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Radiation impacts living organisms in several ways, and its biological effects vary
depending on the type and dose of exposure. It can damage DNA, potentially causing
mutations and increasing the risk of cancer. lonizing radiation can harm the human body
through two primary mechanisms. Direct damage occurs when radiation strikes essential
biological molecules, such as DNA, breaking or altering their structure. Indirect damage
arises when radiation interacts with water molecules—abundant in cells—generating free
radicals, which are highly reactive and can harm cellular components. These free radicals
can react with DNA and other cellular components, leading to molecular damage.
Depending on the radiation dose and exposure rate, the biological effects can range from
minor, repairable molecular damage to cell and tissue death. These outcomes may result
in acute or chronic health conditions, such as Acute Radiation Syndrome (ARS) and an
increased risk of cancer. Additional consequences may include cardiovascular diseases
and thermal effects, which can cause localized tissue overheating and damage. Radiation
exposure can also suppress the immune system, thereby increasing susceptibility to
infections. Negative effects on mental and physical development or birth defects may
result from exposure during developmental stages, such as pregnancy. Exposure to
radiation in specific situations, like nuclear accidents, can result in mental health issues
like depression and anxiety. Proper precautions must be taken when handling radiation
sources, as health risks generally increase with higher exposure doses.

1. INTRODUCTION

number of variables, including the radiation dose, exposure
rate, type, and body part exposed, different tissues are affected

Radiation exposure is defined by the amount of ionization
caused in air by radiation and is typically measured as the
electrical charge produced by ionizing radiation in a unit
volume of air [1]. Exposure to radiation from an external
source may affect the entire body, a specific limb, or
individual organs or tissues, resulting in an external radiation
dose. In contrast, internally deposited radioactive material
(RAM) can expose specific tissues, organs, or the entire body
to internal radiation [2]. The biological effects of radiation are
generally classified into two categories: deterministic effects
(e.g., tissue damage) and stochastic effects, including
carcinogenic changes. Stochastic effects have no threshold and
are considered dose-independent; however, the probability of
their occurrence increases with the radiation dose. As a
stochastic hazard, radiation-associated malignancies can
develop even at low doses, with the probability increasing
proportionally with the radiation dose. The stochastic
mechanism involves unpredictable and irreversible DNA
damage in a small number of viable cells [3]. Depending on a
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by radiation exposure. Localized effects include radiation
burns, whereas systemic effects are exemplified by Acute
Radiation Syndrome (ARS). Radiation exposure can be
classified into "low-risk" and "high-risk" categories for
individuals and groups. The time between exposure and the
onset of symptoms, as well as the severity of those symptoms,
are the first factors used to make the diagnosis [4]. Although
ionizing radiation can directly harm proteins, RNA, and DNA,
it usually does so indirectly by interacting with intracellular
water molecules to produce extremely reactive free radicals.
Lower radiation doses may disrupt homeostasis, cellular
proliferation, and endogenous molecular repair systems, while
higher doses may result in cell death. Atrophy, progressive
tissue hypoplasia, and ultimately fibrosis can be caused by
damage to these and other cellular constituents. Nevertheless,
it is now evident that cell death by itself is insufficient to
account for a large number of tissue reactions, as these
reactions also rely on intricate processes such as immune,
inflammatory, and chronic oxidative reactions, in addition to
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damage to the extracellular matrix and vasculature [4-9]. This
study aims to explore the biological effects of radiation
exposure, with a particular focus on medical radiation sources
and nuclear waste.

2. NATURAL BACKGROUND RADIATION

Natural sources account for the majority of ionizing
radiation exposures in humans [5-7]. Generally speaking,
these exposures are not radiologically dangerous unless they
are increased by human activity, like mining, High
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Figure 1. High background radiation areas around the world [10]

3. NUCLEAR POWER PLANTS

Due to the rapid growth of the nuclear power industry,
people living near nuclear power plants have become
increasingly aware of changes in ambient radiation levels and
their potential health effects [11-13], particularly after the
2011 Fukushima Daiichi nuclear power plant accident. In
order to do this, a number of countries have put in place
surveillance systems for monitoring radioactivity and
assessing radiological risk before and after NPP operations [14,
15]. The two primary ways that radiation impacts human
health are through internal and external exposure. Drinking
water is thought to be a significant source of radiation
exposure for humans, per a 2000 study conducted by the
United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) [16]. One of the main sources of
radiation exposure for humans is thought to be water. Long-
term exposure to relatively high levels of radioactivity in
ambient air and drinking water can cause major health issues,
including cancer [17].

4. MEDICAL SOURCES
4.1 Radiation exposure by CT scan

The use of CT scans and radiation doses derived from them
has increased along with awareness of the potential for modest

doses of X-ray radiation to cause cancer, especially in children.
The follow-up period for atomic-bomb survivors, now over 50
years, and the consistency of the risk estimates with those from
other large-scale epidemiologic studies have greatly increased
our confidence in our understanding of the lifetime cancer
risks from low doses of ionizing radiation. These factors imply
that the anticipated dangers of CT are not theoretical, meaning
they are not predicated on big dosage extrapolations or models.
Instead, they are predicated on real cancer rates linked to high
radiation exposure levels [18]. CT scans are a leading source
of medical radiation exposure. Several cohort studies,
including atomic bomb survivors, have established a dose-
dependent increase in cancer risk. Figure 2 shows the total
amount of background radiation that the American people get
from various sources. according to the Environmental
Protection Agency, but in general, steep or mountainous
terrain is more likely to have a higher risk of radon exposure
[19].

Figure 3 shows the exposure of the United States population
in the early 1980s. In contrast, statistics from 2006 indicated a
significant rise in medical exposure from 15% to 48%. EUSS5
effective dose per individual in the United States; S5 person-
Sv [19].

In the United States, the annual number of CT operations
increased by almost 239%, from 18.3 million in 1993 to 62
million in 2006. Numerous variables, such as improved
technology, throughput, and diagnostic reliability, are
responsible for this significant rise. While ever-increasing



slice thicknesses (from 16 to 32 to 64 to 128 and even larger)
have historically resulted in an ever-increasing dosage of
ionizing radiation to the patient, they have also provided an
ever-increasing resolution. The public and scientific
community have taken CT dose reduction strategies very
seriously as a consequence of this exposure, which has
eventually caused the slice thickness increases that were seen
a few years ago to stabilize (Figure 4 and Figure 5) [19].
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Figure 2. The contribution from different sources of
background radiation to the United States [19]

4.2 Healthcare workers and nuclear industry workers

Studies of individuals exposed to radiation at work provide
an increasingly important source of information on the effects
of prolonged low-dose-rate exposure to external radiation
sources. Ingestion of radionuclides such as plutonium has also
exposed certain workers to internal radiation sources [20].
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Figure 3. The exposure of the United States population in the
early 1980s [19]
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Figure 4. The contribution of medical exposure (39%) to
occupationally exposed individuals [19]

70
OHospital
__ 60 }
g B Non-hospital
S
R
w
[0
S 40 }
§ 34.9
30.6

g 30 } 0.
S _— 25.1 4.8 :
: 2 ‘ 47.2
8 20 p183 195 o =
- 33.1
: 29
= 25.8

10 Floql l172] [184] [197] [21© 22.8

0

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2004 2005 2006

Figure 5. Chart of the number of CT procedures per year in the United States from 1993 to 2006 [19]

873



5. NUCLEAR ACCIDENTS

Nuclear disaster preparedness and response standards—
including recommendations on radiation protection, health
management, and community communication—have been
studied and used by decision-makers to guide protective
measures for residents living near nuclear power plants in the
event of an accident [21].

These studies used annual data on reactor construction
capacity and the timing of three nuclear accidents rated five or
higher on the International Nuclear and Radiological Event
Scale. A panel dataset of 31 countries from 1965 to 2009 was
employed to examine the impact of nuclear accidents on
energy policy. After estimating the magnitude of these
accidents' effects across countries, the results indicate that the
Chernobyl disaster had a globally negative influence on
reactor construction starts, whereas neither the Three Mile
Island (TMI) nor the Lucens accidents had a significant effect
[22].

6. SOURCES OF RADIATION EXPOSURE

Clinical professionals and patients exposed to ionizing
radiation are becoming more aware of the dangers associated
with using this radiation for diagnostic purposes. The necessity
for doctors to understand the hazards and reduce radiation
exposure for patients has been brought to light by the revisions
to the laws controlling the use of ionizing radiation [23].

Fluoroscopic imaging is now often used in fields including
neurosurgery, vascular surgery, orthopedics, and urology.
Staff members are exposed to radiation by dispersed radiation
from the primary radiation beam's contact with the patient and
the operating table. When medical professionals stand near a
C-arm fluoroscopic unit, their upper and lower extremities will
be exposed to scatter radiation from all directions. The
operating surgeon must wear thyroid shields and 0.35 mm lead
aprons in accordance with conventional radiation protection
protocols, and other staff members must wear 0.25 mm lead
aprons [23].

Additionally, Humans are exposed to radiation from sources
outside of their bodies while they live and/or work outdoors or
within structures; these sources mostly include cosmic rays
and gamma ray emitters found in building walls and soils.
Humans also unintentionally introduce radionuclides into their
bodies via the consumption of food and drink, as well as by
breathing in air. Emissions of low penetrating a and b particles
irradiate the body's confined areas. The primary sources of this
internal radiation are 40K, a crucial component that is closely
homeostatically regulated in the body, and radon (222Rn) and
its decay products [24].

7. BIOLOGICAL EFFECTS OF RADIATION

Radiation exposure has a wide range of immediate and
long-term health impacts. Shortly after high-dose exposures,
acute consequences like radiation sickness or Acute Radiation
Syndrome (ARS) may appear. These symptoms may include

nausea, vomiting, diarrhea, and bone marrow suppression [25].

Chronic or cumulative exposure to lower amounts of radiation
over a protracted period of time may result in long-term
consequences, including cancer induction, hereditary effects,
and cataract development [26]. Because of their diverse

874

cellular makeups and physiological roles, several organs and
tissues—Ilike the thyroid, lungs, and bone marrow—show
variable susceptibilities to radiation-induced damage. Modern
medicine relies heavily on radiation, which is a potent tool for
research, diagnosis, and treatment. The viewing of interior
anatomical structures and the very sensitive and precise
identification of pathological anomalies are made possible by
diagnostic imaging modalities, including X-rays, Computed
Tomography (CT), and nuclear medicine techniques [27].

In the twenty-first century, hazards to public health and the
environment from nuclear accidents, the disposal of
radioactive waste, and industrial discharges of radioactive
elements continue to be major issues. Radiation emergencies
have far-reaching effects, including population displacement,
long-term health effects, and socioeconomic disruptions, as
demonstrated by such events as the Fukushima Daiichi
accident in 2011 and the Chernobyl disaster in 1986 [28, 29].

7.1 Cancer

Cancer starts at the cellular level when a cell divides
uncontrolled due to a sequence of mutations. Numerous things,
such as inherited genetic abnormalities or DNA damage from
environmental pollutants, may result in these mutations.
Disease formation is sometimes broken down into three stages:
commencement, when the initial mutation takes place;
promotion, where cells start to proliferate uncontrolled; and
progression, where the disease becomes more aggressive [30].
Higher radiation dosages and tissues like the thyroid and breast
that are highly susceptible to ionizing radiation are more likely
to have negative aftereffects. An estimated 0.6% of all
malignancies diagnosed in the UK in 2004 were thought to be
caused by radiation from X-rays [31]. To distinguish tumor
cells from healthy ones, the immune system may use a variety
of antigens generated by the numerous genetic and epigenetic
alterations common to all malignancies. Balance between the
co-stimulants' signals, even the immune control points, defines
the final amplitude and the cell quality, which is caused by the
cell recognition [32, 33]. To protect, immune checkpoints are
required [34]. Table 1 shows some studies about the
relationship between cancer with radiation (2016-2025) [34-
39].

7.2 Genetic mutations

A mutation occurs when a small segment of a genome's
nucleotide sequence changes (Figure 6) [40]. Hugo de Yeries
first used the word "mutation" in 1900, when Mendel's
concepts were rediscovery. It encompasses the structural
change of a gene or chromosome as well as the result of that
change [41]. Although most mutations are harmful, a
significant percentage are thought to be "silent" and do not
appear to affect the individual. Rarely, a mutation may even
be advantageous, and it has the tendency to spread quickly
across a population; harmful mutations often perish along with
the organism that carries them [42].

A phenotypic shift is a discernible alteration in the organism
caused by a gene mutation that alters the gene's output. "A
mutant" is an organism whose phenotype has changed as a
result of mutation, while "a wild-type" is an organism that
displays the typical phenotype for that species [43, 44].
Ionizing radiation and mutagenic radiation are examples of
environmental variables (mutagens) that may accelerate the
naturally occurring rate of gene mutation, which is typically
quite low [45].
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Figure 6. Mutation [40]

The health consequences of ionizing radiation can be
categorized into three main types: somatic effects, genetic

effects, and teratogenic effects. Somatic effects are physical
impacts that occur in the individual who has been exposed to
radiation. These effects can be further classified based on the
time of onset into early (acute) and delayed (chronic) effects.
Genetic effects refer to heritable abnormalities that may
appear in the offspring of exposed individuals (either the father
or the mother). These mutations are passed on to future
generations through the germline. Teratogenic effects are
developmental abnormalities that occur in unborn children
exposed to radiation in utero, particularly during the
embryonic or fetal stages of development. Although these are
developmental effects, they are often classified as a subset of
somatic effects because they manifest in the individual
affected, not in future generations [46].

Table 1. Some studies about the relationship between cancer with radiation (2016-2025)

Key Finding

This is particularly crucial in the Indian context, given the rising demand for cancer

Year Author

2025 Gupte et al. [34]

2025 Zhang et al. [35]

2024 Jagsi et al. [36]

2018 Goodhead [37]

2018 Nasiri and Acosta-Tamayo
(38]

2016 Miyazaki et al. [39]

treatment and persistent problems like limited accessibility and a lack of radiation facilities.

Therefore, when an external beam PBI technique is selected to treat a patient with low-risk
early breast cancer on the Chinese mainland, this somewhat hypofractionated regimen offers
an alluring alternative. However, we acknowledge that the schedule is very lengthy and that

the results were based on a relatively small number of patients with a shorter follow-up

period.
aimed to assess whether, in addition to traditional selection parameters, a genetic test may be
used to treat younger postmenopausal women without radiation treatment.

The unique characteristics of space radiation, which result in particle tracks of enormous
complexity and variety, are especially taken into consideration in the NASA cancer risk
prediction model.

The first step in this work is to introduce and extract a set of longitudinally connected lung
tumor characteristics. Then, to develop predictors for each patient attribute, a non-linear
mixed-effect modeling technique is proposed.

They examined how important Hh/GLI signaling is for maintaining the stemness-related
characteristics of pancreatic CSCs. We suggested and illustrated a new combination therapy
utilizing the Hh/GLI inhibitor GANT61 in conjunction with mTOR inhibition in light of this
significant molecule's discovery. This combination will enhance the therapy choices for this
devastating illness and provide an effective method of controlling CSCs in pancreatic cancer.

8. ENVIRONMENTAL CONTAMINATION

More than eight years have passed since the 9.0 magnitude
Great East Japan Earthquake on March 11, 2011, which
resulted in a tsunami and the Fukushima Daiichi Nuclear
Power Station (FDNPS), operated by the Tokyo Electric
Power Company. Numerous radionuclides released into the
atmosphere by the FDNPS eventually found their way into the
surrounding terrestrial and marine environments [47].
Between 100 and 500 petabecquerels (PBq) of iodine-131
(1311) and 6 to 20 PBq of cesium-137 (137Cs) are thought to
have been released overall [2]. On the other hand, the FDNPS
anticipated 1311 and 137Cs discharges that were roughly 10%
and 20% of the expected discharges from the Chernobyl
incident, respectively [48].

Numerous research studies have been conducted on plants
after exposure to ionizing radiation, and specialized
publications have focused on plant radiobiology. Most of the
research has focused on exposure to external radiation, woody
species, and (agricultural) field crops. FRED's plant references
are drawn from more than 329 published works, many of
which were first published in Russian before being translated
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into English. While most of the data comes from laboratory
studies, several coniferous and deciduous woods have been
intensively investigated through controlled field trials. There
are few studies on long-term radiation exposures. Some were
carried out in the wake of the Eastern Ukraine and Chernobyl
disasters [48].

Events in Russia's contaminated regions are significantly
influenced by long-range fallout (EURT: East Urals
Radioactive Trial). Of the 208 references in the database
pertaining to acute exposures, 23 percent discuss the umbrella
end-points of morbidity, mortality, mutation, and reproductive
capability, respectively. Roughly 15% of the articles were first
published in English, while the remaining 85% were first
published in Russian. Of the 121 references in the database
that address chronic exposures, 41%, 5%, 26%, and 28%,
respectively, address the umbrella end-points of morbidity,
mortality, mutation, and reproductive capacity. Ninety-two
percent of the studies deal with morbidity end-points, and
about 32 percent of the papers were first published in English
(Western literature). About 24% have to do with radiation
from the Chernobyl accident [49].



8.1 Depleted uranium (DU)

Generally regarded as an emerging pollutant, depleted
uranium (DU) was first widely released into the environment
in Iraq during the military campaign known as "Desert Storm"
in the early 1990s. According to some theories, DU poses a
risk to both the troops who are exposed to it and the people
who live in the contaminated regions of combat zones [50].

The fissile isotope uranium-235 (*°U) is present in much
lower quantities in depleted uranium (DU) compared to
natural uranium. DU typically has an isotopic composition of
about 99.977% 0.0008976% uranium-234 (*4U), 0.2% U,
and uranium-238 (**%U). It can be created by reprocessing
spent nuclear fuel and is the byproduct that remains after
uranium enrichment [51].

DU is known to be toxic both chemically and radioactively.
It has about 60% of the radioactivity of natural uranium while
maintaining very similar chemical characteristics, as shown in
Figure 7. DU is frequently used in both military and civilian
applications because of its low cost, superior penetrability, and
pyrophoric properties. It can penetrate and destroy fortified
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structures and armored vehicles at high temperatures [52].

To effectively prevent and mitigate the toxic effects of
depleted uranium (DU), it is essential to comprehend how DU
is absorbed and distributed within the body. The solubility,
physicochemical form, and route of entry of DU into the body
are some of the complex factors that affect its absorption and
bioavailability. In bodily fluids, more soluble forms, like
uranyl nitrate and ammonium uranyl carbonate, can diffuse
more easily. On the other hand, less soluble forms, such as
UO:, uranyl acetate, and ammonium diuranate, have a
tendency to build up in particular organs and cause localized
toxicity [53].

Uranium can be found in surface water as free metal ions,
complexes with organic materials like humic materials, or
inorganic ligands like phosphates and carbonates. Interactions
between various uranium species are also possible. Although
organisms normally have access to the forms UO»** and
UO:0OH*, the presence of humic substances and inorganic
ligands can reduce the activity of these forms, thereby
decreasing their bioavailability [54].
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Figure 7. The chemical structure for DU chelating agents [55]

Since World War II, uranium, a radioactive heavy metal,
has been known to pose a threat to human health in at least two
ways. Like other heavy metals like chromium, lead, nickel,
and mercury, uranium is chemically toxic to the kidneys, heart,
liver, muscles, and nervous system. Furthermore, because of
their radioactivity, all uranium isotopes emit radiation, a
known carcinogen. Because of its lengthy residence periods in
the lungs and potential to cause lung cancer, uranium was
considered a major worry when it was absorbed as dust or
aerosols. This implies that the highest levels of uranium that
are soluble uranium compounds, particularly in the kidney,
and the highest doses of uranium radiation exposures to the
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lung via insoluble uranium particles are the two ways that
radiation protection and chemical regulatory bodies in the
United States, which arguably has the most extensive uranium
regulations, limit uranium exposures [56]. The chemical
toxicity effects of uranium often manifest at lower
concentrations than the radiation effects [57].

The few human studies that have looked at DU's
carcinogenic risk are encouraging. Increases in micronuclei
production in persons from the Bosnia/Herzegovina area [58]
and reports of a rise in cervical carcinomas in Yugoslavia [59,
60] are examples of evidence of possible carcinogenic
consequences. Moreover, chromosomal abnormalities in a



German research group [61] and hypoxanthine-guanine
phosphoribosyl transferase (HPRT) mutations in some Gulf
War veterans [62] have been reported. In workers exposed to
DU, two investigations have shown probable chromosomal
abnormalities [63, 64].

8.2 Nuclear waste

"Nuclear Waste" and "Radioactive Waste" are occasionally
used interchangeably in relation to waste management and
safety. Nuclear waste has radiation levels above clearance
standards, which is the primary difference between it and non-
nuclear waste that produces a complex and extremely high
radioactivity level [65].

Every stage of the nuclear fuel cycle generates high-level
waste (HLW), intermediate-level waste (ILW), and low-level
waste (LLW), in addition to the non-nuclear sector, research
facilities, and hospitals. The nuclear fuel cycle generates
gaseous, solid, and liquid waste products. Furthermore, spent
nuclear fuel (SNF) is viewed as a source of U and Pu for reuse
or as radioactive waste [66].

Wastes that contain or are contaminated with radionuclides
at activity concentrations below the clearance values are
traditionally classified as non-radioactive. The basic tenet is
that there are background amounts of radioactivity in all
materials and the environment around us, and that only
substances and activities that substantially surpass these levels
are regulated. In contrast, substances containing radionuclides
and background levels of radiation, which are typically
naturally occurring, do not pose any threat to the environment
or to people (if not the opposite). Therefore, nuclear-related
regulatory bodies do not have authority over the use of
typically non-radioactive materials, albeit, depending on the
circumstances, it may be subject to a variety of other rules and
restrictions. Accordingly, trash generated by operations
involving [67].

9. CONCLUSION

When living things are exposed to radiation, whether it be
"Biological effect of radiation" refers to the effects of both
ionizing and non-ionizing radiation, effects of determination,
it is widely accepted that excessive radiation exposure causes
deterministic and predictable side effects, including skin burns
and acute radiation sickness. The severity of these effects
increases as the dose increases and exceeds a particular
threshold. Stochastic consequences, it is also well accepted
that radiation exposure raises the chance of genetic alterations
and cancer, among other stochastic consequences. Although
the extent of the risk at low doses is still being investigated, it
is generally believed that the risk of adverse effects rises with
increasing exposure, even at low levels. The type of radiation,
dose, and length of exposure are some of the variables that
affect how different organisms react to radiation. Radiation

biology research is now being conducted in the following areas:

Low-Dose Long-Term Exposure's impact on health. This field
focuses on comprehending the possible health hazards that can
arise from long-term exposure to low radiation levels, such as
those that might arise in the workplace or the environment.
Finding biomarkers for early effects and researching the
biological processes impacted by these dosages are part of this.
The study of depleted uranium contamination focuses on the
toxicity of the radioactive and chemical elements as well as
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how they affect soil, water, and living things. Impact of
Radiation on the Immune System. Scientists are investigating
the effects of radiation exposure, even at low levels, on the
immune system's capacity to combat infection and other
illnesses. Radiation's medical applications include creating
novel radiation therapy methods for cancers, enhancing the
efficacy of existing therapies, and lessening their adverse
effects. It also covers the use of radiation in diagnostics and
imaging in medicine. Cellular and Molecular Reactions to
Radiation. Scientists investigate the cellular and molecular
reactions of cells to radiation, such as apoptosis, DNA repair,
and signaling pathway activation. Gaining an understanding of
these processes can aid in the development of radiation
protection plans and improve damage healing. Research in
radiation biology is moving toward exciting fields such as
biological radiation protection, in vivo radiation imaging,
aluminum application in radiation monitoring, and artificial
intelligence in radiation biology. Data analysis, using machine
learning and artificial intelligence methods to examine vast
volumes of data produced by radiobiology research in order to
find new trends and connections and create more precise
prediction models.
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