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Abstract
Radio-toxins are toxic metabolites produced by ionizing irradiation and have toxic effects similar
to those caused by direct irradiation. We have investigated the effect of a quinoid radio-toxin
(QRT) obtained from γ-irradiated potato tuber on various organs in mice using ex vivo and in vivo
EPR spectroscopy. Results indicate a decrease in the activity of ribonucleotide reductase enzyme
in spleen of mice treated with 0.2 mg QRT. A dose of 2 mg QRT was fatal to mice within 45–60
min of treatment. Nitrosyl hemoglobin complexes α-(Fe2+–NO)α-(Fe2+)β-(Fe2+)2 were detected
from spleen, blood, liver, kidney, heart, and lung tissue samples of mice treated with lethal doses
of QRT. A significant decrease of pO2 in liver and brain was observed after administration of
QRT at the lethal dose. The time of the appearance of the nitrosyl hemoglobin complex and its
intensity varied with the dose of QRT and the type of tissue. These results indicate that the effect
of the QRT is more prominent in spleen and to a lesser extent in liver and blood. The QRT action
at the lethal doses resulted in an increased hypoxia over time with disruption of compensatory
adaptive response. The results indicate similar outcome of QRT as observed with γ-irradiation.
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Introduction
The need to protect animals and humans from the effects of ionizing irradiation has been
recognized for a long time; this requires an understanding of the underlying mechanisms of
radiation induced toxicity. While many of the effects of ionizing radiation are due to direct
impact on cells resulting eventually in cell death, there is evidence that some of the effects
may be due to post-irradiation radio-toxinemia and auto-immune responses arising from the
radiolysis of proteins, polypeptides, and amino acids [1]. There is a wide range of toxic
compounds, termed as radio-toxins (RTs), which can induce such effects [1,2].1 The toxicity
induced in the first few hours after irradiation is biologically active in regard to damage to
the cell genome and bio-membranes damage. RTs are also able to increase the
radiobiological effects by secondary damage of cell functions [2].

© 2008 Published by Elsevier Inc.
*Corresponding author. Fax: +7 843 272 5075. ibragimova@kfti.knc.ru (M.I. Ibragimova).
1The appearance of different kinds of radio-toxins in biological objects after γ-irradiation has been widely investigated by scientists in
Russia. There are many experimental data testifying the influence of RT obtained from irradiated objects on metabolic process in
plants and animals. We did not find any reference on the investigation of these effects in other laboratories from the rest of the world.
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Known RTs are quinoid radio-toxins (products of the oxidation of polyphenols particularly
o-quinones stabilized by peptides), lipid RT (products of the oxidation of unsaturated higher
fatty acids), derivatives of histidine, different kinds of oxyaldehydes and others [1,2]. Radio-
toxins can be generated from a variety of biological systems including plants and
microorganisms. It is known that the effects of RT can be similar to classical direct radiation
damage: mitotic delay, mitotic block, chromosomal aberrations, and cell death [1].
Therefore, the study on the effects of RT on rodents could provide important insights into
the mechanism of action of ionizing irradiation, and this information could be potentially
used to develop processes to modify radiation induced damage in medicine, agriculture, and
in other fields.

Different biological and immune-chemical methods have been used to investigate radio-
toxins but their applications are limited by rather low sensitivity. One of the modern
physical methods for the investigation of metabolic changes in biological objects under
ionizing radiation is electron paramagnetic resonance (EPR) spectroscopy [3].

Using EPR spectroscopy, it has been established that NO-synthase is upregulated in X-ray
[4] and γ-irradiated animals [5–7]. However, the amount of endogenous NO depends on the
dose, and perhaps the most important is the dose rate. For NO detection in liver [4,5] and
bile [6] after irradiation with doses ranging from 6 to 50 Gy and dose rates of 0.6–3.7 Gy/
min, different types of spin traps have been used. On the other hand, the direct ex vivo EPR
measurements revealed that the doses higher than 2 Gy with dose rate of 7.3 cGy/min in the
early post-irradiation period (from 2 to 6 h) induce α-(Fe2+–NO)α-(Fe2+)β-(Fe3+)2
complexes in blood and spleen [7].

Earlier [8,9], the effect of quinoid radio-toxin (QRT) which is an ethanolic extract obtained
from γ-irradiated potato tubers on living organism has been investigated. The consequences
of QRT and γ-irradiation action on hemopoiesis and pathology changes in tissue are similar:
they cause stimulation effects at low doses and depressive toxic effect at high doses [8].
Therefore, QRT is radiomimetic imitating radiation injury of macroorganism. QRT has been
used for hyperimmunization of animal donors as well [8,9]. The antiradiotoxic serum
sampled from these animals was applied as a specific immunocompetent component in the
production of the antibody erythrocyte preparation for an oblique hemagglutination test
(OHT) [9]. We demonstrated the usage of OHT for the early diagnosis of the acute radiation
disease caused by γ-irradiation of different animals (mice, rats, rabbits, sheep, pigs) [8].

Our earlier in vitro EPR investigation has unambiguously shown that QRT is a strong
hemolytic agent similar to 1% HCl and it causes irreversible changes in the blood [10]. A
nearly 300-times increase of the methemoglobin signal from the blood samples was
observed during 5 h after QRT treatment. However, in living organisms the actual biological
processes and response to toxins can be quite different than in vitro results. In this study, we
have investigated the metabolic changes in mice treated with QRT at different doses using
ex vivo and in vivo EPR to understand the effect of QRT on live animals.

Materials and methods
QRT preparation

QRT was obtained from potato tubers (“Nevskii” strain) irradiated by γ-rays of 60Co with a
dose of 400 Gy. A more detailed procedure of QRT preparation is published elsewhere [11].
According to [1] QRTs have a complex chemical composition. They contain the oxidation
products of quinoid and semiquinoid nature. The homogenate was prepared after 24 h
incubation of irradiated tubers at 20 °C. Radio-toxin was then extracted from an ethanolic
homogenate. Then it was neutralized by 0.1M KOH to pH 7.4. The yield of radio-toxin from
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raw materials was 2.5 ± 0.5 ml for 100 g of initial potato tubers. The biological activity of
QRT was estimated by measuring the hemolysis of ram erythrocytes.

An extract from the unirradiated potato tubers prepared by the same procedure was used as a
control.

Sample and animal preparation
All animal procedures were approved by the Institutional Animal Care and Use Committee
of Dartmouth Medical School. For each experiment, more than five Male Balb C mice
(Charles River Laboratories, Wilmington, MA) and the control group of untreated mice
were used.

Solutions containing 10 mg QRT/ml or extract from unirradiated potato tubers were injected
in the intraperitoneal cavity of the mice with doses of 0.1, 0.15 or 0.2 ml. The injection of
0.2 ml preparation containing 2 mg of QRT resulted in the lethality of mice in 45–60 min,
while 0.15 ml containing 1.5 mg QRT was lethal in 2–3 h after injection. For ex vivo EPR
experiments, the animals were sacrificed at 0.5, 0.75, 1-h time points after QRT treatments.
An injection of 0.1–0.2 ml preparation containing no more than 1 mg QRT did not lead to
the death of the animal. After injection of 0.2 ml diluted solution containing 0.2 mg QRT/
mouse, the animals were sacrificed at 0.5, 0.75, 1, 4 and 8-h time points after treatments.

The blood and tissue samples of spleen, liver, kidney, heart, and lung were collected and
then immediately frozen in liquid nitrogen for ex vivo EPR measurements. Heparin was used
in blood samples to prevent the blood from clotting. EPR measurements were performed at
cryogenic temperatures in a 9.5 GHz (X-band) Varian EPR spectrometer with SHF power
being 50 mW and modulation amplitude of 1 G. For quantitative measurements, the same
volume of the frozen blood and the equal amount of the tissue were used in all the
experiments. After each EPR measurement, the signal from the standard sample (anthracite
with g = 2.0030) mounted in the other part of resonator was recorded. For quantitative
analysis, the amplitude of the EPR signals was normalized using the amplitude of the
standard signal.

EPR oximetry measurements were carried out on a 1.2 GHz EPR spectrometer with a
microwave bridge and an external loop resonator specially designed for in vivo experiments
[12,13]. Oxygen-sensitive lithium phthalocyanine (LiPc) crystals were synthesized at the
EPR Center for Viable Systems (Dartmouth Medical School, Hanover, NH). LiPc crystals
have been used extensively to measure partial pressure of oxygen (pO2) in various tissues
[14–17]. The EPR spectra from LiPc reflect pO2 of the tissue on the surface of the crystals.
This oximetry probe has a single sharp EPR line with a good sensitivity of the line width to
pO2 [14–17]. Approximately 40 μg of LiPc crystals was injected in the liver or brain tissue
using a 23 gauge needle and plunger. The mice were anesthetized using 2.5% isoflurane
with 26% FiO2 (the fraction of inspired oxygen in a gas) and aseptic procedures were used
for LiPc implantation in tissue as per the guidelines of Institutional Animal Care and Use
Committee of Dartmouth Medical School, Hanover, NH. The animals were allowed to
recover for 3–5 days and the QRT/pO2 experiments were performed on day 6 after LiPc
implantation. For EPR measurements, the mouse were anesthetized using 1.5% isoflurane
with 26% FiO2 and the body temperature was maintained at 37 ± 1 °C during the
experiments using a warm water pad and warm air blower. After a 30 min pO2 baseline
measurement, the mice were treated with QRT and the changes in the tissue pO2 of liver or
brain tissue were continuously measured for 1–3 h.
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Results
Results of 0.2 mg QRT/mouse treatment

Any pathological changes in internal of mice after QRT injection at low doses were not
found. No detectable changes in the EPR spectra of the liver, kidney or blood samples were
observed in 8 h after QRT treatment. However, certain changes in the ex vivo EPR spectra
from the spleen sample in the region of g ~ 2 were registered (see Fig. 1). A decrease in the
signal intensity of the EPR spectra from spleen tissue samples collected at 30 min, 4 h, or 8
h post QRT was observed. The EPR parameters of the doublet are g = 2.008 and hyperfine
splitting a = 20 G. This signal is assigned to the active form of enzyme ribonucleotide
reductase (RR) containing a radical of the tyrosine amino acid residue [18]. No significant
change in the liver and brain tissue pO2 was registered during 24 h after treatment with
doses of up to 1 mg QRT per mouse (Fig. 2).

Treatment of mice with lethal doses of QRT
Treatment of mice with QRT at LD50 leads to the depression of hemopoiesis (Table 1), the
reduction of erythrocytes hemolytic stability, and the increase of malonic dialdehyde in the
liver. In addition, at the LD100 the hemorrhagic syndrome was observed, such as, hyperemia
of internal blood vessels, point hemorrhage in the mucosa of bowels, kidney and liver,
pulmonary edema, and changes in structure and size of the spleen.

Ex vivo EPR analysis of the tissue samples revealed additional EPR lines. The EPR signals
(in the spectra region g ~ 2) registered from spleen samples collected at 30, 45 and 60 min
after QRT treatments are shown in Fig. 3. A wide EPR line with a distinct triplet hyperfine
structure (g ~ 2.01 with hyperfine splitting of 17 G) was detected and the intensity of this
signal increased with time after QRT injection. The spectroscopic parameters suggest that
this signal is likely to be hemoglobin–NO complexes formed as a result of the interaction of
deoxyhemoglobin with nitric monoxide [19,20]. No MetHb (g ~ 6) signal was registered
from spleen samples.

Ex vivo EPR spectra from liver (curve 1), kidney (curve 2), heart (curve 3), and lung (curve
4) of dead mice after 2 mg QRT injection are shown in Fig. 4. An EPR signal with a g-factor
of 2.01 and hyperfine splitting of 17 G was detected in all the samples, but the signal
intensity varied in different tissues. These spectra are similar to that observed from the
spleen and are assigned to the hemoglobin–NO complexes. However, the shape of
absorption lines from the heart and lung indicated an overlap of this EPR signal with the
typical signals of these tissues. No lines at g ~ 6 were registered.

EPR spectra from hemoglobin–NO complexes were also observed from the blood samples
of mice treated with QRT. A typical EPR spectrum (in the region of g ~ 2) after 30 min of
QRT (0.2 ml preparation with 2 mg QRT) injection is shown in Fig. 5. We did not detect
any MetHb signal from blood samples.

EPR spectra from tissue and blood samples of mice treated with the extract from
unirradiated potato tubers were similar to those of untreated mice.

Effect of lethal dose QRT on tissue pO2 measured by EPR oximetry
The dynamics of pO2 changes in liver and brain of mice before and after lethal doses of
QRT are shown in Fig. 6. The tissue pO2 of liver increased by a factor of 1.5–2 during 20–
30 min after injection of 1.5 mg QRT and then decreased continuously until the animal died.
Prior to death, the pO2 level was 2–3 times less than that of the observed baseline tissue
pO2. However, at a higher dose of QRT, the tissue pO2 decreased immediately after QRT

Ibragimova et al. Page 4

Nitric Oxide. Author manuscript; available in PMC 2014 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treatment. The changes in the brain tissue pO2 were similar to that observed in the liver, but
the effects were not as drastic as those observed in the liver (Fig. 6B).

Discussion
Ex vivo EPR analysis and direct in vivo EPR pO2 measurements allowed us to investigate
the dynamics of metabolic changes in mice after injection of QRT at different doses.

The low-dose QRT (0.2 mg/mouse) did not lead to any significant changes in ex vivo and in
vivo EPR spectra from the tissues investigated, except from the spleen samples. Results
indicate a gradual reduction of the intensity of RR signal which is likely due to the
suppression of RR synthesis occurring at 8 h after QRT treatment. Much attention has been
given to the EPR spectrum of RR observed from the spleen due to its important role in the
replication of DNA. The linear dependence between the intensity of this signal and RR
activity was reported earlier [3,18]. The depression of RR activity in the cells for a long
period of time affects the efficacy of repair and replication of deoxyribonucleotides [21]. A
similar reduction of RR activity was observed from the spleen of mice at 12 h after γ-
irradiation with a dose of 6 Gy and a dose rate of 3.5 Gy/min [3,22]. Thus, our results of
time-dependent changes in the intensity of the RR signal indicate that one of the
consequences of the low-dose QRT treatment is the effect on the repair of DNA.

The in vivo EPR measurements of QRT action at high doses clearly demonstrate the hypoxia
progression in liver and brain tissues. In particular, at the dose of 1.5 mg/mouse (resulted in
death with in 2–3 h), the liver pO2 increased by 45 ± 10% during the first 30 min, and then
the pO2 started to decrease with an approximate rate of 0.4 ± 0.1 mm Hg/min. The increase
of QRT dose to 2 mg/mouse (mice died within 45–60 min) led to immediate suppression of
the oxygen delivery in liver and brain tissues (i.e. decrease in tissue pO2). The rate of pO2
decline in the liver occurred at approximately 0.6 ± 0.1 mm Hg/min. These results indicate
that at the dose of 2 mg QRT/mouse, the hypoxic conditions arise in the whole organism
almost immediately after the injection of the preparation.

Moreover at lethal doses, the ex vivo EPR measurements revealed the formation of Hb–NO
complexes which is due to excess generation of NO. The appearance of the wide EPR line at
g ~ 2 in ex vivo EPR spectra and the absence of the signal from MetHb (at g ~ 6) suggest the
formation of α-Hb–NO complexes (α-(Fe2+–NO)α-(Fe2+)β-(Fe2+)2) [19,23]. It has been
established that both the time of the signal appearance and its intensity depend on the type of
tissue. At all doses of QRT (lethal and low), the spleen appears to be the most sensitive
organ in the animals investigated. At a QRT dose of 2 mg/mouse, endogenous nitric oxide is
registered in spleen samples after 20–30 min, and its concentration increased with time.
After 30–40 min, α-(Fe2+–NO)α-(Fe2+)β-(Fe2+)2 complex appeared in spectra recorded
from samples of blood and liver, while in other tissues (kidney, heart, lung), a high
concentration of NO was observed much later, just before animal death.

Multicomponent chemical composition of QRT invokes the complex action on the total
organism. Our previous in vitro EPR measurements [10] have shown that the mixture of
QRT with blood in ratio 1:15 led to an increase of MetHb signal intensity by 3–4 times in 2–
3 min and by 300 times in 5 h as well as to the destruction of Fe3+-transferrin and the
appearance of unspecific form of iron (similar to 1% HCl). It should be noted a peculiarity
of QRT action on blood in vitro. After 1 h incubation the EPR absorption signal in spectra
region of g ~ 6 is the superposition at least of three lines unidentified at this time. Thus, the
action of QRT on blood in vitro involves the oxidation of heme’s Fe2+ and destruction of
Fe-containing proteins. In in vivo experiments, it appears that the lethal dose of QRT
administration into the intraperitoneal cavity of the mice leads to the strong oxidation of Fe-
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containing proteins in the whole organism. It is obvious that this process must lead to the
activation of defense response of the organism. We believe that the launch of the
compensatory adaptive response is confirmed by the pO2 increase during ~30 min after the
QRT injection with the dose of 1.5 mg/mouse. At the dose of 2 mg/mouse the compensatory
adaptive response is disrupted immediately after QRT administration. Surprisingly, the
signals at g ~ 6 were not observed in ex vivo EPR spectra of tissue and blood at 30 min after
administration of QRT with dose of 2 mg/mouse whereas Hb–NO complexes were
observed.

We propose the following mechanism of a robust increase in Hb–NO signal after QRT
injection with the lethal dose.

Immediately after 2 mg/mouse QRT injection, the oxidation of heme Fe2+ to Fe3+ occurs
which leads to a decrease in oxygen supply to the tissue. Under enhanced hypoxia (see Fig.
6) endogenous nitrite can be implicated as a source of bioavailable NO [24]. The most likely
mechanism is the reaction of nitrite with deoxyhemoglobin (Fe2+) reducing nitrite to NO.
This reaction leads to the formation of NO, MetHb (Fe3+) and OH. NO then reacts with
deoxyhemoglobin (Fe2+) yielding iron-nitrosyl-hemoglobin. Under hypoxic conditions, the
concentration of the oxyhemoglobin decreases and the intermediates of the reaction of nitrite
with oxyhemoglobin do not oxidize heme iron in nitrosyl hemoglobin. It leads to a decrease
of NO release from iron-nitrosyl as observed in our experiments. The absence of the MetHb
signals can be explained by the fact that NO reversibly binds to MetHb and forms
diamagnetic nitrosylmethemoglobin, which eventually autoreduces by a first order reaction
(k′ ~ 10−3 s−1; t1/2 ~ 12 min) to a paramagnetic species Hb–NO [25,26].

The comparative data of ex vivo EPR investigation of metabolic changes in animals treated
with QRT and γ-irradiation are summarized in Table 2. Data show the effect of the
suppression of the active form of enzyme ribonucleotide reductase in the spleen which is
observed with both, the treatment with QRT (0.2 mg/mouse) or the total γ-irradiation with
dose of 6 Gy and dose rate of 3.5 Gy/min. At higher doses (more than 1.5 mg/mouse) of
QRT, the NO generation is upregulated and is detected by direct ex vivo EPR. Such effect is
also observed after the γ-irradiation with a dose of 500 Gy at high dose rates [3] or
irradiation with dose of 6 Gy at smaller dose rates [7]. In the spleen, the intensities of EPR
signals from Hb–NO complexes at 45 min after QRT (2 mg/mouse) and at 6 h after
irradiation with dose of 6 Gy and dose rate of 7.3 cGy/min [7] are similar. However, two
differences exist. First, after irradiation the MetHb concentration increased while after QRT
treatment this signal was absent. Second, in the case of QRT injection with doses more than
1.5 mg/mouse the compensatory adaptive response is disrupted, and the concentration of
Hb–NO increased continuously. At 2 mg QRT/mouse, the nitrosyl hemoglobin complex
concentration in the spleen increased more than 3 times (see spectra 2 and 3 in Fig. 3) at 15–
20 min before animal death.

In summary, our results indicate a similar response after treatment with QRT as that
observed with γ-irradiation. Therefore, QRT could be used to investigate the effect of
radiation induced injury in vivo.
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Fig. 1.
Time dependence of EPR spectra recorded from spleen of mice after intraperitoneal
injection of 0.2 ml of preparation containing 0.2 mg QRT/mouse. Spectrum 1, from intact
mice; 2, after 30 min; 3, after 4 h; and 4, after 8 h post QRT injection. All the spectra were
recorded at 77 K.

Ibragimova et al. Page 9

Nitric Oxide. Author manuscript; available in PMC 2014 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Changes of pO2 level in liver of mouse before and after intraperitoneal injection of
preparation containing 1 mg QRT.
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Fig. 3.
Ex vivo EPR spectra observed from spleen samples after; (1), 30 min; (2), 45 min; and (3),
60 min after injection of 0.2 ml preparation containing 2 mg of QRT. All the spectra were
recorded at 77 K.
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Fig. 4.
Ex vivo EPR spectra obtained from (1), liver; (2), kidney; (3), heart, and (4), lung samples of
dead mice in 60 min after injection of 0.2 ml preparation containing 2 mg of QRT. All the
spectra were recorded at 77 K.
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Fig. 5.
Ex vivo EPR spectra recorded at 77 K from blood samples of mouse in 40 min after injection
of 0.2 ml preparation containing 2 mg of QRT.
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Fig. 6.
The dynamics of pO2 changes in liver (A and C) and brain (B) of mice before and after
injection of preparation with the lethal doses containing 1.5 mg QRT (A and B) and 2 mg
QRT (C) per mouse.
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Table 1

Blood count of mice 1 day after QRT injection at LD50

Blood count Control After QRT

Myelokaryocytes, × 106/femur 22.5 ± 2.35 2.25 ± 0.37

Leukocytes, × 103/mm3 4.62 ± 0.64 0.29 ± 0.04

Neutrophils, × 103/mm3 0.91 ± 0.11 0.08 ± 0.02

Lymphocytes, × 103/mm3 3.26 ± 0.44 0.21 ± 0.03

Thrombocytes, × 103/mm3 0.39 ± 0.55 0.04 ± 0.05

Erythrocytes, × 103/mm3 5.95 ± 0.05 3.53 ± 0.11

Hemoglobin, g/l 14.9 ± 0.13 10.2 ± 0.30
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Table 2

Effects in tissue of laboratory animals under the QRT and γ-irradiation impacts

Effects registered from ex vivo
EPR spectra

QRT injection γ-Irradiation

The suppression of the active form
of the enzyme ribonucleotide
reductase in spleen

In 8 h after injection of preparation
containing 0.2 mg QRT/mouse

In 12 h after γ-irradiation with dose of 6 Gy at the dose rate
of 3.5 Gy/min [22]

Enhanced generation of nitric
oxide in spleen and blood

In 30 min after injection of preparation
containing 2 mg QRT/mouse. Oxidation
of Fe2+–heme up to Fe3+ is not revealed

In ~2 h after irradiation with doses of ≥2 Gy with dose rate of
7.3 cGy/min. Oxidation of Fe2+–heme up to Fe3+ is revealed
[7]
After irradiation with dose of 500 Gy; the value of dose rate
is not presented [3]

Nitric Oxide. Author manuscript; available in PMC 2014 March 16.


