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Purpose: Insulin-like growth factor-1 (IGF-1) stimulates epithelial regeneration but may
also induce life-threatening hypoglycemia. In our study, we first assessed its safety.
Subsequently, we examined the effect of IGF-1 administered in different dose
regimens on gastrointestinal damage induced by high doses of gamma radiation.

Material and methods: First, fasting C57BL/6 mice were injected subcutaneously with
IGF-1 at a single dose of 0, 0.2, 1, and 2 mg/kg to determine the maximum tolerated dose
(MTD). The glycemic effect of MTD (1 mg/kg) was additionally tested in non-fasting
animals. Subsequently, a survival experiment was performed. Animals were irradiated
(60Co; 14, 14.5, or 15 Gy; shielded head), and IGF-1 was administered subcutaneously at
1 mg/kg 1, 24, and 48 h after irradiation. Simultaneously, mice were irradiated (60Co; 12,
14, or 15 Gy; shielded head), and IGF-1 was administered subcutaneously under the same
regimen. Jejunum and lung damage were assessed 84 h after irradiation. Finally, we
evaluated the effect of six different IGF-1 dosage regimens administered subcutaneously
on gastrointestinal damage and peripheral blood changes in mice 6 days after irradiation
(60Co; 12 and 14 Gy; shielded head). The regimens differed in the number of doses (one to
five doses) and the onset of administration (starting at 1 [five regimens] or 24 h [one
regimen] after irradiation).

Results:MTD was established at 1 mg/kg. MTD mitigated lethality induced by 14 Gy and
reduced jejunum and lung damage caused by 12 and 14 Gy. However, different dosing
regimens showed different efficacy, with three and four doses (administered 1, 24, and
48 h and 1, 24, 48, and 72 h after irradiation, respectively) being the most effective. The
three-dose regimens supported intestinal regeneration even if the administration started at
24 h after irradiation, but its potency decreased.

Conclusion: IGF-1 seems promising in the mitigation of high-dose irradiation damage.
However, the selected dosage regimen affects its efficacy.
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1 INTRODUCTION

Acute gastrointestinal radiation syndrome (GRS) is a life-threatening
situation that develops after exposure of the gastrointestinal tract to
high doses of ionizing radiation (IR). The pathogenesis of acute GRS
is not fully understood. However, self-renewing cells at the base
intestinal crypts play a crucial role, including intestine stem cells
(ISCs) and daughter cells of the first few generations (Meena et al.,
2022). Under physiological circumstances, ISCs self-renew,
proliferate, and differentiate and thus maintain the intestinal
epithelium integrity. After irradiation, these cells arrest the cell
cycle and induce apoptosis (Li et al., 2021). When the number of
ISCs and the production of daughter cells decrease substantially, the
mucosal barrier that separates the intestinal content from the
gastrointestinal tissue breaks down. This results in severe
diarrhea, dehydration, electrolyte imbalance, and translocation of
gastrointestinal pathogens and toxins into the body (Lu et al., 2019).

Acute GRS management is primarily symptomatic. It usually
combines antiemetics, antidiarrheal drugs, rehydration, and
antimicrobial prophylaxis and therapy (Lu et al., 2019). The fully
developed syndrome has a poor prognosis. On the other hand,
preclinical studies utilizing clinically available mitigators showed
promising results. These mitigators also include different
intestinotrophic substances, such as Teduglutide or Dinoprostone
(Singh and Seed, 2020). Teduglutide is a dipeptidyl peptidase-
resistant analog of glucagon-like peptide-2 (GLP-2). GLP-2
receptors have been localized to several intestinal cell types but
not to the proliferating crypt cells. The GLP-2 actions have thus been
associated with a complex network of indirect mediators activating
diverse signaling pathways that enhance crypt cell proliferation and
suppress apoptosis (Rowland and Brubaker, 2011). Gu et al. (2017)
demonstrated that Teduglutide’s subcutaneous injection in specific
pathogen-free Balb/c mice for 7 days prolonged survival of animals,
decreased structural damage, down-regulated radiation-induced
inflammatory responses, and promoted survival of crypt cells.
Dinoprostone is prostaglandin E2 (PGE2), a lipid with pleiotropic
effects. Both PGE2 and its long-acting analog 16,16-dimethyl PGE2
(dmPGE2) act via EP receptors (Okazaki et al., 2018). When
administered before irradiation, both increase ISC survival and
reduce crypt damage (Hanson and Thomas, 1983; Hanson and
DeLaurentiis, 1987). PGE2 also promotes hematopoietic stem cell
survival and hematopoietic recovery after radiation injury (Porter
et al., 2013; Patterson et al., 2020). Patterson et al. (2020) defined a
window of survival efficacy for single administration of dmPGE2 as
within 3 h before and 6–30 h after total-body γ irradiation.

Insulin-like growth factor 1 (IGF-1) is another pleiotropic
hormone. Its synthetic analog, mecasermin (brand name
Increlex), is clinically used to treat growth failure in children
(Bang et al., 2022). IGF-1 receptors are present in the intestine at
different cell types, including ISCs (Van Landeghem et al., 2015).
Systemically administered IGF-I increases crypt cell proliferation
and expression of anti-apoptotic genes, particularly in the stem
cell zone, which subsequently increases mucosal mass in mice
(Dahly et al., 2002). After irradiation, IGF-1 signaling stimulates
crypt regeneration (Bohin et al., 2020). IGF-1 also inhibits
ionizing radiation (IR)-induced apoptosis of gastrointestinal
vascular endothelial cells (Qiu et al., 2010). Their damage

significantly affects the response of gastrointestinal tissues after
irradiation (Lu et al., 2019). Howarth et al. (1997) implanted
mini-osmotic pumps infusing IGF-1 into rats before whole-body
irradiation by 10 Gy and observed accelerated intestinal mucosal
recovery from radiation injury. However, the maximally tolerated
dose for a single subcutaneous injection has not yet been
published and tested for its radiation mitigation properties
when administered in different dosage regimens.

2 MATERIAL AND METHODS

2.1 Animals
All experiments were performed with female C57Bl/6 mice (age
12–16 weeks, weight 18.8–23.2 g; Velaz, Unetice, Czech
Republic). Mice were housed in an accredited facility
(temperature 22 ± 2°C, 50 ± 10% relative humidity, with lights
from 7:00 to 19:00 h; accreditation number č. j. 69233/2015-
MZE-17214; Faculty of Military Health Sciences) and allowed
access to tap water and standard food DOS-2B (BIOPO spol.
s.r.o., Brno, Czech Republic) ad libitum. The animals were
acclimatized for 14 days before starting the experiments. All
experiments in this study were approved by the Ethics
Committee (Faculty of Military Health Sciences, Hradec
Kralove, Czech Republic) and were conducted following the
Animal Protection Law and Animal Protection Regulations.

2.2 Safety of IGF-1
Animals were randomly divided into four groups (n = 6).
Recombinant human IGF-1 (Increlex; Ipsen Pharma,
Boulogne-Billancourt, France) was administered
subcutaneously (s.c.) at a dose of 0.2, 1, or 2 mg/kg to animals
fasting for 12 h. Physiological saline (B Braun Melsungen AG,
Melsungen, Germany) was used to dilute the growth factor and as
a negative control. Blood was collected using the tail incision
method at 0 (immediately before), 0.5, 1, 2, and 4 h after
physiological saline or IGF-1 administration. Glucose
concentration in blood was measured using SD CodeFree
blood glucose monitor and SD CodeFree Plus blood glucose
test strips (both from SD Biosensor, Suwon, South Korea).
During the experiment, the animals were observed for clinical
signs of hypoglycemia.

Clinical signs and glycemic profiles were also monitored in a
group of animals (n = 6) that were not fasting before but were
restricted from feeding during the experiment (4 h). The animals
were administered s.c. with IGF-1 at 1 mg/kg. Glycemia was
measured at 0 (immediately before), 0.5, 1, 2, and 4 h after IGF-1
administration.

All irradiation experiments were performed in non-fasting
animals with free access to food during the experiments.

2.3 Source of Ionizing Radiation
The source of gamma radiation was 60Co unit (Chirana, Prague,
Czech Republic). The dosimetry was performed using an
ionization chamber (Dosemeter PTW Unidos 1001, Serial No.
11057, with ionization chamber PTW TM 313, Serial No. 0012;
RPD Inc., Albertville, MN, United States).
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2.4 Irradiation Procedure
Before IR treatments, animals were anesthetized using a solution
of Rometar (20 mg/ml; Bioveta, Ivanovice na Hane, Czech
Republic), Narketan (50 mg/ml; Vetoquinol, Prague, Czech
Republic), and physiological saline in the volume ratio 1:3:12.
This solution was administered intramuscularly at a dose of
10 ml/kg. The anesthetized animals were placed into a
Plexiglas box (VLA JEP, Hradec Kralove, Czech Republic) and
irradiated by a single dose of IR delivered from back to front at a
dose rate of 0.81 Gy/min (survival experiment and assessment of
jejunal and lung damage) or 0.27 Gy/min (assessment of different
IGF-1 dosage regimens) with a target distance of 1 m. In both
experiments, the head and neck were shielded with 10 cm thick
lead bricks.

2.5 Experimental Setup of Ionizing Radiation
Experiments
In survival experiments, the mice were randomly divided into 6
groups (n = 20) and irradiated by 14, 14.5, or 15 Gy. IGF-1 was
administered s.c. at 1 mg/kg 1, 24, and 48 h after irradiation.
Physiological saline was used to dilute the growth factor and as a
negative control. The survival of animals was monitored daily.

Simultaneously, we assessed the effect of IGF-1 on IR-induced
jejunum and lung damage. For this, mice were randomly divided
into 6 groups (n = 8), irradiated by 12, 14, or 15 Gy, and
administered s.c. with IGF-1 (1 mg/kg) 1, 24, and 48 h after
irradiation. Physiological saline was used to dilute IGF-1 and
for the control group. Four hours before euthanasia, animals were
intraperitoneally injected with 5-bromo-2′-deoxyuridine (BrdU,
100 mg/kg; Merck, Kenilworth, NJ, United States) diluted in
physiological saline. After deep narcotization in the CO2

atmosphere at 84 h after irradiation, samples from the jejunum
(5–6 cm from the pyloric ostium) and lung were collected and
fixed with 10% neutral buffered formalin (Chemapol, Prague,
Czech Republic).

Finally, we evaluated the effect of six different IGF-1 dosage
regimens (à 1 mg/kg; single and multiple) on IR-induced
gastrointestinal damage and peripheral blood changes. In this
experiment, the animals were randomly divided into 16 groups
(n = 6), irradiated by 12 or 14 Gy, and administered s.c. with IGF-
1 according to the experimental setup presented in Table 1.
Physiological saline was used to dilute IGF-1 and for the control

group. 6 days after the irradiation, the animals were deeply
narcotized in the CO2 atmosphere, and the thorax and
abdominal cavity were opened. Venous blood was collected
from the right heart ventricle into heparinized tubes (Scanlab
Systems, Prague, Czech Republic). Samples from the duodenum,
jejunum (0.5–1 cm, 5–6 cm from the pyloric ostium,
respectively), and ileum (1–2 cm from the ileocecal valve) were
collected and fixed with 10% neutral buffered formalin
(Chemapol, Prague, Czech Republic).

2.6 Staining of Samples
2.6.1 Hematoxylin-Eosin
According to the previously published procedure (Pejchal et al.,
2012), formalin-fixed samples were processed and stained with
hematoxylin and eosin (Merck).

2.6.2 Detection of BrdU Positive Cells
Dewaxed 5 μm thick sections first underwent DNA hydrolysis in
2 M HCl (Merck) for 1 h at 37°C. Subsequently, the sections were
neutralized in 0.1 M sodium borate buffer (pH 8.5; Merck) for
10 min at room temperature and washed three times in
phosphate-buffered saline (PBS; Merck). BrdU incorporation
was then detected using a standard peroxidase technique
(Pejchal et al., 2012). In short, after blocking the endogenous
peroxidase activity for 20 min, the tissue sections were incubated
for 1 h with rat monoclonal anti-BrdU antibody (1 μg/ml; clone
BU1/75 [ICR1], Abcam, Cambridge, United Kingdom). As a
secondary antibody, pre-diluted ready-to-use goat anti-rat
antibody-HPR polymer (ab214882; Abcam) was applied for
20 min. Finally, 0.05% 3,3′-diaminobenzidine
tetrahydrochloride-chromogen solution (Merck) in PBS
containing 0.02% hydrogen peroxide was added for 10 min to
visualize the antigen-antibody complex.

2.6.3 Detection of Chloroacetate Esterase-Positive
Cells
Chloroacetate esterase is considered specific for cells of
granulocytic lineage. To detect chloroacetate esterase-positive
cells, dewaxed and hydrated 5 μm thick sections were stained
using a naphthol AS-D chloroacetate esterase kit according to the
manufacturer (Cat. No. 91C-1KT; Merck) instructions. The
samples were mounted into an ImmunoHistoMount aqueous-
based mounting medium (Merck).

TABLE 1 | The experimental setup used to evaluate the different IGF-1 dosage regimens on the mitigation of ionizing radiation-induced gastrointestinal damage and
peripheral blood changes.

Group Dose (Gy) IGF-1a Group Dose (Gy) IGF-1a

1 0 - 9 0 -
2 12 - 10 14 -
3 12 1 (1 h) 11 14 1 (1 h)
4 12 2 (1, 24 h) 12 14 2 (1, 24 h)
5 12 3 (1, 24, 48 h) 13 14 3 (1, 24, 48 h)
6 12 4 (1, 24, 48, 72 h) 14 14 4 (1, 24, 48, 72 h)
7 12 5 (1, 24, 48, 72, 96 h) 15 14 5 (1, 24, 48, 72, 96 h)
8 12 3 (24, 48, 72 h) 16 14 3 (24, 48, 72 h)

aNumber of doses (time of administration). IGF-1, was administered subcutaneously at a dose of 1 mg/kg.
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2.7 Evaluation of the Jejunum and Lung
Damage
2.7.1 Jejunum
In the jejunum, we first performed a histopathological analysis in
hematoxylin-eosin-stained samples. The samples were
semiquantitatively scored for the loss of epithelial continuity,
edema, and granulocyte infiltration (Table 2). Additionally, the
number of villi per circumference, their length, number of
surviving crypts per circumference, and the amount of
chloroacetate esterase positive cells were scored.

A villus was judged as a villous-like structure containing at
least 20 nucleated cells. The number of villi per circumference
was counted in the whole cross-section of hematoxylin-eosin
stained samples at ×200 magnification. Three cross-sections
were evaluated for each animal, and their values were
averaged.

The length of villi was assessed in the same samples using a BX-51
microscope (Olympus, Tokyo, Japan) and the ImagePro 5.1
computer image analysis system (Media Cybernetics, Bethesda,
MD, United States). Lengths of 10 randomly selected villi were
measured under ×160 magnification.

The amount of surviving crypts per circumference was counted
in the whole cross-section of BrdU-stained samples at ×400
magnification. Only transversely sectioned crypts with ≥10 BrdU
positive cells were considered as surviving. Three cross-sections were
evaluated for each animal, and their values were averaged.

Chloroacetate esterase-positive cells were counted only in sub-
villar mucose per microscopic field (centered in the middle of the
field) to avoid the effect of different lengths of villi. Ten randomly
selected microscopic fields were counted for each animal at ×400
magnification.

2.7.2 Lung
Histopathological analysis was also done in the lung, scoring
cellularity, inflammation, hyperemia, and edema (Table 3).
Subsequently, the airness of the tissue and the number of
chloroacetate esterase-positive cells were measured.

The airness was assessed in hematoxylin-eosin-stained samples
using a BX-51 microscope and the ImagePro 5.1 computer image
analysis system. Ten microscopic fields at ×400 magnification were
randomly selected from each animal. The airness of the tissue was
expressed as the percentage of the bright area in themicroscopic field
defined in the red/green/blue scale: red 220–255, green 220–255, and
blue 220–255, where 0 is black and 255 is white.

Finally, the number of chloroacetate esterase-positive cells was
counted in ten randomly selected microscopic fields at ×400
magnification for each mouse.

2.8 Evaluation of Different Regimens
2.8.1 Blood
Collected venous blood was promptly analyzed using ABX Pentra
60C + hemoanalyzer (Horiba, Kyoto, Japan). All samples were
measured three times, and their values were averaged.

2.8.2 Intestine
In hematoxylin-eosin-stained intestinal samples, the
histopathological analysis, the number of villi per circumference,
their length (all three parameters were measured similarly to the
previous model), and the amount of regenerating crypts per
circumference, and their length were measured.

Regenerating crypts were defined as basophilic cell clusters of
≥10 epithelial cells (excluding Paneth cells), each with a
prominent nucleus and little cytoplasm, lying close together
and appearing crowded (Bhat et al., 2019). The number of
regenerating crypts per circumference was counted in the
whole cross-section at ×400 magnification. Only transversely
sectioned crypts with ≥10 epithelial cells were considered as
regenerating. Three cross-sections were evaluated for each
animal, and their values were averaged.

The length of crypts was assessed by BX-51 microscope and the
ImagePro 5.1 computer image analysis system. Lengths of 10
randomly selected crypts were measured under ×160 magnification.

2.9 Statistical Analysis
The Kaplan-Meier Survival Analysis with post hoc Log Rank test
and Mann-Whitney test by SPSS statistics version 24 (IBM,
Armonk, NY, United States) were used for the statistical
analysis. Graphs were produced using GraphPad Prism
software (version5.04, GraphPad Software Inc., San Diego,
CA). The differences were considered significant when p ≤ 0.05.

3 RESULTS

3.1 IGF-1 Safety Assessment
In the control of fasting animals (0 mg/kg), the experimental
procedure (handling and blood collection) significantly increased
blood glucose levels by 16% in the 2-h interval (Figure 1A). The
0.2 mg/kg dose did not affect glycemia nor induced any clinical

TABLE 2 | A semiquantitative score of histopathological changes in the intestine.

Parameter Score

0 1 2 3

loss of epithelial continuitya not present <5 microerosions ≥5 microerosions confluent changes
edemab not present mild moderate severe
granulocyte infiltrationc <3 ≥3 ≥10 ≥50

aEvaluated in the whole cross-section.
bNumber of neutrophile granulocytes per microscopic field at 400fold original magnification.
cMild: subepithelial edema in <25% villi; moderate: subepithelial edema in ≥25% villi or cellular edema of <25% villous cells, or edema of <25% of lamina propria or submucosa; severe:
cellular edema of ≥25% villous cells, or edema of ≥25% of lamina propria or submucosa.
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alteration (Figure 1B). After administration of IGF-1, the dose of
1 mg/kg significantly decreased median glycemia by 50, 50, and 36%
at 0.5, 1, and 2 h, respectively (Figure 1C). Although acute

hypoglycemia (<3mmol/L) was recorded in 5 of 6 animals, no
clinical symptoms associated with hypoglycemia were observed. The
dose of 2mg/kg decreased median glycemia by 55, 62, and 67% at
0.5, 1, and 2 h, respectively (Figure 1D). Mice displayed spatial
segregation, hypoactivity, and decreased reactivity to external
stimulation. Two mice experienced seizures. The maximum
tolerated dose (MTD) was therefore established at 1 mg/kg.

In animals that were not fasting before but fasting during the
experiment, 1 mg/kg of IGF-1 decreasedmedian blood glucose levels
by 31 and 32% at 0.5 and 1 h after the administration, respectively
(Figure 1E). No clinical alterations were observed in this group.

3.2 Effect of IGF-1 on Animal Survival After
Irradiation by 14, 14.5, and 15Gy With Head
and Neck Shielded
After irradiation by 14 Gy, survival significantly increased in
animals administered with IGF-1 (median 176 days, 95%
confidence interval [CI] = 154–198 days) when compared with
control receiving only physiological saline (median = 164 days,
95% CI = 155–173 days; Figure 2A, Supplementary Table S1).
We did not observe any significant differences between irradiated
control receiving no treatment and IGF-1 administered groups
after irradiation by 14.5 and 15 Gy (Figures 2B,C).

3.3 Effect of IGF-1 (MTD) on Jejunal and
Lung Damage in Mice 84h After Irradiation
by 12, 14, and 15Gy With Head and Neck
Shielded
In the jejunum, IGF-1 treatment increased the length of villi and
the number of surviving crypts while reducing the amount of
chloroacetate esterase positive cells in the tissue at 12 Gy (by 10,
35, and 45%, respectively; Supplementary Figure S1). After
irradiation by 14 Gy, the therapy only prolonged the villi and
decreased the number of infiltrating chloroacetate esterase
positive cells (by 10 and 34%, respectively; Figure 3). IGF-1
did not affect any histopathological parameter (Supplementary
Figure S2) or the number of villi per circumference (Figure 3A).

In the lung, IGF-1 did not significantly affect any
histopathological parameter (Supplementary Figure S3). Still,
it increased airness while reducing the amount of chloroacetate
esterase positive cells at 12 Gy (by 14 and 24%; Supplementary
Figure S4) and 14 Gy (by 17 and 30%, respectively; Figure 4).

TABLE 3 | A semiquantitative score of histopathological changes in the intestine.

Parameter Score

0 1 2 3

cellularity standard mildly increase moderately increased severely increased
granulocyte infiltrationa 0–10 per m.f 10–20 per m.f ≥20 per m.f diffuse infiltration
edemab not present mild moderate severe
hyperemia not present mild moderate severe

m.f.–microscopic field.
aNumber of neutrophile granulocytes per microscopic field at 400fold original magnification.
bMild: mild intraseptal edema; moderate: moderate intraseptal edema with <10% alveoly with intraalveolar edema; severe: moderate intraseptal edema with ≥10% alveoly with
intraalveolar edema.

FIGURE 1 | Effect of IGF-1 on mouse glycemia. (A)mice fasting for 12 h
before the experiment administered with physiological saline. (B) mice fasting
for 12 h before the experiment administered with IGF-1 at a dose of
0.2 mg/kg. (C)mice fasting for 12 h before the experiment administered
with IGF-1 at a dose of 1 mg/kg. (D) mice fasting for 12 h before the
experiment administered with IGF-1 at a dose of 2 mg/kg. (E) non-fasting
mice administered with IGF-1 at a dose of 1 mg/kg.
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3.4 Effect of Different IGF-1 Therapeutical
Regimens in Duodenum, Jejunum, and
Ileum of Animals Irradiated Six Days After
Irradiation by 12 and 14Gy With Head and
Neck Shielded
3.4.1 Histopathological Assessment
IR at 12 Gy did not induce any significant alterations. At 14 Gy,
we observed edema in the duodenum, jejunum, and ileum and

inflammation in the duodenum and jejunum. Compared with
solely irradiated groups, IGF-1 therapy did not significantly affect
the histopathological scores of IR-induced changes
(Supplementary Figures S5–S7).

3.4.2 Number of Villy
The median amount of villy significantly decreased only in the
ileum by 31% of mice irradiated by 14 Gy. Different IGF-1
regimens did not show any therapeutical effect (Figures 5A–7A).

3.4.3 Number of Regenerating Crypts
The median number of surviving crypts dropped by 44 and 59%
in the duodenum (Figure 5B), by 51 and 62% in the jejunum
(Figure 6B), and by 51 and 62% in the ileum (Figure 7B) after
irradiation by 12 and 14 Gy, respectively. The therapeutical effect
was noted only in the ileum of mice irradiated by 12 Gy.
Administration of IGF-1 in 3 doses significantly increased the
median value by 12%.

3.4.4 Length of Villy
In the duodenum (Figure 5C), the median length of villy
increased by 22% after irradiation by 12 Gy. Administration of
2, 3, and 4 doses of IGF-1 and 3 doses with later onset of

FIGURE 2 | Effect of IGF-1 at 1 mg/kg on irradiated mice’s survival with
shielded head and neck. (A) 14 Gy. (B) 14.5 Gy. (C) 15 Gy. Significantly
different when compared with the solely irradiated group receiving no
treatment: *p ≤ 0.05.

FIGURE 3 | Effect of IGF-1 at 1 mg/kg in the jejunum of mice irradiated
by 12, 14, and 15 Gy with shielded head and neck. (A) number of villy. (B)
number of surviving crypts. (C) length of villy. (D) chloroacetate esterase-
positive cells in the subvillar mucose per centered microscopic field at
×400 magnification. Significantly different when compared with the solely
irradiated group receiving no treatment: *p ≤ 0.05.
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administration prolonged median villy values by 16, 17, 9, and
9%, respectively. At 14 Gy, the length of villy significantly
decreased by 23% in solely irradiated animals. Compared with
this group, administration of 3 and 4 doses of IGF-1 prolonged
villy by 24 and 32%, respectively.

In jejunum (Figure 6C), the parameter increased by 10% after
irradiation by 12 Gy. The administration of 1, 4 doses of IGF-1
and 3 doses with later onset of administration further prolonged
villy by 12, 11, and 17%, respectively. Irradiation by 14 Gy
decreased the median length of villy in the jejunum by 26%.
Compared with this group, administration of 3 doses of IGF-1
significantly prolonged villy by 12%, whereas their size decreased
in the group administered with 5 doses by 21%.

In the ileum after 12 Gy irradiation (Figure 7C), the
administration of 2, 3, and 4 doses of IGF-1 and 3 doses with
later onset of administration prolonged median values by 18, 26,
45, 23%, respectively. At 14 Gy, the parameter decreased by 18%
in solely irradiated animals. Compared with this group,
administration of 2, 3, and 4 doses of IGF-1 prolonged villy
by 17, 13, and 16%, respectively. By contrast, 5 doses of IGF-1
further decreased their size by 21%.

3.4.5 The Length of Crypts
In the duodenum (Figure 5D), the crypts’ median length increased
by 50% after 12 Gy. Compared with the solely irradiated group,
administration of 1, 2, 3, and 4 doses of IGF-1 further prolonged
crypts by 10, 10, 14, and 13%, respectively. At 14 Gy, the length of
crypts significantly increased by 45% in solely irradiated animals. In
comparison with this group, administration of 3 and 4 doses of IGF-
1 and 3 doses with later onset of administration prolonged crypts by
13, 18, and 19%, respectively.

In jejunum (Figure 6D), the median of this parameter
increased by 59% at 12 Gy. The administration of 1, 3, 4, and
5 doses of IGF-1 and 3 doses with later onset of administration
further prolonged crypts by 15, 25, 21, 21, and 27%, respectively.

Irradiation by 14 Gy increased jejunal crypts’ length by 99%.
Compared with this group, administration of 2 and 3 doses of
IGF-1 significantly prolonged crypts by 10 and 12%, respectively.

In the ileum (Figure 7D), the parameter increased by 26% after
irradiation by 12 Gy. The administration of 3 and 4 doses of IGF-1
and 3 doses with later onset of administration prolonged crypts by
14, 28, and 17%, respectively. At 14 Gy, the parameter increased by
29% in solely irradiated animals. Compared with this group,
administration of 2 doses of IGF-1 prolonged crypts by 10%.

3.5 Effect of Different IGF-1 Therapeutical
Regimens on Blood Parameters in Animals
Irradiated by 12 and 14Gy With Head and
Neck Shielded Evaluated Six Days After
Irradiation
After irradiation by 12 and 14 Gy, median erythrocyte values
significantly decreased by 19 and 16% (Figure 8A), thrombocytes
by 52 and 30% (Figure 8B), lymphocytes by 85 and 81%
(Figure 8C), and neutrophils by 50 and 78% (Figure 8D),
respectively. By contrast, the monocyte median increased 3.4
fold in mice irradiated by 12 Gy (Figure 8E).

Compared with solely irradiated groups, IGF-1 did not affect
blood parameters in animals irradiated by 12 Gy. At 14 Gy, the
therapy with 3 and 4 doses of IGF-1 and 3 doses with later onset of
administration increasedmedian neutrophil values 2.0-, 1.4-, and 1.7
fold and median monocyte values 2.4-, 1.7-, and 1.6 fold,
respectively. Five doses decreased the thrombocyte median by 10%.

4 DISCUSSION

Administration of IGF-1 may induce severe hypoglycemia due to
its molecular structure and functional similarity with insulin
(Bang et al., 2022). This response seems dose-dependent

FIGURE 4 | Effect of IGF-1 at 1 mg/kg in the lung of mice irradiated by 12, 14, and 15 Gy with shielded head and neck. A: airness of the tissue. B: chloroacetate
esterase-positive cells per microscopic field at ×400 magnification. Significantly different when compared with the solely irradiated group receiving no treatment:
*p ≤ 0.05.
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(Woodall et al., 1991). Therefore, our study evaluated glycemic
response to different single subcutaneous doses of IGF-1 in
fasting female C57Bl/6J mice. The 1 mg/kg dose induced mild
hypoglycemia but was clinically well tolerated. The brain is one of
the first organs affected by hypoglycemia. Shortage of glucose in
the brain cause prolonged reaction time, seizures, loss of
consciousness, or death as the hypoglycemia progresses
(Blaabjerg and Juhl, 2016). We did not observe any of these
signs in this group. The 1 mg/kg dose seems even completely safe
in non-fasting animals, possibly allowing further dose increase.
However, due to gastrointestinal damage, diarrhea, and weight
loss that develop early after high-dose irradiation, 1 mg/kg was
established as the MTD under the current experimental settings.

In the next experiment, IGF-1 was tested to mitigate the
lethality of mice exposed to high doses of IR with a shielded
head and neck. The model spares sufficient bone marrow in the
head and neck regions to prevent lethality from acute
hematopoietic radiation syndrome. But still, it does not protect

other regions against exposure. Besides the gastrointestinal tract,
the lungs are particularly susceptible to high-dose irradiation. In
female C57BL/6J mice, the lower threshold for developing lethal
radiation lung injury after chest irradiation is 12 Gy (Jackson
et al., 2016). Two clinical-pathological units may develop after
exceeding this threshold. Acute radiation pneumonitis manifests
in a dose-dependent manner 1–6 months after irradiation, while
radiation fibrosis develops after 6 months. Although the two
clinical-pathological units have different pathogenesis, both are
associated with alveolar epithelial cell depletion (Lierova et al.,
2018). By contrast, IGF-1 can stimulate the proliferation of
alveolar epithelial cells type II and their differentiation into
alveolar epithelial cells type I and modulates the inflammatory
response of lung tissue (Zhang et al., 2022). Our study first
investigated the potential of IGF-1 to affect IR-induced
lethality. Since IGF-1 stimulates proliferation or cell viability
in a dose-dependent manner (Yang et al., 2020; Hossain et al.,
2021), the factor was administered at MTD. The initial regimen

FIGURE 5 | Effect of different IGF-1 (1 mg/kg) therapeutical regimens on the duodenum of mice irradiated by 12 or 14 Gy with shielded head and neck. (A) number
of villy. (B) number of surviving crypts (microcolony assay). (C) length of villy. (D) length of crypts. Significantly different when compared with the non-irradiated control:
*p ≤ 0.05. Significantly different when compared with the solely irradiated group receiving no treatment: #p ≤ 0.05.
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consisting of three doses followed cytokine guidelines established
for other growth factors moderating epithelial tissue damage,
such as KGF or EGF (Drouet and Hérodin, 2010; Pejchal et al.,
2015). The results show that the therapy mitigated lethality
induced by 14 Gy but could not protect against higher doses
of IR. These findings corresponded with the second irradiation
model. In this experiment, IGF-1 mitigated IR-induced
morphological damage and inflammation in jejunum and lung
after irradiation by 12 and 14 Gy but was ineffective at 15 Gy.

The final model aimed to achieve an optimal dosing regimen
of the growth factor to mitigate IR-induced gastrointestinal
damage. Tissue samples in this model were collected 6 days
post-irradiation when signs of atrophy, inflammation, and
regeneration can be observed in the gastrointestinal tract. Six
different dosing regimens were tested. Five of them started at 1 h
after irradiation. Potten and Grant (1998) recorded the intestine’s
maximum apoptotic activity during 3–6 h after radiation by 1 Gy.
Thus, it is necessary to start the application as soon as possible

after irradiation to save as many stem cells and early progenitors
as possible. IGF-1 generally supported the mucosal renewal. The
elongation of crypts and villi indicates that the growth factor
administration stimulated cellular proliferation in crypts and the
production of new cells into the superficial compartment.
However, individual dosing regimens showed different effects,
with three- and four-dose regimens being the most effective
(Table 4). The three-dose regimens even stimulated intestinal
regeneration when the administration began 24 h after
irradiation, but its potency decreased. By contrast, the efficacy
of the five-dose regimen significantly declined. The mechanism
explaining this finding remains unknown. The theoretical
explanation might lay in the selective down-regulation of IGF-
1 receptors. Long-term exposure to high doses of the growth
factor may reduce signaling associated with proliferation, anti-
apoptotic, and anti-inflammatory action and ultimately shift the
environment towards pro-inflammatory status (Kenchegowda
et al., 2018).

FIGURE 6 | Effect of different IGF-1 (1 mg/kg) therapeutical regimens on jejunum of mice irradiated by 12 or 14 Gy with shielded head and neck. (A) number of villy.
(B) number of surviving crypts (microcolony assay). (C) length of villy. (D) length of crypts. Significantly different when compared with the non-irradiated control: *p ≤ 0.05.
Significantly different when compared with the solely irradiated group receiving no treatment: #p ≤ 0.05.
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Another goal of this experimental model was to assess the effect of
IGF-1 on IR-induced hematological damage. Although the head and
neckwere shieldedwith lead, a significant portion of the bonemarrow
was exposed to ionizing radiation, reducing counts for all three types
of blood cells. IGF-1, on the other hand, enhances the survival of bone
marrow stem cells and stimulates the proliferation and differentiation
of progenitor cells in vitro (Li et al., 1997; Ratajczak et al., 1998;
Miyagawa et al., 2000; Aro et al., 2002). Chen et al. (2012) injected
IGF-1 subcutaneously at a dose of 100 μg/kg twice daily for 7 days to
BALB/c mice after whole-body irradiation by 5 Gy. They
demonstrated that IGF-1 could promote overall hematopoietic
recovery, having the earliest effect on leukocytes from the seventh
day. Our results did not show any changes in hematological
parameters in IGF-1-treated mice after irradiation by 12 Gy. Thus,
the 6-days interval seems too soon to induce any effect. In this regard,
the increase inmonocytes and granulocytes observed in the three- and
four-dose regimens or the loss of platelets found in the five-dose
regimen are most possibly associated with gastrointestinal damage.

In conclusion, IGF-1 attenuates gastrointestinal damage,
but the efficacy depends on several factors, including timing,
dose, and dose regimen. The dose of 1 mg/kg administered
daily in three to four consecutive days post-radiation exerted
the highest potency in mice. Nonetheless, there may be
limitations to our study. One lies in the fact that all
experiments were conducted on female animals. This choice
was based on a negligible risk of inter-female aggressivity in
the C57Bl/6 strain compared to males (Parmigiani et al., 1999).
Intra-group aggressivity could be crucial for high-dose
irradiation models and (to some extent) concurrent
immunosuppression. Although sex hormones affect IGF-1
signaling, testosterone seems to potentiate IGF-1 biological
roles (Li and Li, 2014; Hughes et al., 2016), implying even
higher effectivity in males. The second is associated with
recommended doses of Increlex for humans, ranging from
0.04 to 0.12 mg/kg (Bang et al., 2022). Administration of
higher doses is not entirely ruled out. But it would require

FIGURE 7 | Effect of different therapeutical regimens of IGF-1 (1 mg/kg) on ileum of mice irradiated by 12 or 14 Gy with shielded head and neck. (A) number of villy.
(B) number of surviving crypts (microcolony assay). (C) length of villy. (D) length of crypts. Significantly different when compared with the non-irradiated control: *p ≤ 0.05.
Significantly different when compared with the solely irradiated group receiving no treatment: #p ≤ 0.05.
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FIGURE 8 | Effect of different IGF-1 (1 mg/kg) therapeutical regimens on blood hematological parameters of mice irradiated by 12 or 14 Gy with shielded head and
neck. (A) red blood cells. (B) thrombocytes. (C) lymphocytes. (D) neutrophils. (E)monocytes. Significantly different when compared with the non-irradiated control: *p ≤
0.05. Significantly different when compared with the solely irradiated group receiving no treatment: #p ≤ 0.05.

TABLE 4 | An overview of IGF-1-induced significant changes in gastrointestinal tract irradiated by 12 and 14 Gy.

Parameter 12 Gy 14 Gy

1 D 2 D 3 D 4 D 5 D 3 DL 1 D 2 D 3 D 4 D 5 D 3 DL

Villi duodenum + + + + + +
jejunum + + + + -
ileum + + + + + + + -

Crypts duodenum + + + + + + +
jejunum + + + + + +
ileum +a + + + +

Total 4 4 5 6 3 5 0 3 5 3 -2 1
%b 6 7 16 21 4 16 0 6 12 11 -7 3

+ and - represent significant changes (increase and decrease, respectively) compared with solely irradiated groups. D: dosage regimens starting at 1 h after irradiation. DL: three-dose
regimen beginning 24 h after irradiation.
aTo sum percentage changes in the 3 D group irradiated by 12 Gy, the length of crypts in the ileum was increased by 12% due to a significantly higher number of surviving crypts.
bAverage change per compartment.
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specialized care with continuous glycemia monitoring and
correction, most likely limiting the application in the field
conditions. Further studies utilizing larger experimental
animals seem necessary to optimize the dose and dosage
regimen of IGF-1 to establish this growth factor as an
effective countermeasure for large-scale radiation incidents.
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