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Abstract

In Pakistan the Siwalik region is exposed to ionizing radiation (IR) from uranium mineralization.
The current research describes the impact of long-term low-dose terrestrial ionizing radiation exposure on the
hematopoietic indices of the region’s inhabitants. Mean values of the selected complete blood count (CBC)
parameters were calculated to examine low or high trend. A t-test was conducted on the mean values of CBC
parameters to analyze parameters showing a significant difference between radiation-exposed people and radi-
ation unexposed people. Most disturbed CBC parameters found low were: mean corpuscular hemoglobin
(MCH) 52%, mean corpuscular hemoglobin concentration (MCHC) 44%, and platelets (PLT) 28%. The most
affected CBC parameter which was found to be high was lymphocyte count (LYM) 28%. Seven CBC para-
meters, including hemoglobin (HB), white blood cells (WBC), platelets (PLT), hematocrit (HCT), neutrophils
(NEUT), MCH, and MCHC, showed a decrease trend in radiation-exposed residents and two CBC parame-
ters, including red blood cells (RBC) and LYM, showed an increased trend. Significant differences were found
in the parameters viz., HB, WBC, MCH, MCHC, HCT, and LYM by the t-test between radiation exposed and
unexposed individuals. The odds of developing a low MCH were four times higher and the odds of develop-
ing a low MCHC were 4.4 times higher for radiation-exposed individuals as compared to radiation unexposed.
The persistent low-dose IR exposure resulted in anemia and immune modulation in radiation-exposed resi-
dents.
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Introduction

It is known that the hematopoietic system, through its
associated functional cells, transports oxygen in the blood
and provides immune regulations, ensures coagulation of
blood, and sustains intact blood vessels [1-5]. This system
includes bone marrow (a major blood-forming system) and
mature cells that circulate in the blood vessels [1, 6-8].
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This study was aimed to assess hematological alterations in
the inhabitants from naturally occurring terrestrial ionizing
radiation emerging from natural radionuclides due to urani-
um minerals present in soil or rocks. The Siwalik belt in
Pakistan was selected. The inhabitants were exposed to
radiation during agricultural activities, for example,
through radioactive-contaminated tube well water.
Although, the radiation dose was low, long-term and sus-
tained exposure were suspected of posing serious health
risks for such inhabitants.
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Ionizing radiation such as X-rays or gamma rays are
energetic and high-frequency electromagnetic waves. Their
exposure from the natural environment has been long stud-
ied and associated with serious health risks, including can-
cer [9-12]. The bone marrow system is highly radiosensi-
tive and therefore analysis of hematopoietic indices for
radiation-exposed people is emphasized. Blood-forming
cells in bone marrow are highly vulnerable to radiation
damage [13]. In Nigeria, it has been estimated that about
160 people annually are at cancer risk due to terrestrial
gamma radiation exposure [14].

It is also known that natural background radiation is the
most important source of human exposure in which a sig-
nificant component of the background radiation is generat-
ed from natural radionuclides present in the soil [15, 16].
Terrestrial radioactivity depends on different geological and
geographical conditions around the world [17, 18].
Terrestrial radiation is initiated by radioactive chemicals
that were present when the earth was formed. They are
found in igneous, metamorphic, and sedimentary rocks in
different regions of the world. Such radionuclides move
into the water supply, soil, in the air, and other environ-
mental components. Currently, uranium mining, industrial
processes, or phosphate fertilizer production has con-
tributed to the redistribution of the radionuclides. The pres-
ence of natural radioactivity in soil and other building mate-
rials results in internal and external exposure to the inhabi-
tants [19, 20].

The following radionuclides: #*U, #*Th, “K, and their
decay products that may be present in rocks, soils, and min-
erals in the ground emit penetrating gamma rays [21, 22].
In Kerala (India) and some parts of France and Brazil, the
dose can be up to 20 times the global average. In some
countries (e.g., Finland) the average dose is several times
higher, and in particular, residents of many countries have
received effective doses of the order of hundreds of mili-
sieverts per year [19, 20]. Uranium is a natural radioactive
and chemotoxic heavy metal found in traces in soils, rocks,
and plants, as well as in water sources [23-26]. Uranium-
238 is the parent to a long series of radionuclides of sever-
al elements. In this series, there is an isotope of the radioac-
tive gas radon, known as radon-222, which can reach the
atmosphere [19].

The Siwalik belt is 1,500 km long and passes through
Southern Azad Jammu and Kashmir, Potwar, Southern
Khyber Pakhtoonkhaw and Baluchistan [27-32]. The
fluvial package present in the Siwalik region was found
deposited by the braided rivers containing volcanic ash
intervals as a source of uranium mineral anomalies [31,
32]. Some of the major uranium mineral deposits are
found in the Sulaiman Range, Baghal Chur, Nangar Nai,
Taunsa, Mochi Mar, and Shavah-Shanawah [27, 32-34].
In the Siwalik environment uranium and its daughters
are present with elevated radon levels [32, 35]. The ura-
nium anomalies are also associated with the S-type gran-
ites, which are the basic type of granite, including mus-
covite and biotite enriched in aluminum, and granite
gneisses of Lesser Himalayan and Higher Himalaya
regions [32, 35].

The areas with exceptionally high background radioac-
tivity are found in Yangjiang (China), Kerala (India),
Guarapari (Brazil), Ramsar (Iran), and in the mountains of
Serbia, where uranium ore has been exploited for many
years. The terrestrial gamma radiation dose was found
twofold higher than the background area [36, 37]. There are
also small but numerous uranium deposits and crystalline
rocks present in Kabul Khel, near Bannu Basin and Kallar
Kahar near the Salt Range [32, 38].

Uranium mining and processing has presented a
tremendous threat to workmen and the population living in
the surrounding areas because of the radiation exposure
[25, 39]. Acid mine drainage is also a major mining-related
environmental health problem [24, 40-43]. Variation in the
neonatal death rate in the selected areas of the western
United States has been studied related to the geological
environment of the uranium reserves [44].

Anthropogenic activities have also increased uranium
in the environment in the form of depleted uranium.
Scientists have studied the influence of the use of uranium-
containing phosphate fertilizers in agriculture. The results
indicate that uranium applied to soils for fertilization accu-
mulates in the soils, and that a nearby water aquifer gets
contaminated by a significant amount of uranium through
leakage [25, 45, 46]. It is important to note that the produc-
tion and use of uranium phosphate fertilizers induces
adverse effects on humans through environmental bioaccu-
mulation and food-chain contamination [47]. Intake of ura-
nium-contaminated water presents risks to bones, kidney,
and liver due to the accumulated effects [25, 48]. Radon-
222 gas, even at lower doses, can enter the body through
pulmonary alveoli; as a result, it can irradiate different
organs, especially in the people who live near elevated lev-
els of natural background radiation [49, 50]. DNA damage
and chromosomal aberrations were found in the peripheral
blood lymphocytes and leukocytes of those workers who
were exposed to uranium compounds emerging from low-
dose radiation [51-56]. Also, mortalities from kidney, blad-
der, and esophagus cancers were likely to increase, but
chronic renal diseases were observed to be significantly
higher [57-59].

It is known that ionizing radiation impacts human
health; break chemical bonds of the molecules and dam-
age DNA by the production of free radicals and cells in
growth can undergo apoptosis [60-63]. The stem cells are
radiosensitive and their damage by radiation can result in
non-functionality of the cells. Long-term exposure to
even low doses of radiation can affect the proliferating
cells [4, 64]. lonizing radiation affects the organism
through water radiolysis. DNA damage happens as a
result of its interaction with reactive oxygen species. Cell
death or its mutation may be a result of DNA damage.
But the cell damage depends on the type of radiation,
dose rate, and fractional dose [65, 66]. Exposure from the
ionizing radiation is sensitive for bone marrow, the gas-
trointestinal tract, and skin because their tissues turn over
rapidly. Moreover, tissues of the central nervous system
(CNS), lung, heart, liver, kidney, and gonads can be
affected, whose turnover is slow [61, 67]. The lens of the
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eye is also considered one of the most radiosensitive tis-
sues in the human body and cataractogenesis can happen
as a result [68]. Energy from radiation leads to the for-
mation of excited and ionized molecules. Much such
damage is also produced because of oxidative stress
induced by free radicals [69, 70].

Hematopoietic syndrome is caused by the effects of
radiation on the bone marrow, spleen, and lymph nodes.
Loss of appetite (anorexia), lethargy, nausea, and vomiting
may begin after exposure. After such symptoms are
resolved, the blood-forming cells in bone marrow, the
spleen, and lymph nodes start to waste and do not tend to
be replaced. Hence, the insufficiency of white blood cells is
followed by a shortfall of platelets and red blood cells.
Further, the shortage of white blood cells can trigger infec-
tions and the shortage of platelets can cause uncontrolled
bleeding from body tissues [71, 72].

Materials and Methods

Blood Sampling and Background
Information Collection

Blood samples from non-smoker individuals (1-ml)
were collected by selecting age-matched volunteers by
informed consent from terrestrial radiation-exposed people
(n=25). The control group (n=31) was radiation-exposed
people with the same socioeconomic background of radia-
tion-exposed people. Information regarding age, sex, mari-
tal status, duration of radiation exposure, dietary habits, and
occupation was taken on a designated Proforma.

-8
ARO0 55
il
‘:. o | }mhﬁ
\ o __o_‘.: - :
Y .
e
o ) \ :
IRAN i-'i. P 27‘ ‘
~ g7
- . ‘) {:’. -
~ LT
ARABIAM | BEA I t"\}
l 1 dl L

Siwaliks and
: Equivalent

Fig. 1. Siwalik Belt [38].

Complete Blood Count (CBC) Test

The collected blood was mixed well and used Abacus+
and Medonic machines for CBC tests. Nine CBC parame-
ters were considered and analyzed for all groups in this
study: hemoglobin (HB) in g/I, white blood cells (WBC) in
10°/1, platelet count (PLT) in 10°/1, hematocrit (HCT) in %,
red blood cells (RBC) in 10'%/1, mean corpuscular hemoglo-
bin (MCH) in g/l, mean corpuscular hemoglobin concen-
tration (MCHC) in %, lymphocytes (LYM) in %, and neu-
trophils (NEUT) in %.

The t-test (Independent Samples Test)
and Odds Ratios

All statistical calculations were performed using SPSS-
21 software. All of the nine CBC parameters’ mean values
and mean values of those CBC parameters which were
either below the normal range or above the normal range
were calculated for all individuals. A t-test (independent
samples test) was conducted on the mean values of nine
CBC parameters to analyze parameters showing significant
difference between radiation-exposed people and radiation-
unexposed people. Another t-test (independent samples
test) was conducted on CBC parameters that were either
below or above the normal range between radiation-
exposed people and radiation-unexposed people.

Odds ratios were calculated to find out the association
of measure between radiation exposure and having an
altered (low or high) CBC parameter. Pearson chi-square
test was used to evaluate significance of a respective para-
meter through a p-value (p<0=0.05).
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Table 1. Background information of radiation-exposed resi-
dents (RERSs).

Siwalik areas were measured from gamma and X-ray scin-
tillometer (SAPHYMO-SPP2 NF) [32]. The measurements

Siwalik Percentage were in the range of 200-450 counts per second (cps),
Parameters residents prevalence which corresponds to: 0.4383-1.3149 mSv/y [32, 38, 73].
(n=25) (%) Table 1 shows information for radiation-exposed residents;
1825 5 20 72% were male, ages 26-50 years. There were 44% farmers
and 40% were laborers. These people were inhaling local
Age 26-50 15 60 natural radiation from naturally occurring radionuclides.
51 and above 5 20 These people were also exposed to natural radiation from
their occupations, i.e., agricultural practices or by construc-
Sex Male 18 72 tion work. They may be further exposed to radon, from
Female 7 28 building materials, etc. It is reported that most of these peo-
ple (92%) were not having safe drinking water because ter-
Marital Married 18 72 restrial radionuclides such as uranium, thorium, radium-
Status Single 7 28 226, radium-228, and potassium-40 eventually contaminate
drinking water reserves [32]. All individuals from the con-
) Farmers 1 a4 trol group were not found to be exposed to radiation either
OCCS‘:;);:SIO“/ Laborers 10 40 from the locality of their residence or from their profession.

Field workers 4 1o Hematological Profile

Dr1nk1ng Filtered 2 8

water Unfiltered 23 90 Tables 2 and 3 show hematological profile. Most affect-
ed CBC parameter was low MCH (52%) in radiation resi-
dents as compared to the controls. The second most affect-
ed parameter was low MCHC (44%), and the third most
Results affected parameters were low PLT (28%) and high LYM

(28%).
Analysis of Back Inf i .

nalysis of Background Information Comparison of Mean Values of CBC Parameters
with the Normal Range for Radiation-Exposed

Twenty-five people were selected from different "
Residents (RERs)

regions of Siwalik, Pakistan: Dera Ghazi Khan, Dera Ismail
Khan, Bannu, and Isa-khel. Fig. 1 shows Siwalik belt
mapped in yellow. All individuals were found having bal-
anced food intake with non-alcoholic and non-smoking
habits. Radiation doses for gamma activity from selected

A significant number (12%) of the radiation-exposed
residents (RERs) had low HB (mean=10.33) as compared
to the controls (0%). Likewise, a significant number (16%)

Table 2. Mean values of complete blood count (CBC) for radiation-exposed residents (RERs) and the control group.

Terrestrial radiation-exposed Radiation-unexposed people
Parameters Siwalik residents (n=25) Control group (n=31) I\E:;l:l
Low High Total (25) Low High Total (31)

Hemoglobin (g/1) 10.333 (3) 18.30 (1) 13.700 - - 15.3548 11.5-17.0
WBC (10°/1) 1.562 (4) - 6.2648 - - 8.0226 4.0-11.0
Platelet count (10°/1) 105.285 (7) 524 (2) 246.60 - - 253.451 (150-400)
Hematocrit (%) 30423 (3) | 51.04(2) 42.152 34.95 (2) 51(2) 42.5452 36-50
RBC (10"/1) 2.75 (4) 6.0417 (6) 4.8608 - 5.766 (6) 5.1677 3.8-5.5
Mean cell hemoglobin-MCH (g/1) 25.138 (13) 33(1) 27.276 26.857 (7) - 29.2581 28-32
MCH concentration-MCHC (%) 31.063 (11) | 41.2(1) 32.448 31.24 (5) - 33.4000 32-36
Lymphocytes-LYM (%) 14.7 (5) 50.871 (7) 33.732 - 41.5(4) 32.5484 20-40
Neutrophils-NEUT (%) 30.22(5) | 83.933(3) 56.992 - - 60.2581 40-80

The column labeled “low” shows mean of the respective CBC parameter below normal range, the column labeled “high” shows mean of
the respective CBC parameter above normal range, and the column labeled “total” shows mean of the respective CBC parameter of each
individual. The number in parenthesis describes the number of individuals whose respective CBC parameter(s) was found to be disturbed
(low or high).
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Table 3. The number of radiation-exposed residents expressed in percentages for whose CBC parameters were in either low or high range.

Siwalik residents (n=25) Control group (n=31)
Parameters
Low% High% Low% High%
Hemoglobin-HB (g/1) 12 4 -- -
White blood cell-WBC (10°/1) 16 - - -
Platelet count-PLT (10°/1) 28 8 - -
Hematocrit-HCT (%) 12 8 6.5 6.5
Red blood cells-RBC (10'/1) 16 24 - 19.4
Mean cell hemoglobin-MCH (g/1) 52 4 22.6 -
MCH concentration-MCHC (%) 44 4 16.1 -
Lymphocytes-LYM (%) 20 28 - 12.9
Neutrophils-NEUT (%) 20 12 - -

The column labeled “Low%” indicates the percentage of those people having low values of the respective CBC parameter, whereas
the column labeled “High%" indicates the percentage of those people having high values of the respective CBC parameter.

Table 4. The t-test analysis of significantly differenced mean CBC values between the radiation-exposed resident (RER) and the con-

trol group.
Blood t-test for equality of means 95% Confidence interval (CI) of the difference
parameters t df p-value Lower Upper
HB 4.163 31.624 0.000 -2.46489 -0.84478
WBC 3.186 29.043 0.003 -2.88609 -0.62947
MCH 2.749 54 0.008 -3.42749 -0.53663
MCHC 2.056 54 0.045 -1.88032 -0.02368
HCT (low) 16.075 3 0.001 -5.42283 -3.63050
LYM (high) 2.628 6.079 0.039 0.67158 18.07128

df — degree of freedom

of RERs had low WBC (mean=1.56) as compared to the
controls (0%). Also, 28% of RERs had low PLT
(mean=105.28) as compared to the controls (0%). Also,
12% RERs had low HCT (mean=30.42) as compared to the
controls (6.5%). Also, a significant number (24%) of RERs
had high RBC (mean=6.04) as compared to the controls
(19.4%). Also, 52% of RERs had low MCH (mean=25.14)
as compared to controls (22.6%). Also, 44% of RERs had
low MCHC (mean=31.06) as compared to the controls
(16.1%). Also, 28% of RERs had high LYM (mean=50.87)
as compared to the controls (12.9%). And likewise, 20%
RERs had low NUET (mean=30.22) as compared to the
controls (0%). Overall, seven CBC parameters: HB, WBC,
PLT, HCT, MCH, MCHC, and NEUT were mostly below
the normal range of radiation-exposed residents and two
CBC parameters — RBC and LYM — were mostly in the
high range. It is observed, of course, that the majority of the
radiation-exposed residents’ CBC parameters were affected
because of the long-term exposure from low-dose terrestri-
al radiation-exposed areas.

Comparisons Based on the t-Tests
between Radiation-Exposed Residents (RER)
and Radiation-Unexposed People

Comparisons based on the t-test were conducted to find
out CBC parameters showing the significance of difference
between radiation-exposed residents (RER) and radiation-
unexposed people. The description of t-test (Table 4) shows
that significant differences exist in the mean values of CBC
parameters: HB, WBC, MCH, and MCHC between those
who were exposed to radiation and those who were not,
exposed to radiation. The second t-test shows that signifi-
cant differences exist in the mean low values of HCT and
in the mean high values of the LYM between those who
were exposed to radiation and those who were not exposed
to radiation.

Odds Ratio and Pearson Chi-Square Test

Odds ratios were calculated to find out the association
of measure between radiation exposure and having an



1788

Shahid S., et al.

Table 5. Risk estimate and Chi-square test results.

Odds Ratio for Exposed 95% Confidence Interval (CI) Pearson Chi-Square
Parameter df p-value
Value Lower Upper Value
MCH (low) 4.052 1.266 12.970 5.832 1 0.016
MCHC (low) 4.400 1.261 15.347 5.786 1 0.016

df — degree of freedom

altered (low or high) CBC parameter. The odds of develop-
ing low MCH were 4.052 times higher and the odds of
developing a low MCHC were 4.4 times higher for those
who were radiation-exposed as compared to those who
were not. The parameters, i.e., MCH (low) and MCHC
(low), were found to be significant at p<a=0.050 (Table 5).

Discussion

This study was aimed at assessing hematological
indices in the people who were residing where naturally
occurring radionuclides were present, and hence they were
found under the stress of long-term low-level doses of ion-
izing radiation. These radiation exposures were evident
from uranium mineralization. Moreover, a significant num-
ber of people were also exposed to radiation from their
local professions (laborers or doing agricultural practices).
Irradiation of the human body from external radiation
sources originates mainly from gamma radiation from ter-
restrial radionuclides of the **U and **Th series, and from
“K [74]. The ultimate collective effective doses depend on
the specific concentration of radionuclides present in the
environment and in the human body [75]. It is usually
known that higher level exposure to ionizing radiation
causes acute tissue injuries, which can lead to organ failure.
At lower levels of exposure, though adverse health effects
are not immediately observed, there is a possibility of their
late appearance [76]. Soluble uranium is a potential
radiotoxic and the population may be exposed to even low
levels through inhalation and from drinking water [77, 78].
Uranium can mix into the drinking water supply during
mining processes [76]. A cohort study was done in Finland
on people having uranium contaminated water from drilled
wells. It was found that uranium can accumulate in the
bones and kidneys [79].

The hematopoietic system endures energy in mammals
and includes bone marrow, which is the main blood-form-
ing system [1-5]. Blood-forming cells are located in bone
marrow, and these are highly vulnerable to radiation dam-
age [1, 6-8, 13, 32, 64]. Rapidly dividing bone marrow cells
are more prone to ionizing radiation. These precursor cells
in bone marrow differentiate into different cell lines and are
designed to perform various functions once they reach
maturity and are dispersed into the blood stream. Human
immune response is dependent on the potential actions per-
formed by lymphocytes and granulocytes arising from the
bone marrow, and function in the blood stream. The lym-

phocytes are more radiosensitive than platelets, which are
relatively radioresistant. The similar effects of ionizing
radiation on the hematopoietic system explain the lowering
of peripheral blood counts [1, 64, 80]. The severities of
health issues that may arise from ionizing radiation are
dependent on effective radiation doses and exposure time
[81].

The bone marrow system is highly radiosensitive and
therefore analysis of the hematopoietic system for radiation-
exposed people is emphasized. It is found in this study that
radiation-exposed people’s blood parameters were more
altered as compared to the radiation unexposed people. The
radiation to which they were exposed were low (i.e., 0.4383-
1.3149 mSv/y), but hematological abnormalities were
observed. It has also been reported that long-term exposure,
even to low doses, can be harmful and induce significant
adverse health effects. The mean value of the environmental
gamma radiation dose rate level in Pakistan is 59 nGy/h,
which is higher than the worldwide mean value of 44 nGy/h
as reported in UNSCEAR (1988) [32, 81-83].

We are naturally exposed to terrestrial radionuclides
present in the environment. Furthermore, radioactively con-
taminated building material can gather radon gas inside
houses [32, 82]. Residents from Siwalik regions exposed to
radioactivity are considered under the stress of uranium
effects. Elevated levels of uranium deposits can have
adverse impacts on DNA since it has a high affinity with
DNA [84]. Uranium particles can attach to the DNA and
can intensify the impacts from ionizing radiations by the
phenomenon of photoelectron enhancement effect [32, 85].
It is evident that sustained and continued radiation exposure
from the environment can pose substantial health threats to
populations. Health risks of radon were mentioned by the
Committee on the Biological Effects of Ionizing Radiation
(BEIR) within the U.S. National Research Council (BEIR),
and it was declared that radon is a cause of lung cancer in
humans. Hematopoietic lesions in uranium miners have
also been studied in some cohort studies [86, 87].

Depleted uranium and natural uranium are environmen-
tal pollutants that emerge from uranium-rich regions [87-
90]. They are regarded as radiological hazards [87]. Some
epidemiological studies have provided evidence that an
excess risk of cardiovascular diseases may also be associat-
ed with low-dose radiation [76]. Uranium mining has been
linked to human cancers. It was mentioned in a report that
depleted uranium compounds cause human cell transfor-
mation to the neoplastic phenotype [92]. A paper has men-
tioned many studies related to reproductive toxicity in
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humans and animals from uranium or depleted uranium
exposure [93]. There are risks associated with long-term
exposure from dusty particles of depleted uranium, and its
drinking water contamination can lead to damaged lungs,
kidneys, and brain [63, 79, 88, 89, 94-99].

This study reported that 92% of radiation-exposed
dwellers were not taking ionizing radiation-free drinking
water. Terrestrial radionuclides, which decay relatively
more slowly, can accumulate in human body tissues [21].
The high concentration of radon gas escaping from the soil
can accumulate in buildings and thereby lead to poor indoor
quality [99]. Radiation exposure at low to moderate doses
may increase the long-term incidence of cancer. In the Dera
Ismail Khan District, Pakistan, indoor radon levels were
found to vary from 70-222 Bq'm?, with an average value of
139423 Bg'm® [100]. The mean annual indoor effective
dose ranged from 2.22-17.44 mSv-yr', with an average of
8.68 mSv-yr' in nearby regions of Dera Ghazi Khan
District [100]. The impact of environmental agents, notably
ionizing radiation, has been tested on a variety of cells,
including lymphocytes, bone marrow cells, spermatocytes,
and fibroblasts [101].

Overall, seven CBC parameters — HB, WBC, PLT,
HCT, MCH, MCHC, and NEUT — were found below the
normal range, and two CBC parameters — RBC and LYM —
were found above the normal range. It has been observed,
of course, that the majority of these radiation residents had
their CBC parameters affected because of their long-term
dwelling in the terrestrial radiation-exposed areas. The four
most affected CBC parameters were MCH, MCHC, PLT,
and LYM in radiation-exposed residents. It is concluded
here that most of the CBC parameters were altered by low-
dose radiation exposure. The results indicate that radiation
induces anemia and modulates the immune response.
Radiation-induced immunosuppression is an important
aspect to study for the radiation exposed populations.
Ionizing radiations deplete hematopoietic stem and progen-
itor cells and can decrease granulocytes, lymphocytes, and
platelets, and people may be vulnerable to infections [61,
64]. These radiation-exposed dwellers may compromise
their immunity, pre-aging and longevity, etc., as well [102,
103]. Low-dose irradiations are found to affect immune
system functions and cells. Individuals occupationally
exposed to long-term ionizing radiation have shown
immunocompromising effects [103]. It is reported that radi-
ation exposure induces acute/chronic immunodeficiency in
humans [104, 105]. Ionizing radiation influence is followed
by alterations in the immune system at cellular levels and
secondary immunodeficiency [106]. Exposure to ionizing
radiation can further initiate other forms of abnormalities
from a depressed immune system [102, 107].

Although higher doses of ionizing radiation can sup-
press the immune system, low doses can also modulate the
immune system. Various studies were carried out to assess
the effects of high background radiation on the immune
system [36]. A stimulated response induced by exposure to
low-dose radiation is also reported [108]. The immune-sup-
pressive effects are reported from high doses of radiation,
but it is also reported that long-term exposure to low-dose

radiation can also alter immune response by the destruction
of certain cell types [109].

A majority of radiation-exposed people suffer from
lower levels of MCH and MCHC. Effects of ionizing radia-
tions have been observed through decreasing trends in MCH
and MCHC levels, and an increasing trend in lymphocytes
and RBC levels. Increased RBC levels have also been iden-
tified in a study in which irradiated human blood samples
from Radium-226 source were analyzed through CBC
reports [110]. Previous studies show that radiation can
induce an anemic condition followed by radiation-induced
hypoxemia, which can provoke higher production of red
blood cells. Ionizing radiation has deleterious effects on cel-
lular growth and can affect programmed cell death.
Observation of CBC parameters conclude that a decline in
the mature white cells in peripheral blood was in part due to
increased reticulocyte production as a result of hypoxia in
the bone marrow. This leads to a rise in proliferation of red
blood cells and failure to attain maturity before spilling out
the bone marrow into the blood stream. The counts of the
reticulocytes (immature red blood cells) increase, and a rel-
ative reduction of mature red blood cells occurs within the
bone marrow. This is also reflected in the peripheral picture.

A similar immaturity of white blood cells becomes
prominent and causes the immunity to be depressed due to
the lesser potency of immature white blood cells. A sub-
sequent restorative mechanism may also be initiated in the
bone-marrow afterward [64, 111]. Lymphocytes have
been found to be the most radiosensitive cells [111, 112].
At lower doses, ionizing radiation can affect the immune
system by suppressing or stimulating it [17]. Therefore,
ionizing radiation can modulate the immune system. The
immune system has an important function related to the
exposure of ionizing radiation and it can either show a rise
or a decline. As lymphocytes are highly radiosensitive, the
immune system is found vulnerable to ionizing radiation
[17, 64, 113]. It has been observed that long-term expo-
sure from ionizing radiation can affect the immune system
even at lower doses of radiation [17, 64, 114-117].
Granulocyte cells are largely involved in immune
response, which includes neutrophils and macrophage.
The response of these cells is inflammation, because gran-
ulocytes gather at the location of infection and they
release toxic substances to kill hostile agents.
Macrophages release cytokines, which have useful effects
during fever and wound healing, etc. The receptors of
lymphocytes on each cell disposed with an antigen on the
hostile and these antigen-specific cells when activated,
divide to produce cell populations by the process of pro-
liferative response [118-120].

Ionizing radiation exposure induces suppressed
response to the circulating hematopoietic, which can lead to
the apoptosis of mature cells of the blood [64, 111]. A study
indicated that the mean of total white blood cells was sig-
nificantly decreased in exposed workers as compared to the
controls [113]. In a study it was found that the levels of
CD4+ T lymphocytes in a radiation-exposed group were
significantly lower as compared to the controls [113].
Increased health risk of the workers exposed to small but
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persistent doses of ionizing radiations from their profession
as well as from the contaminated environment by depleted
uranium has radiobiological effects [121]. Similarly, a
study was conducted to analyze blood count parameters of
the people who were residing and working in terrain where
low levels of ionizing radiation doses were present [122].
Reduction in hematopoictic stem cells’ re-constitutive
capacity depends on absorbed doses [32, 123-125]. Several
studies have reported higher occurrences of malignancies in
the hematopoietic system in response to ionizing radiation
exposure [61]. A study found that bone marrow can be
damaged from radiation exposure. The sub-lethal doses can
cause a deficit to the bone marrow microenvironment, and
thereby a decline in hematopoietic cells [109].

Conclusions

This study focuses the impacts of low-dose long-term
natural terrestrial ionizing radiation exposure on the
hematopoietic indices on Siwalik inhabitants in Pakistan.
The hematopoietic system is vulnerable to long-term expo-
sure from low-dose radiation. Most of the radiation-exposed
inhabitants’ CBC parameters were observed suppressed.
Most affected CBC parameters found low and these were:
MCH (52%), MCHC (44%), and PLT (28%). The most
affected CBC parameter found to be high was LYM (28%).
Seven CBC parameters — HB, WBC, PLT, HCT, MCH,
MCHC, and NEUT — have shown a decreased trend in radi-
ation-exposed residents and two CBC parameters — RBC
and LYM — have shown an increased trend. The majority of
the radiation-exposed residents had their CBC parameters
affected because of their long-term low-dose exposure from
terrestrial radiation-exposed areas. Significant differences
were found in the HB, WBC, MCH, MCHC, HCT (low),
and LYM (high) parameters by the t-tests between those
exposed to radiation and those not exposed to radiation.
Most of the CBC parameters have been altered by the radi-
ation and mostly were found in the lower range. Radiation-
induced anemia and immune modulations is inferred in
these radiation-exposed people. Radiation-induced
immunosuppression is an important aspect to study for the
radiation-exposed populations, as these radiation-exposed
dwellers may compromise their immunity.

The safety measures should be kept in mind for such
inhabitants to save them from any radiation exposure.
The adverse effects of ionizing radiation exposure on the
immune response of the organisms are well reported. It is
suggested that exposed inhabitants should be made aware
of the importance of regular medical checkups, especially
for immune response. We suggest that there should be mon-
itoring for the pursuit of those water springs or aquifers
whose flow can provide safe drinking water free from ura-
nium minerals. The indoor radon exposure levels could be
minimized by reconsidering the architecture of the houses
and buildings. Moreover, special plantation could be con-
sidered which shows the capability to gather and store ura-
nium particles in the roots, so that uranium becomes less
available to living beings [32].
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