival rates compared to 
their results. Many factors could contribute to the dispar-
ity between our survival rates and their outcomes, includ-
ing the variance in the experimental animals used in both 
studies. In their study, nude mice were used with an aver-
age weight in the order of 20–26 gm, while we used adult 
male Wistar rats with an average weight in the order of 
130–150  gm. Yang et  al. studied the pathophysiological 
responses in rat and mouse models of radiation-induced 
brain injury. They pointed out that mice yield relatively 

low survival rates after anesthesia and irradiation, and 
they ascribed that to the small size of the mouse brain 
which could limit the radiation volume and dose distribu-
tion [51]. Takahashi et al. [52] showed the alveolar mac-
rophages decreased much more in mice than in rats after 
external gamma irradiation. Alveolar macrophages are 
essential for tissue homeostasis, host defense, clearance 
of surfactant and cell debris, pathogen recognition, ini-
tiation and resolution of lung inflammation, and repair of 
damaged tissue. While this may offer a potential explana-
tion, we cannot definitively determine that the observed 
variation between rats and mice in the aforementioned 
studies accounts for the difference in survival in rats. This 
might warrant more dedicated investigations.

The comet assay (TL, TD% and TM) which we used to 
evaluate the DNA damage [49, 53–55] was not consid-
ered in many of the PLDR studies. Our results showed 
lower DNA damage with PLDR and indicated a bet-
ter DNA sparing compared to conventional treatments. 
Measurement of the TGF-β has also reinforced that 
PLDR radiation is qualitatively superior to conventional 
radiotherapy in terms of the normal tissue sparing. 
TGF-β is considered to be the master cytokine involved 
in the fibrotic response in normal tissues exposed to irra-
diation [39]. TGF-β cellular expression after irradiation 
showed higher expression in conventional treatment than 
PLDR and our results are consistent with the study pub-
lished by Meyer et al. [35].

Future research direction could include the use of 
tumor bearing animals to investigate the potential gain 
with PLDR. Benefits will be judged based on the ability 
of achieving same tumor control with less normal tissue 
complications and a reduction in toxicity as compared to 
conventional treatment techniques.

Conclusion
These data support and promote that there is an obvious 
difference between PLDR and CRT techniques in terms 
of toxicity. This opens a window for more possible and 
various applications of radiotherapy in locally recurrent 
cases to increase tolerable doses in reirradiation.

(See figure on next page.)
Fig. 7  Bone marrow sections (A) and intestinal tissue sections (B) of rats are stained with Rat specific anti-TGF-β antibody. Figure 7 (A) showed 
a high brown reaction of TGF-β (arrows)in BM tissues following CRT treatment than those follow PLDR at doses of 8 Gy. In Fig. 7 (B), the CRT images 
of intestine tissues showed a higher intensity of the brown color than PLDR images, which indicates higher expression for TGF-β. The images 
were taken with a LABOMED Fluorescence Microscope LX400, with the catalogue number 9126000, USA. TGF-β expression was quantified using 
the immuno reactive scoring system (IRS), shown in (Fig. 8)
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Fig. 7  (See legend on previous page.)
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Fig. 7  continued
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IRR	� Increased radio resistance
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PET	� Positron emission tomography
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ROI	� Region of interest
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