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Abstract 

Disorders caused by the short-term absorption of moderate-to-high doses of ionizing radiation are often associated with suppressed heamatopoiesis as well as primary and secondary inflammation and thrombosis. Nicotinamide (NA), a derivative of nicotinic acid (NAc) and a precursor of nicotinamide adenine dinucleotide (NAD+), is metabolized in the body to 1-methylnicotinamide (MNA). MNA, in turn, exerts both anti-inflammatory and anti-thrombotic activities based on its effects on the vascular endothelium which, when disturbed, contributes to development of the above disorders. Also, 1,4-dimethylpyridine (1,4-DMP), a pyridinium salt formed during coffee roasting, and 1-methyl-3-acetylpyridine (1,3-MAP), a synthetic analogue of NAD+, may exert similar properties. In view of the above, the aim of the present study was to assess potential radio-protective and radio-remedial effects of NAc, NA, MNA, 1,4-DMP, and 1,3-MAP.

The 30-day survival of BALB/c mice was assessed after whole body irradiation (WBI) with 7.5 Gy γ-rays. NAc, NA, MNA, 1,4-DMP, and 1,3-MAP were given to the animals in drinking water at 100 mg/kg b.m. daily, starting 7 days before, on the day of, or 7 days after the exposure to ionizing radiation and continued until the mice’s death or the end of observation. Another group of mice was exposed (WBI) to 6.5 Gy γ-rays and on the selected days after the irradiation spleen and bone marrow cellularities as well as the leukocyte and  thrombocyte counts in peripheral blood were assessed.

Application of the derivatives of NAc and 1,4-DMP significantly increased the survival of mice from the groups in which administration of these compounds started 7 days before (NAc, MNA, 1,4-DMP), on the day of (1,4-DMP), and 7 days after (NAc, MNA, 1,4-DMP, 1,3-MAP) the irradiation. Inconsistent results obtained in mice exposed to 6.5 Gy indicate that stimulation of haematopoiesis is not a likely explanation of the obtained results and other mechanism(s), such as reversal of the radiation-induced inflammation, thrombosis, and/or depressed endothelial function, need to be considered. 

1.0 Introduction

In today’s world people can be inadvertently exposed to ionizing radiation during accidents in nuclear power plants, a nuclear war, or nuclear/radiological terrorist incidents. In these instances some of the casualties may sustain high (i.e., >1 Gy) doses of radiation. Likewise, high doses may be absorbed by normal tissues of oncological patients treated with local radiotherapy. Short-term exposures to radiation at doses in excess of 1-2 Gy may result in acute radiation syndrome, skin ‘burns’, and/or other injuries commonly associated with the development of both primary and secondary thrombosis and inflammation. 

Ever since the harmful effects of ionizing radiation were recognized, a quest has been pursued for effective radio-protectors, i.e., compounds designed to reduce radiation-induced damage in normal tissues. For many decades, a ‘radio-protector’ referred to a free radical scavenger that prevents fixation of the initial radiochemical events after radiation exposure. It is now clear, however, that potentially useful agents may also act through a variety of other mechanisms, such as hydrogen donation to targeted molecules, formation of mixed disulfides, delay of cellular division, and induction of hypoxia in tissues [1]. According to the time of their application versus the time of radiation exposure radioprotectors can be divided into three groups: prophylactic agents (protectors), which are given before the exposure, mitigators – given during or shortly after the exposure but still before the manifestation of an overt injury, and therapeutic (remedial) agents – active after application post-exposure when overt symptoms may have already developed [2]. All of these should be selective in protecting normal, but not neoplastic, tissues from ionizing radiation, should be delivered with relative ease, and should exhibit minimal toxicity [3]. 

Thus far, the only registered radio-protective compound is amifostine (Ethyol®), which is almost exclusively used to reduce side effects of radiotherapy of the head and neck cancers. However, administration of amifostine is associated with numerous side effects (e.g., nausea, vomiting, hypotension, salivation, dizziness, somnolence, fever, hypocalcemia) and it is effective only when used 15-30 minutes before the irradiation. Currently, intensive investigations are carried out on other types of substances (e.g., cytokines, vitamins, plant extracts, pharmacological agents, hormones, etc.) as potential radioprotectors. 

Development and evolution of disorders caused by absorption of high (> 1 Gy) doses of ionizing radiation primarily hinges on the loss of bone marrow and peripheral blood cells as well as on the damage and dysfunction of vascular endothelium. Despite a significant reduction in the number of circulating thrombocytes, intravascular clotting increases after irradiation owing to the enhanced adhesion and aggregation of platelets on the surface of the endothelium [4]. This phenomenon is associated with the elevated expression of tissue factor (TF, a.k.a. factor III, thrombokinase, or CD142) [5], von Willebrand factor (vWF) [6], and platelet-activating factor (PAF) [7] as well as with the decreased vascular fibrinolytic activity [8] and reduced expression of thrombomodulin (TM) [9], prostacyclin (PGI2) and the prostacyclin receptor [10] in endothelial cells. It is therefore plausible that anti-thrombotic and anti-inflammatory agents may protect against and/or mitigate the development/progression of radiation-induced pathologies. 

Some derivatives of nicotinic acid (a.k.a. vitamin PP, vitamin B3, or niacin), such as MNA, exert both anti-thrombotic and anti-inflammatory properties owing to their capacity to stimulate secretion of prostacyclin (PGI2) by the vascular endothelial cells and down-regulate the levels of pro-inflammatory cytokines (IL-1β, IL-6, IL-8, and TNF-α) in peripheral blood [11-17]. Moreover, as substances originating from a vitamin, nicotinic acid derivatives should be non-toxic in small quantities and thus unlikely to evoke any serious side effects. Indeed, as a non-toxic ingredient MNA is included in a number of cosmeceuticals produced by a healthcare company Pharmena SA. 

2.0 Materials and Methods

2.1 Irradiation 

Male BALB/c mice aged 6-8 weeks were whole-body exposed (whole body irradiation; WBI) to single irradiation from the 60Co source at 7.2 Gy/h mean dose rate to obtain the absorbed doses of 6.5 or 7.5 Gy per mouse.
2.2 Survival Assay

Survival of the mice was assessed during 30 days after WBI by daily inspection of the mouse cages from each experimental group which consisted of at least 48 (NAc derivatives) or 24 (1,4-DMP) animals. 
2.3 Examined Compounds

Nicotinic acid (NAc) derivatives (nicotinamide – NA; 1-methylnicotinamide – MNA, a primary metabolite of nicotinamide; 1-methyl-3-acetylpyridine – 1,3-MAP, a synthetic analogue of NAD+) or 1,4-dimethylpyridine – 1,4-DMP (a pyridinium salt formed during coffee roasting) were dissolved in drinking water at concentrations assuring their daily consumption by a mouse at 100 mg/kg b.m. Applications of the compounds started on day 7 before, day 0 or day 7 after the irradiation and were continued until death of the animals or until the end of observation. Control animals were given clean water containing no additives. 
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Figure 1: Chemical Structures of the Examined Compounds. A –  NAc (Nicotinic Acid) and its Derivatives: MNA (1-methylnicotinamide), 1,3-MAP (1-methyl-3-acetylpyridine), and NA (nicotinamide). B – 1,4-DMP (1,4-dimethylpyridine).

2.4 Spleen and Bone Marrow Cellularity 

From the anesthesized mice: a) spleens were removed, minced and the obtained cells were suspended in PBS, b) bone marrow cells were collected from the femurs and suspended in PBS. The resulting single-cell suspensions were quantitated in a mammalian cell counter. Each experimental group consisted of ten animals.
2.5 Peripheral Blood Cell Counts 

Blood samples were collected by a heart puncture and blood cell counts were estimated in a haematological analyser. Each experimental group consisted of ten animals.
2.6 Statistical Analysis. 

To compare survival distributions between the groups, the log rank (Mantel-Cox) test was used and p values less than 0.05 were regarded as significant.
For statistical analysis of the inter-group differences in spleen and bone marrow cellularity or peripheral blood cell counts, the Mann-Whitney U test for non-parametric trials was used with p values <0.05 regarded as significant.

3.0 Results and DISCUssION

The examined derivatives of nicotinic acid have been previously shown to exert both anti-inflammatory and anti-thrombotic properties [11-17]. In the present study, we demonstrated that NAc significantly improved survival of mice from groups in which its administration started 7 days before and 7 days after WBI of BALB/c mice at 7.5 Gy γ-rays; no such effects were observed in mice given NA (Figure 2-NAc and 2-NA). Administration of MNA when started 7 days before or 7 days after the irradiation significantly enhanced survival of the lethally irradiated mice; the effect was more pronounced when application of MNA began after the irradiation (Figure 2–MNA). In turn, application of 1,3-MAP significantly prolonged the survival only when the administration started 7 days after the irradiation (Figure 2-1,3-MAP). 
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Figure 2: Survival of the Lethally  (7.5 Gy) Irradiated BALB/C Mice Fed NAc, NA, MNA, or 1,3-MAP (100 mg/kg b.m./day) in Drinking Water. Application of the NAc Derivatives Began on Days -7, 0, or +7 of the Experiment. Each Experimental Group Consisted of at Least 48 Animals.
As shown in Figure 3, administration of 1,4-DMP, regardless of the starting day relative to WBI, also significantly increased the survival of mice, the effect being most pronounced when the administration began on the day of the irradiation.
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Figure 3: Survival of the Lethally  (7.5 Gy) Irradiated BALB/C Mice Fed 1,4-DMP (100 mg/kg b.m./day5) in Drinking Water. Application of 1,4-DMP Started on Day -7, Day 0, or Day +7 of the Experiment. Each Experimental Group Consisted of at Least 24 Animals.
Collectively, the obtained results suggest that NAc, MNA, and 1,4-DMP exhibit radio-protective activity and NAc, MNA, 1,3-MAP or 1,4-DMP – radio-remedial activity. 

To our knowledge, this is the first study to demonstrate that application of the NAc derivatives and 1,4-DMP, which started 7 days before or, most notably, as late as 7 days after the exposure of mice to a lethal dose of γ-rays, increased the survival of the animals. Indeed, although no directly comparable data are available, radioprotective capacities have so far been demonstrated only when other compounds examined in various experimental models were administrated either before or shortly after lethal irradiations of the animals. For example, Fu et al. [18] showed that a somatostatin analog (SOM23) enhanced survival of the CD2F1 mice whole-body exposed to 9 Gy γ-rays when the compound was administered twice-daily beginning 2 days before or 4 hours after WBI and continued for either 14 or 21 days; the effect was suggested to result from the SOM230-induced mitigation of the intestinal injury by preservation of the mucosa and reduction of bacterial translocation across the membrane. In turn, Berbee et al. [19] showed that the survival rate of male CD2F1 mice exposed to 11 Gy γ-rays enhanced from 0% to 88% (median survival time increased from 11.5 to 30 days) when 24 hours before the irradiation the animals were subcutaneously (s.c.) injected with γ-tocotrienol (100 mg/kg b.m.), an antioxidant and inhibitor of the 3-hydroxy-3-methylglutaryl-coenzyme A reductase which, to a greater extent than other tocopherols, accumulates in endothelial cells. Likewise, a 100% protection from death after WBI at 8.75 Gy γ-rays was reported in the CD2F1 mice s.c. injected with δ-tocotrienol at 400 mg/kg b.m. 24 h before the irradiation [20]. CD2F1 mice were also used by Singh et al. [21] who demonstrated that after s.c. application of α-tocotrienol (400 mg/kg b.m.) 24 h before irradiation of the animals with γ-rays at 9.5, 10, 11, or11.5 Gy the 30-day survival was significantly enhanced. These authors [22] also showed that a naturally occurring Mycoplasma-derived lipopeptide ligand for the Toll-like receptor 2/6 (CBLB613) significantly increased survival of mice irradiated at 9.2 Gy γ-rays when the compound was injected s.c. at different doses either 24 h before or 1 h after the irradiation. Other authors [23] demonstrated that s.c. injection of Ex-Rad (a small molecule kinase inhibitor developed for modifying cell cycle distribution patterns in cancer cells subjected to radiation therapy and identified as a potential candidate for radiation protection studies) to male C3H/HeN mice (12.5 mg/mouse) 15 min. before exposure to 7.5 or 8 Gy γ-rays increased the 30-day survival to about 70% or 37.5%, respectively. Anzai et al. [24] detected a significantly improved 30-day survival of C3H mice intraperitoneally (i.p.) injected with Saccharomyces cerevisiae-derived powder containing Zn, Mn, Cu, or Se (100 mg/kg b.m.) before WBI at 7.5 Gy X-rays; the effect was most pronounced for Zn- and Cu-containing powder. When the mineral-yeast powder was administered immediately after the irradiation the survival rate was even higher with Zn- or Cu-yeast powder yielding the highest rate (more than 90%); the effect was still significant when the powder was administered 10 h post-irradiation. Likewise, a marked increase in the 30-day survival was reported by Samarth and Kumar [25] who applied 1 g/kg b.m. per day of the Mentha extract to the Swiss mice for three consecutive days and 30 min. after the final administration exposed the animals to WBI at 8 Gy γ-rays. The significantly enhanced survival was also reported by Grebenyuk et al. [26] who applied recombinant interleukin-1β at 50 μg/kg b.m. 10-15 min. after exposure of white inbred mice to 8 or 9 Gy X-rays. Other authors [27] demonstrated significant increase in the survival of the Wistar rats given orally Annonaceae (XA) and vitamin C (VC) at 250 mg/kg b.m. for 6 weeks prior to and 8 weeks after the WBI at 5 Gy γ-rays. In summary, none of the above studies has evidenced a radioremedial activity of the tested compound when it was given later than several hours post irradiation. Hence, such an activity demonstrated by us for the selected derivatives of NAc and 1,4-DMP applied to the lethally irradiated mice from day 7 after exposure to a lethal dose of gamma-rays warrants further exploration, even though the increase in the survival rate did not exceed 20%.  
A whole- or partial-body irradiation at doses greater than 1 Gy result in the acute radiation syndrome the earliest manifestation of which is the hematopoietic syndrome [28] characterized by a massive loss of hematopoietic stem cells (HSC) in the bone marrow followed by cytopenia in the blood. Pluripotent HSC, which provide all of the downstream components of the blood [29], are non-lineage committed and capable of self-renewal. Since a cell’s radiosensitivity is inversely related to its maturational state HSC are moderately radioresistant and with their transition to progenitor cells they become more sensitive to radiation [30, 31]. Indeed, our present studies demonstrated that WBI of mice at 6.5 Gy γ-rays dramatically reduced the numbers of circulating leukocytes and platelets as well as the total numbers of bone marrow and spleen cells (Table 1). However, when such irradiated mice were fed one of the tested NAc derivatives or 1,4-DMP inconsistent changes in the numbers of these cells were obtained compared to the irradiated mice which drank water without any additives: in some cases the numbers were down- while in other cases up-regulated (Table 1 and 2). It is therefore unlikely that stimulation of haematopoiesis by the NAc derivatives or 1,4-DMP is the underlying mechanism of the survival-enhancing activities of these compounds demonstrated in the lethally (7.5 Gy) irradiated mice.
Table 1. Significant Changes in Spleen and Bone Marrow Cellularity, and Blood Cell Counts in BALB/C Mice Irradiated at 6.5 Gy and Fed MNA or 1,4-DMP In Drinking Water from Day -7, Day 0, or Day 7 of the Experiment. Each Experimental Group Consisted of Ten Animals.
	Exam parameters
	Day
	Nonirradiated Control
	Irradiated Control
	MNA
	1,4- DMP

	
	
	
	
	-7
	0
	+7
	-7
	0
	+7

	Spleen
	Number of cells x106
	7
	200
	5.1
	5.0
	1.7
	3.6
	4.7
	10.6
	8.1

	
	
	10
	
	5.2
	3.0
	5.3
	3.3
	22.0
	13.8
	22.0

	
	
	14
	
	8.3
	3.6
	6.4
	3.3
	15.2
	28.8
	30.0

	
	
	30
	
	118.6
	119.1
	111.2
	86.2
	144.6
	83.8
	81.8

	
	Viability
[%]
	7
	98.2
	74.4
	69.3
	66.7
	64.0
	85.0
	93.0
	86.7

	
	
	10
	
	89.0
	80.5
	84.4
	77.2
	93.7
	91.2
	91.0

	
	
	14
	
	88.9
	87.2
	87.8
	81.5
	91.7
	93.2
	91.3

	
	
	30
	
	81.9
	86.7
	90.4
	89.8
	86.0
	86.5
	79.4

	Bone marrow
	Number of cells x104
	7
	625
	7.5
	7.8
	13.2
	6.1
	14.8
	10.8
	9.0

	
	
	10
	
	24.2
	9.7
	19.1
	6.3
	38.5
	47.8
	27.0

	
	
	14
	
	38.3
	26.8
	38.8
	9.7
	46.3
	101.6
	44.9

	
	
	30
	
	430.0
	691.9
	568.1
	646.3
	597.5
	729.6
	617.0

	
	Viability [%]
	7
	95.6   
	89.5
	89.9
	89.4
	89.6
	89.0
	88.9
	89.2

	
	
	10
	
	90.6
	88.5
	88.0
	84.8
	89.3
	84.8
	82.8

	
	
	14
	
	87.6
	86.6
	85.7
	91.2
	85.7
	89.9
	84.5

	
	
	30
	
	96.6
	98.1
	98.7
	98.8
	97.7
	98.2
	98.0

	WBC [103/μl]
	7
	9.1
	0.9
	0.6
	1.0
	0.9
	0.7
	1.0
	0.9

	
	10
	
	0.2
	0.3
	0.2
	0.4
	0.5
	0.3
	0.2

	
	14
	
	0.7
	0.3
	0.3
	0.2
	0.4
	0.5
	0.4

	
	30
	
	9.2
	7.6
	11.9
	8.9
	7.1
	6.0
	5.6

	RBC [106/μl]
	7
	8.8   
	7.8
	8.7
	8.8
	9.3
	7.0
	7.2
	6.7

	
	10
	
	7.5
	7.2
	7.6
	8.1
	6.6
	5.8
	6.4

	
	14
	
	5.8
	5.7
	6.4
	6.2
	6.3
	4.5
	5.5

	
	30
	
	8.2
	8.1
	7.8
	7.8
	8.1
	8.5
	8.4

	PLT [103/μl]
	7
	637.5
	67.0
	74.5
	84.0
	70.0
	39.5
	51.0
	55.5

	
	10
	
	40.5
	67.0
	33.0
	27.0
	50.5
	61.0
	42.5

	
	14
	
	114.0
	74.0
	60.5
	61.0
	90.0
	124.0
	52.0

	
	30
	
	545.5
	536.0
	677.0
	506.0
	551.5
	385.0
	489.5


Red colour indicates statistically significant (p<0.05) increase of the cell counts in the examined groups as compared to the control group; Green colour indicates statistically significant (p<0.05) decrease in the cell counts in the examined groups as compared to the control group. Presented are median values for ten mice per group. 

Table 2. Significant Changes in Spleen and Bone Marrow Cellularity, and Blood Cell Counts in BALB/C Mice Irradiated at 6.5 Gy and Fed MNA or 1.4-DMP in Drinking Water from Day -7, Day 0 or Day 7 of the Experiment. Each Experimental Group Consisted of Ten Animals.
	Exam parameters
	Day
	Irradiated Control
	NAc
	NA
	1.3-MAP

	
	
	
	-7
	0
	+7
	-7
	0
	+7
	-7
	0
	+7

	Spleen
	Number of cells x106
	7
	5.1
	1.2
	2.0
	1.9
	6.6
	5.8
	7.0
	4.7
	4.5
	5.4

	
	
	10
	5.2
	5.8
	4.0
	5.0
	11.4
	13.6
	18.6
	3.3
	3.6
	3.4

	
	
	14
	8.3
	5.2
	3.6
	3.4
	28.0
	19.2
	34.2
	3.4
	3.8
	4.0

	
	Viability [%]
	7
	74.4
	37.0
	31.0
	35.3
	80.8
	74.1
	78.6
	63.1
	59.1
	86.5

	
	
	10
	89.0
	91.9
	89.9
	89.0
	87.2
	91.2
	91.1
	77.3
	80.3
	84.4

	
	
	14
	88.9
	81.2
	67.6
	69.4
	89.3
	92.6
	93.8
	85.4
	84.2
	86.8

	Bone marrow
	Number of cells x104
	7
	7.5
	4.3
	3.0
	8.3
	7.5
	9.5
	12.9
	4.8
	7.1
	6.8

	
	
	10
	24.2
	1.3
	13.8
	11.2
	23.5
	51.5
	32.0
	13.2
	20.7
	22.6

	
	
	14
	38.3
	17.6
	2.7
	7.0
	11.4
	137.5
	63.6
	48.0
	13.7
	12.5

	
	Viability [%]
	7
	89.5
	88.5
	94.3
	93.3
	89.5
	90.5
	89.6
	91.4
	89.5
	89.5

	
	
	10
	90.6
	91.5
	89.0
	88.9
	88.9
	90.7
	88.6
	88.3
	88.2
	87.6

	
	
	14
	87.6
	87.2
	86.8
	77.0
	89.7
	91.3
	84.8
	89.9
	74.2
	88.5

	WBC [103/μl]
	7
	0.9
	0.8
	0.4
	0.3
	0.9
	0.5
	0.8
	0.8
	1.3
	1.2

	
	10
	0.2
	0.3
	0.2
	0.3
	0.3
	0.3
	0.3
	0.3
	0.2
	0.3

	
	14
	0.7
	0.5
	
	0.4
	0.5
	0.4
	0.9
	0.6
	0.3
	0.6

	RBC [106/μl]
	7
	7.8
	8.3
	8.1
	8.5
	7.7
	7.3
	7.2
	8.5
	8.8
	9.0

	
	10
	7.5
	7.3
	6.0
	7.5
	7.5
	7.0
	6.9
	8.0
	8.5
	8.1

	
	14
	5.8
	6.2
	
	6.4
	5.5
	4.5
	6.0
	6.7
	6.0
	6.1

	PLT [103/μl]
	7
	67.0
	82.0
	65.0
	71.0
	51.0
	44.5
	64.0
	126.0
	84.0
	140.0

	
	10
	40.5
	65.0
	41.0
	36.0
	36.0
	33.5
	35.0
	42.0
	38.0
	54.0

	
	14
	114.0
	76.0
	
	45.0
	55.0
	103.0
	77.0
	60.0
	53.0
	64.5


Red colour indicates statistically significant (p<0.05) increase of the cell counts in the examined groups as compared to the control group; Green colour indicates statistically significant (p<0.05) decrease in the cell counts in the examined groups as compared to the control group. Presented are median values for ten mice per group. 

Only few reports provide results of studies in which the authors assessed similar parameters. In contrast to our present investigation, however, most of the available data indicate a clear protective effect of the examined compounds reflected by stimulation rather than suppression of haematopoiesis. For example, Singh et al. [22] demonstrated that the Mycoplasma-derived CBLB613 given to the CD2F1 mice at 0.025 mg/kg b.m. 24 h before the exposure to γ-rays reduced the 3 or 7 Gy-induced cytopenia on some days post-exposure and increased bone marrow cellularity in the animals 14 days after the irradiation at 9.2 Gy. Berbee et al. [19] who s.c injected γ-tocotrienol to the CD2F1 mice 24 h before their WBI at 8.5 Gy γ-rays were able to identify by day 14 after the irradiation a recovery of haematopoiesis expressed by the rise in the blood leukocyte, platelet and erythrocyte counts as well as by the increased spleen mass and numbers of haematopoietic spleen colonies. However, in another investigation of the same authors [18] SOM230 administered twice-daily (1, 4, or 10 mg/kg b.m. per day) from either 2 days before or 4 h after WBI of CD2F1 mice at 9 Gy γ-rays did not mitigate the hematopoietic injury. Samarth and Kumar [25] demonstrated a significant increase in the spleen mass and total blood erythrocyte and leukocyte counts, hemoglobin concentration, and haematocrit values in the Swiss mice fed the Mentha piperita extract at 1 g/kg b.m. per day for three days prior to exposure to 6, 8, or 10 Gy of γ-rays. Similar treatment of mice resulted in a marked up-regulation of leukoblasts, myelocytes, metamyelocytes, pronormoblasts, normoblasts, lymphocytes, and megakaryocytes in the bone marrow [32]. Likewise, Grebenyuk et al. [26] showed that administration of recombinant interleukin-1β at 50 μg/kg b.m.10-15 min after exposure to 8 or 9 Gy X-rays averted suppression of endogenous and exogenous colony forming units (CFU-S9) in the spleen of irradiated mice. Other authors demonstrated that s.c. injection of δ-tocotrienol at 400 mg/kg b.m. increased cell survival and regeneration of haematopoietic microfoci and the lineage–/Sca-1+/ckit+ stem and progenitor cells in the bone marrow, and protected human CD34+ cells from radiation-induced damage when administered both 24 h before and 6 h after the irradiation at 8.75 Gy γ-rays [20]. 

In conclusion, we demonstrate in the present study that application of the selected compounds significantly increased survival of the lethally irradiated BALB/c mice which were given these compounds before (NAc, MNA, 1,4-DMP), on the day of (1,4-DMP), or after (NAc, MNA, 1,4-DMP, 1,3-MAP) the exposure to X-rays. The results obtained in mice irradiated at 6.5 Gy suggest that stimulation of haematopoiesis is not the likely explanation of the enhanced survival and that other mechanisms (e.g., mitigation of radiation-induced inflammation, thrombosis, and/or depressed endothelial function) need to be considered. Hopefully, the obtained results will contribute to verification of the prevailing belief that all the currently known ‘radioprotectors’ are either totally ineffective or practically useless owing to the associated toxicity. Most importantly, the results of our studies should provide grounds for the development of novel radio-remedial agents which, when applied several hours or days post-exposure, can effectively ameliorate the severity and/or progression of radiation injuries induced in normal tissues of patients undergoing radiotherapy as well as in victims of radiation accidents and terrorist events in which radiological and/or nuclear weapons have been used. 
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