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Abstract
Reactive oxygen species (ROS) and reactive carbonyl species (RCS) are the major cause of biological
tissue damage during the exposure to ionizing radiation (IR). The existing strategies to protect normal
tissues from detrimental effects of IR suffer from several shortcomings including high toxic side
effects, unfavorable administration routs or low efficacy. These shortcomings emphasize a need for
radioprotective treatments that combine effectiveness with safety and ease of use. In this paper, we
demonstrate that pyridoxamine, a ROS and RCS scavenger with a very favorable safety profile, can
inhibit IR-induced gastrointestinal endothelial apoptosis in cell culture and in animal model.
Pyridoxamine was more effective at protecting from radiation-induced apoptosis compared to
Amifostine, a synthetic thiol compound and the only FDA approved radioprotector. We suggest that
PM has a potential as an effective and safe radioprotective agent.
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Introduction
Exposure to ionizing radiation (IR) can produce severe health impairments due to injury and
failure to susceptible organs. Detrimental effects of IR on biological tissues are, in major part,
mediated via increased production of reactive oxygen species (ROS) and reactive carbonyl
species (RCS). Hydroxyl radical produced during radiolysis of water can trigger oxidation of
lipids, amino acids, and saccharides leading to formation of various secondary free radicals
and reactive carbonyl compounds as shown in Fig. 1 [1-3]. These toxic products chemically
modify DNA, proteins, and lipids causing cellular damage.

Since the intestinal epithelium is one of the fastest proliferating tissues in the body, the
gastrointestinal (GI) tract is injured in intended or accidental radiation exposure [4-7]. In the
GI tract, epithelial cells of the small intestinal crypts are the most susceptible to radiation-
induced apoptosis [8]. While only occasional apoptotic cells can be observed in the intestinal
crypts of healthy mice and man, as low as 1 Gy of radiation induces dramatic increase in
apoptosis in mouse small intestinal crypt within three to six hours after exposure,
predominantly in the stem cell region [9].

Radioprotectors are essential in safeguarding the normal tissue during intended radiation
exposure. Various radioprotective strategies have been explored including thiol compounds
that can scavenge free radicals and modulate DNA repair process, or growth factors and
cytokines that function through receptor mediated mechanisms and can modify cellular
response to radiation [10-12]. At present, thiol compounds is the most effective class of
radioprotectors; however, they have significant shortcomings including relatively high toxicity
and unfavorable routes of administration, which negatively affect their application and efficacy
[13]. Therefore, there is a need for safer and even more effective radioprotective treatments.

Pyridoxamine (PM) is one of the natural forms of vitamin B6 and an intermediate in
transamination reactions catalyzed by vitamin B6-dependent enzymes. PM can also inhibit
pathogenic oxidative reactions (reviewed in [14]), and is a prospective pharmacological agent
for treatment of chronic conditions involving oxidative and carbonyl stress such as diabetic
complications [15-17]. Clinical trials have also demonstrated that PM is safe at the effective
pharmacological doses [18,19]. Investigation of its mechanism of action showed that PM can
scavenge RCS and ROS derived from oxidation of sugars and lipids [20-27].

Since ROS and RCS are important mediators of IR-induced damage in biological systems (Fig.
1), we reasoned that PM might be protective against detrimental effects of radiation. We
demonstrated here that PM treatment inhibited IR-induced GI endothelial apoptosis in cell
culture and in animal model. PM was more effective at protecting from radiation-induced
apoptosis compared to Amifostine (Ethyol), a synthetic thiol compound and the only FDA
approved radioprotector. PM, therefore, has potential as an effective and safe radioprotective
agent.

Materials and Methods
Chemicals

Bovine serum albumin, pyridoxamine hydrochloride, xanthine, and glycolaldehyde were
purchased from Sigma-Aldrich. Xanthine oxidase was from Roche; and Amifostine was from
Medimmune Oncology Inc., Gaithersburg, MD.

Generation and determination of hydroxyl radical
Hydroxyl radical was generated using xanthine:xanthine oxidase:Fe3+ system [1].
Quantification of hydroxyl radical was performed using salicylate hydroxylation method
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[28]. Briefly, xanthine oxidase (16 mU) was added to 150 mM potassium phosphate buffer,
pH 7 supplemented with 0.1 mM FeCl3, 0.1 mM EDTA, 0.2 mM hypoxanthine, and 0.2 mM
sodium salicylate. After a 90-min incubation at room temperature reaction was stopped by
addition of concentrated HCl and NaCl extracted by cold diethyl ether. Organic phase was
evaporated and the residue dissolved in 250 μL of water. After the addition of 125 μL TCA,
250 μL 10% sodium tungstate, 250 μL 0.5% sodium nitrite, and 0.5 M potassium hydroxide,
the formation of hydroxylated product, 2,3-dihyroxybenzoate, was determined by measuring
absorbance at 510 nm. Calibration curve was generated using 2,3-dihydroxybenzoate standard
solution.

Carbonyl protein modification and determination of protein-bound carboxymethyllysine
Glycolaldehyde (6.7 mM) and BSA (7.5 mg/ml, 6.7 mM amino groups) were incubated alone
or with different concentrations of pyridoxamine for 10 days. The incubations were carried out
at 37°C in 150 mM sodium phosphate buffer, pH 7.5 containing 0.02% sodium azide. CML-
modified BSA was measured by ELISA as previously described [20].

Cell cultures and treatment
Rat small intestine epithelium cells IEC-6 were obtained from ATCC (CRL-1592) and
maintained in DMEM with 1.5 g/L sodium bicarbonate 10% FBS and 1% penicillin/
streptomycin (Life Technologies, Gaithersburg, MD). Cells were grown in a humidified 5%
CO2 incubator at 37°C. For irradiation of cells, Therapax DXT 300 X-ray machine (Pantak)
delivering 2.04 Gy/min at 80 kVP was used. For radioprotective studies, cells were treated
with 1 mM PM 1 h prior to IR or 1 mM Amifostine for 30 min prior to IR.

Clonogenic survival
Colony-forming assay was performed as previously described [29]. Briefly, calculated
numbers of cells were plated to enable normalization for plating efficiencies. Cells were
allowed to attach for 5 h, treated with PBS, PM or Amifostine and then irradiated with 0, 2, 4,
6 or 8 Gy. After 7-10-day incubation plates were fixed with 70% EtOH and stained with 1%
methylene blue. Colonies consisting of >50 cells were counted under microscope. The survival
fractions were calculated as (number of colonies / number of cells plated) / (number of colonies
for corresponding control / number of cells plated).

Apoptosis assays for cultured cells
Apoptosis was determined by 4',6-diamidino-2-phenylindole (DAPI) staining. Cells were
grown on slides. After treatment, cells were washed with PBS, fixed in 4% paraformaldehyde
at room temperature for 10 min, and stained with 5 μg/ml DAPI at room temperature for 10
min. The nuclear morphology was observed using Olympus BX60 fluorescent microscope
equipped with Retiga 2000R digital camera. Apoptosis was quantified by scoring the
percentage of cells with apoptotic nuclear morphology at the single cell level. Condensed or
fragmented nuclei were scored as apoptotic; average percentage of apoptotic cells (+/- SEM)
was calculated in 5-7 randomly selected high power field (HPF).

Alternatively, cell death was determined by Annexin V-APC and propidium iodide staining
using Apoptosis Detection Kit (BD PharMingen, San Diego, CA). Briefly, aliquots of 105

treated cells were incubated with Annexin V-APC and propidium iodide for 15 minutes at room
temperature. Cells were then analyzed by flow cytometry, using a two-color FACS analysis
(BD LSR II). For each treatment, the average fold-increase of apoptotic cells over control (+/-
SEM) was calculated.
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Western blot analysis
Western blot analysis was performed using antibodies for the detection of phospho-
GSK-3βSer-9 and Tyr-216, GSK-3β, phospho-AktSer-473, Akt, Bax (B-9), Bcl-2 (N-19) (Santa
Cruz Biotechnologies, SantaCruz, CA) and actin (Sigma, St. Louis, MO) as described
previously [29].

Mice and treatment
All animal procedures were approved by the Vanderbilt University Institutional Animal Care
and Use Committee. Mice were housed up to five per cage on a 12-h light/dark cycle (lights
on at 0600 h). Food (Purina Rodent Chow) and water were provided ad libitum. C57/BL/6J
mice were obtained from the Jackson Laboratory (Bar Harbor, ME). For experiments with
Amifostine, 10-12 week-old mice were treated intraperitoneally (IP) with PBS or 400.0 mg/
kg Amifostine in PBS 30 min before radiation. For experiments with PM, mice were given
150 mg/kg/day in drinking water for 24 h prior to radiation. Whole-body mouse irradiations
were carried out using a Therapax DXT 300 X-ray machine (Pantak) delivering 2.04 Gy/min
at 80 kVP. Mice were irradiated in a holder designed to immobilize unanaesthetized mice such
that the abdomens were presented to the beam.

Histochemistry
Mice were sacrificed at indicated times after irradiation by cervical dislocation under isoflurane
anesthesia. The jejunum was fixed intact in 10% formalin fixative for 24 h prior to storage in
70% ethanol. The ileal region of the small intestine was cut into 5 segments, embedded
vertically and sectioned to provide 5 transverse sections of the ileum. Five μm sections were
then taken and placed on Superfrost Gold Plus slides (Erie Scientific, Portsmouth, NH). Tissue
sections were stained with the DeadEnd™ Colorimetric TUNEL System (Promega, Madison,
WI) and counterstained with hematoxylin and eosin in the standard fashion. For the TUNEL
experiments, at least three animals were used in each experimental group. TUNEL positive
cells (TPC) were counted under a light microscope (400x). At least three high power fields per
animal were scored. The average number of TUNEL positive cells per HPF (+/- SEM) was
calculated.

Statistical analyses
The mean and standard error of the mean (SEM) of each treatment group were calculated for
all experiments. The number of samples is indicated in the description of each experiment.
Statistical analysis was performed using Kruskal-Wallis One Way Analysis of Variance
(ANOVA). All pairwise comparison procedures including calculation of P value were done
using Student-Newman-Keuls method. A P value of <0.05 was considered significant.

Results
Pyridoxamine inhibits both accumulation of hydroxyl radical and carbonyl-induced protein
oxidation

Significant amount of hydroxyl radical was generated in xanthine/xanthine oxidase system
(Fig. 2A). PM inhibited detectable hydroxyl radical in concentration dependent manner (Fig.
2A), consistent with earlier report of PM inhibitory effect towards hydroxyl radical in Fenton
reaction [14]. In a similar concentration dependent fashion, PM inhibited oxidative
carboxylation of albumin lysine residues induced by reactive carbonyl glycolaldehyde (Fig.
2B). This data reflects PM ability to readily form covalent adducts with different reactive
carbonyl species, thus protecting protein side chains from carbonyl-derived modifications
[20,21,23,27].
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Pyridoxamine increases clonogenic survival of irradiated IEC-6 cells
To study radioprotective effects of PM or Amifostine in cell culture, we examined viability of
irradiated IEC-6 small intestine epithelium cells using clonogenic survival assay. Pretreatment
of IEC-6 cells with 0.1-2 mM PM for 1 h before irradiation significantly increased cell survival
as compared to cells treated with radiation alone at all examined doses (up to 8 Gy) with a
maximum protection achieved at 1 mM PM (Fig. 3A). This PM effect was comparable with
radioprotection by Amifostine at doses from 4 to 8 Gy, however, at a dose of 2 Gy, PM
demonstrated significantly better protection of cell survival compared to that by Amifostine
(Fig. 3B).

Pyridoxamine attenuates apoptosis in irradiated IEC-6 cells
To elucidate the mechanism of PM-induced increase in survival of irradiated IEC-6 cells, we
analyzed treated cells by using Annexin V-APC and propidium iodide staining in flow
cytometry assay. IEC-6 cells showed 3-fold decrease in radiation-induced apoptosis when
pretreated with PM as compared to cells pretreated with vehicle PBS (Fig. 4A and B, 3.2% vs.
9.0%, respectively). We further evaluated the nuclear morphology of dying cells using DAPI
staining (Fig. 4C). Irradiated IEC-6 cells pretreated with PM demonstrated a protective effect
with reduced number of apoptotic cells to 9.7% as compared to 43.2 % in PBS-pretreated
irradiated cells (Fig. 4D). These data suggest that radioprotective effect of PM in small intestine
epithelial cells is due to attenuation of radiation-induced apoptosis.

Pyridoxamine does not induce anti-apoptotic activation of Bcl-2/Bax and Akt/GSK-3β in IEC-6
cells

We explored a possibility that PM treatment alone may induce cellular anti-apoptotic signaling,
thus, making cells more resistant to radiation-induced apoptosis. To this end, we measured the
expression of Bax/Bcl-2 and activation of Akt and its down-stream target GSK-3β in rat small
intestine epithelium cells IEC-6 after 6 h of treatment with 1 mM PM. Western blot analysis
of cell lysates demonstrated that PM treatment did not affect expression and/or activation of
these proteins (data not shown). These results are consistent with the notion that PM protection
is due to scavenging of radiation-induced cytotoxic ROS and RCS rather than induction of
anti-apoptotic cellular defenses.

Pyridoxamine protects mouse small intestine epithelium in vivo from radiation-induced
apoptosis

To determine whether PM could be used to protect from radiation-induced apoptosis in the
mouse intestine, 10-week old mice were given 150 mg/kg/day in drinking water for 24 h prior
to radiation. This dose is within the range of safe and effective PM doses of 100-400 mg/kg/
day that have been used previously in diabetic mouse models [15,30,31]. Then mice were
treated with a single dose of 4 or 8 Gy of whole body irradiation. Twelve hours later, the
proximal jejunum was analyzed using a TUNEL staining. In small intestinal epithelium of
irradiated mice, we observed dramatic (~ 45-fold) increase of TUNEL-positive cells (TPC) at
the stem cell region at both radiation doses (Fig. 5, 44 and 55 TPC at 4 and 8 Gy vs. 1 TPC in
sham-irradiated control). PM pretreatment significantly inhibited radiation-induced apoptosis
at both radiation doses (Fig. 5, 16 and 17 TPC; 4 and 8 Gy, respectively).

Amifostine is less effective compared to PM in protecting from radiation-induced small
intestine epithelium apoptosis

In a separate set of experiments, mice were injected IP with PBS or Amifostine (400 mg/kg)
30 min prior to whole body irradiation with either 4 or 8 Gy. Twelve hours later, proximal
jejunum was fixed, sectioned and stained using TUNEL kit. At a sublethal 8 Gy radiation dose,
we consistently observed a higher degree of apoptosis in irradiated controls from Amifostine
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experiment compared to corresponding controls from PM experiment (Figs. 6 and 5,
respectively). This effect appears to be due to the use of a more stressful administration method
in Amifostine experiment, an IP injection. It is consistent with the phenomenon of combined
injury which is not observed at low radiation doses but become evident at higher doses (> 5
Gy) [32]. However, this detrimental consequence of the administration method has affected
equally all the animals in the Amifostine experiment and, thus, has been accounted for by our
experimental design. Amifostine protected mouse small intestine epithelium from IR-induced
apoptosis (Fig. 6). At the radiation dose of 4 Gy, the degree of Amifostine protection was
similar to that of PM (Figs. 5B and 6B). However, at a dose of 8 Gy, Amifostine was less
effective than PM showing a significantly lower degree of protection (Figs. 5B and 6B, 3.2-
fold protection vs. 1.4-fold protection at 8 Gy for PM and Amifostine, respectively).

Discussion
Radioprotective treatments that have been proposed over the past several decades include thiol
compounds that can scavenge free radicals; growth factors and cytokines that function through
receptor mediated mechanisms to modify cellular response to radiation; and natural
antioxidants and extracts [10-12,33]. Thiol compounds are the most effective and the longest
studied radioprotectors. Synthetic thiol Amifostine (Ethyol) is the only FDA approved
radioprotective treatment available today [34]. However, it has significant shortcomings
including relatively high toxicity, unfavorable routes of administration, and narrow protection
time window [13,33]. Because of its adverse side effects in humans, effectiveness of
Amifostine in clinical trials is significantly diminished compared to that in animal studies
[35]. Another class of radioprotectors, cytokines and immunomodulators, can only be effective
if significant fraction of target cell population survives after the radiation exposure, and, thus,
should be used with low radiation doses and/or in combination with radical scavengers and
antioxidants [36]. These radioprotectors have common adverse side effects related to their
proinflammatory activity and immunogenicity [33]. Natural antioxidants, such as vitamin E,
melatonin, flavonoids and others, have fewer toxic side effects but also a lower degree of
protection compared to thiol agents [33,35]. One approach to address these shortcomings has
been the use of combinations of natural and synthetic compounds to increase effectiveness
while lowering toxic side effects [33,35]. However, the availability of effective and safe
therapeutic strategies to ameliorate radiation-induced damage is still lacking [33,35].

Using cell culture and animal model experimental systems, we found that PM is a potent
inhibitor of radiation-induced apoptosis in small intestine epithelial cells, which is a major
component in radiation damage in the GI tract (Figs. 3-5). Importantly, PM inhibited only IR-
induced apoptosis in mouse intestinal crypts and did not affect the spontaneous apoptosis in
the upper villi (Fig. 5), which occurs during normal epithelial cell renewal in the GI tract [4,
8,9].

The mechanism of protection is most likely based on the ability of PM to effectively inhibit
oxidative reactions and scavenge major mediators of ionizing radiation toxicity - hydroxyl
radical and reactive carbonyl species (Fig. 7). Previous mechanistic studies have demonstrated
that 4-aminomethyl and/or 3-hydroxyl substituents of PM pyridinium ring are required for this
activity [20,21,25,27,37,38]. It appears that PM treatment does not induce cellular anti-
apoptotic signaling since it did not affect expression of Bax/Bcl-2 and activation of Akt and
its down-stream target GSK-3β in rat small intestine epithelium cells. These proteins are the
major players in regulation of cell survival and apoptosis, and we have previously demonstrated
that lithium exerts its radioprotective effects by inducing pro-survival signaling regulated by
these proteins [29]. These results suggest different mechanisms of protection by PM and lithium
and predict potential synergistic effect of lithium/PM combination therapy.
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In our study, PM provided better protection of epithelial cell clonogenicity at a lower radiation
dose and was significantly more effective at protecting mouse GI epithelium from IR-induced
apoptosis at a higher dose compared to synthetic thiol radioprotector Amifostine (Figs. 3, 5,
6). Amifostine is known to exhibit various toxicities, has to be administered either
intraperitoneally or subcutaneously, and has a very narrow therapeutic time frame window
(~30 min prior to irradiation) [33]. In contrast, PM is well tolerated with no significant
treatment-related adverse effects [18,19]. With an oral route of administration, PM could be
easily self-administered repeatedly to maintain therapeutic PM levels during prolonged IR
exposures. This circumvents another significant shortcoming of the existing radioprotective
treatments, i.e. their narrow protective time window. Thus, PM has potential as a new and
effective radioprotector with lower toxicity and a more favorable administration route
compared to existing thiol compounds.

Ionizing radiation is a well known health hazard that affects specific population groups, for
example, professionals that are subjects to occupational radiation exposure. Usually, this
exposure is low (~0.3 mSv per worker per year in the US [39]) and is only slightly higher than
the exposure due to background radiation. However, in these professional occupations there is
a risk of exposure to higher doses of IR. Such excessive exposure can occur due to the accidents
at nuclear power plants [7,40,41], exposure to contaminated waste [42], consequences of
nuclear “dirty bombing” [42,43] or due to industrial accidents during mining, milling and
processing of radioactive materials [44]. In these situations, the risk of exposure to high doses
of radiation increases significantly not only for radiation workers but also for personnel
participating in emergency response.

The GI tract injury is a major cause of IR-induced severe health impairments or death. At the
doses above 1 Gy, humans are at significant risk of developing acute and chronic symptoms
related to intestinal epithelial damage such as denudation of the GI mucosa generally referred
to as intestinal mucositis [4-6,45]. Considerable morbidity is associated with mucositis,
throughout the entire GI tract including pain, ulceration, vomiting and diarrhea, as well as bile
salt malabsorption [46] and/or carbohydrate malabsorption [47]. Ultimately, radiation damage
to GI system results in a progressively reduced survival with mean survival time of 3.5 days
for radiation dose of 5 Gy [48]. Our results indicate that PM may be a new safe and effective
radioprotective strategy to ameliorate these GI tract injuries as well as other health impairments
induced by occupational or medicinal exposure to IR.
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Figure 1.
Pathways of ionizing radiation-induced generation of ROS and RCS in biological tissues. The
scheme is based on references [1-3] and shows: formation of hydroxyl radical via radiolysis
of water (a); formation of RCS during hydroxyl radical-induced lipid peroxidation (b) and
oxidation of amino acids (c).
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Figure 2.
Scavenging of hydroxyl radical and inhibition of protein carbonyl damage by pyridoxamine.
(A) Hydroxyl radical generated by xanthine/xanthine oxidase system was determined in the
absence of PM or in the presence of the indicated concentrations of PM as described under
Materials and Methods. (B) Effect of PM on glycolaldehyde-induced formation of CML-BSA
was determined using ELISA as described under Materials and Methods.
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Figure 3.
Pyridoxamine increases clonogenic survival of irradiated IEC-6 cells. (A) Concentration-
dependent effect of PM on survival of irradiated IEC-6 cells. (B) Comparative effect of 1 mM
PM and 1 mM Amifostine on survival of irradiated IEC-6 cells. IEC-6 cells were treated with
PBS (◯), 0.1 mM PM (■), 0.5 mM PM (▲), 1 mM PM (●) 2 mM PM (▼) 1 h prior to IR or
1 mM Amifostine (◆) 30 min prior to IR. The treated cells were irradiated with 0, 2, 4, 6 and
8 Gy and plated for clonogenic survival assay. Shown are the surviving fractions and SEM
from three experiments; *, P<0.05, denotes differences from the PBS group (excluding
Amifostine pretreatment at 2 Gy).
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Figure 4.
Pyridoxamine attenuates radiation-induced apoptosis in IEC-6 cells. IEC-6 cells were treated
with PBS or 1 mM PM 1 h prior to irradiation with 6 Gy. (A, B) Cells were collected 24 h after
irradiation, stained with Annexin V-APC and propidium iodide and analyzed by flow
cytometry. Shown are representative diagrams of distribution of stained cells (A) and a bar
graph of apoptotic cells expressed as a percent of total cells for each treatment with SEM from
three experiments (B). (C, D) Cells were stained with DAPI 24 h after irradiation and apoptotic
cells indicated by arrows were counted in multiple randomly selected fields. Shown are
representative micrographs (C) and a bar graph of apoptotic cells expressed as a percent of
total cells for each treatment with SEM from three experiments; *, P<0.05 (D).
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Figure 5.
Pyridoxamine protects mouse small intestine epithelium from radiation-induced apoptosis.
Ten-week old mice were given PM (150 mg/kg/day in drinking water) for 24 h prior to whole
body irradiation with either 4 or 8 Gy. Twelve hours later, proximal jejunum was fixed,
sectioned and stained using TUNEL kit. Shown are representative micrographs of TUNEL
staining (A, cells with dark brown nuclei) and a bar graph of the average numbers of TUNEL-
positive cells per HPF in each treatment group with SEM from three experiments; *, P < 0.05
(B).
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Figure 6.
Protective effect of Amifostine in mouse small intestine epithelium from radiation-induced
apoptosis is less pronounced as compared to pyridoxamine. Ten-week old mice were injected
IP with PBS or Amifostine (400 mg/kg) 30 min prior to whole body irradiation with either 4
or 8 Gy. Twelve hours later, proximal jejunum was fixed, sectioned and stained using TUNEL
kit. Shown are representative micrographs of TUNEL staining (A, cells with dark brown nuclei)
and a bar graph of the average numbers of TUNEL-positive cells per HPF in each treatment
group with SEM from three experiments; *, P < 0.05 (B).

Thotala et al. Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2010 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Hypothetical mechanism of radioprotection of gastrointestinal epithelium by pyridoxamine
(PM). PM scavenges or inhibits formation of ionizing radiation-induced reactive oxygen
species (ROS) and/or reactive carbonyl species (RCS) thus inhibiting apoptotic cell death
resulted from radiation.
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