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Worldwide, both the incidence and death rates of pancreatic cancer (PC) are increasing. While the exact cause of PC is not known, certain
risk factors are associated with the disease, including tobacco smoking, obesity and diabetes. The present author studied associations between
radioactive cesium (**’Cs) and increases in PC. There is a correlation between the geographical map of the incidence of and mortality from PC
and the map of nuclear plants, related nuclear accidents and nuclear tests with consequent radioactive fallout, of which '*’Cs, with its half-life of
about 30 years, is one of the most relevant components. Published data in medical literature at World, European and Italian levels are reviewed and
compared. In human and animal bodies, cesium ions behave like potassium ion (K*). Cs*is absorbed from plants and fruit competitively with K*
and is localized mainly inside cells. '¥Cs is present in the environment for at least 10-20 times its half-life, i.e. about 300-600 years. Autoradiographic
studies in mice have shown that '*’Cs is concentrated in significant quantities in the pancreas, in particular in exocrine cells, where most PCs
featuring high malignancy originate. The pancreas and the salivary glands secrete cesium into the intestine thus eliminating about 14% of
absorbed Cs with the feces, whereas the remaining 86% is eliminated by kidney with the urine. Some previous studies between radioactive Cs
and tumors in general have been also reported.
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3a6oreBAEeMOCTL PAKOM HMOAXKEAYAOUHOM xeae3bl (PIIXK) 1 cMEpPTHOCTL OT HEro pAacTyT o BceMy Mupy. TouHble npuunHb! PII3K HeM3BEeCTHEI,
a HeKOTophle GAKTOPLI PUCKA BKAIOYAIOT KypeHue, oba Tumna auabeta u oxupeHue. B HacTosien paboTe MCCAeAOBAHA KOPPEASILINA MEXKAY
POAMOAKTUBHLIM Lie31eM noBbiiieHneM PIIK. CyljecTByeT CBs3b MEXAY reorpadmuyeckuM pacnpepenrenneM saboreBaemoctu PITK 1 cMepTHOCTH
OT HEro U PACIIOAOKEHMEM ATOMHBIX SA€KTPOCTAHLINIA, ABAPUIA C HUMMU, MPOBEACHHBIX SACPHBIX UCMBITAHUNA ¥ PAAMOAKTUBHBIMU OCAAKAMM,
B COCTABE KOTOPLIX '¥Cs C ero nNepuMoapoM MOAYPACIIAAQ OKOAO 30 AeT SIBASIETCSI OAHMM M3 CAMBIX 3ACAYKMBAIOLIMX BHMMAHUS KOMIIOHEHTOB.
PaccMOTpeHE! ¥ COITOCTABAEHbI COOTBETCTBYIOLIME AGHHBIE, ONYOAMKOBAHHEIE B MUpe, EBponie u UTaaun. OHE! 11e31s B OPraHu3Me YeAOBeKda
¥ XUBOTHBIX BEAYT cebs1 mopob6HO MoHaM kaausa (K'), mocTynast M3 pAcTeHMiZ KOHKYPEHTHO ITO OTHOLIEHMIO K KAAUIO b AOKAAM3YSACH I'AABHBIM
o6pasoM B KAeTKAX. '¥Cs 3aMeTeH B Cpepe B TeYeHue BpeMeHM npuMepHo (10-20)-KpATHOM OTHOCUTEALHO IIEPHOAQ €r0 IIOAYPACIIAAd, TO €CTh
okono 300-600 aeT. ABTOpapmorpadmuyeckue UCCAEAOBAHMS HA MBILIAX ITOKA3AAK, YTO '¥’Cs KOHLIEHTPUPYETCH B TRAHSIX MIOAKEAYAOYHOM KEAE3bI,
OCO6EeHHO B 9K30KPMHHBIX KAETKAX, OT KOTOPbIX IIPOUCXOAAT Hanbonree 3noKayecTBEeHHbIe KaeTku PIIIK. TIoAXKeAYAOYHAS KeAe3d U CAIOHHbIe
JKeAe3bl BLIAGASIIOT LI€3Mii B KMILIEYHMK, TAK YTO 14% OKA3SBLIBAIOTCS B GEKAAMSIX, TOTAA KAK OCTAABLHbIC 86 BBLIACASIIOTCSI IIOYKAMM C MOYON.
VMeloTCs MyGAMKALIMM O CBSI3Y PAAMOAKTUBHOTO LIe31s1 M OITYXOASIMM B LIGAOM.

KuoueBbie CJI0Ba: paouoakmusnslil Yesuil, paK noOAHCeryO0UHOU JHeenesbl, 0ephble UCTbIMAHUs, INUOEMUONOSUSL

INTRODUCTION in the USA. Based on GLOBOCAN 2018 estimates, PC has

Worldwide, both the incidence and death rates of | been ranked as the 11" most common cancer in the world
pancreatic cancer (PC) are increasing (Fig. 1). ¢ counting 458,918 new cases and causing 432,242 deaths
PC is the seventh leading cause of global cancer deathsin | (4.5% of all deaths caused by cancer) in 2018. Worldwide
industrialized countries and the third most common cancer incidence and mortality of PC correlate with increasing
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Fig. 1. Temporal trends of deaths caused by the most frequent cancers and their forecast in the world from 2010 to 2030 [24].

age and is slightly more common in men than in women.
Despite advancement in the knowledge of potential risk
factors that cause PC and in newly available tools for early
diagnosis, its incidence is estimated to increase and will
include 355,317 new cases up to the year 2040 in U.S.
[1, 8]. Moreover, death rate may increase more than that
of other cancers because PC, at difference from many
other cancers, is still incurable. While the exact cause of
PC is not known, certain risk factors associated with the
disease include tobacco smoking, obesity and both types
of diabetes mellitus [24]. The present paper will provide
evidence that the increasing PC may also be contributed
by radioactive cesium.

Causes of pancreatic cancer

The exact cause of PC causes is not known. General risk
factors include the following (Fig. 2): Age, with nearly 90
percent found among people aged 55 and older; gender,
the cancer being somewhat more common in men than
women; obesity; types I and II diabetes mellitus; chronic
pancreatitis; liver cirrhosis, Helicobacter pylori infection,
and cigarettes smoking, the latter cause attributable to
almost one-third of all PC. Carcinogens (cancer-causing
chemicals) found in tobacco products may damage the
pancreas, and smoking may add to the risks associated
with other conditions, such as long-term inflammation of
the pancreas (chronic pancreatitis). About 10 percent of
PC is thought to relate to genetic factors and mutations.
However, having a risk factor, or even many, does not
mean that you will get cancer [25]. Some people who get
cancer may have few or no known risk factors.

Coincidences of relatively high PC prevalence with
nuclear power production

The incidence of PC varies across regions and
populations (Fig. 2, Fig. 3). In 2018, 458,918 new cases

of PC were registered worldwide, representing 2.5% of
all cancers. The age-standardized rate (ASR) incidence
was highest in Europe (7.7 per 100,000 people) and North
America (7.6 per 100,000 people), followed by Oceania
(6.4 per 100,000 people). The lowest rate was observed
in Africa with an estimated incidence of 2.2 per 100,000
people [16, 24]. Differences in incidence rates were 30-
fold between the populations featuring the highest rate
(Hungary: 10.8), and the lowest rate (Guinea: 0.35). The
high PC level in Oceania and Australia, where there are no
power plants, is probably related to nuclear tests.

Intriguingly, the areas where both PC rates and nuclear
power production are high often coincide. Higher levels
of nuclear power production are prone with higher risks
of accidents. Chernobyl was the most serious nuclear
accident in the history of nuclear power plants. However,
many other minor accidents have happened in various
countries. The most important and harmful consequence of
radioactivity was that caused by the release of iodine-131,
which can be at work only during the first few weeks.
Iodine-131 is most dangerous because it can cause cancer,
particularly thyroid cancer, in people exposed to it in the
shortest time [5]. The list of risk factors of carcinogenesis
is very broad and constantly evolving. Carcinogenesis
is multifactorial; moreover, host response capabilities,
including immune defense mechanisms and DNA repair
processes should be accounted for [8].

Cesium from nuclear plants and accidents

Stable (nonradioactive) cesium ('**Cs) is an alkali metal,
which exists naturally at very low concentrations in the
soil as the Cs" ion. Cs has no known beneficial function
in plants; however, at high concentrations, it can cause
toxicity manifested as growth inhibition. Radioactive Cs
("¥Cs and **Cs), a byproduct of nuclear fission of uranium,
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Fig. 2. PC rates by age in the UK (A) and by nation in Europe (B). Modified from [8].

Fig. 3. The incidence rates of PC in the world according to IARC [9].
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Fig. 4. The locations of nuclear power plants in the world (courtesy of the International Nuclear Safety Center [17, 22]).
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Fig. 5. Major nuclear accidents around the world (adapted from China Daily, 2017 [16])
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is produced from anthropogenic sources and rapidly
incorporated into the food chain. Cs is absorbed by plants
competitively with potassium and in its radioactive form
is the most dangerous radioisotope to the environment
because of its long-term effects. Cesium-137 ("¥’Cs) half-
live is about 30 years, which makes it present in the
environment for about 300-600 years (Fig. 6). Iodine-131
may give a higher initial dose, but its short half-life of 8
days ensures that it will soon be gone. lodine-131 remains
in the environment for about 100 days. Cesium-137 decay
by gamma and beta (electron) emissions produces highly
ionizing radiation. Beta emission is very dangerous, when
radioactive Cs is ingested because it deposits all energy
in a very short distance in tissue by mimicking potassium
chemical properties.

Cesium in the pancreas

The pancreas is a metabolically very active organ, which
despite weighing only 80-100 grams in humans produces
from 500 to 2000 ml of pancreatic juice daily. The pancreas
has a high blood perfusion from the pancreatic arteries and
can accumulate inside the exocrine cells a considerable
amount of radioactive Cs able to damage cell DNA.
Pancreatic ductal adenocarcinoma (PC) has a very poor
prognosis. Typically, only 24% of people survive | year after
diagnosis, and 9% live for 5 years. Only 1-2% of pancreatic
tumors are of the neuroendocrine type, being derived from
the cells that produce pancreatic hormones. Such tumors
are less aggressive compared with adenocarcinomas. In
autoradiographic studies with mice (Fig. 7), Nelson et
al. [20] showed that '*’Cs is concentrated in significant
quantities in the pancreatic tissue, in particular in the
exocrine cells, where most PCs (about 90%) originate.
In a mammalian organism, Nelson et al. [20] reported a
differential selectivity for Cs in various organs (lower in

liver and in fetuses). About 86% of adsorbed Cs is excreted
in the urine by the kidney, and the remaining 14% is
eliminated in the feces by secretions from the salivary
glands and exocrine pancreas. In humans, the biological
half-life of absorbed Cs varies from 50 to 150 days [15].
“Prussian Blue” (ferric ferrocyanide) is able to chelate Cs
in the intestine and, by preventing its reuptake, eliminates
it with feces [15]. Upon renal insufficiency in man and rat,
cesium level increases by 100% in the pancreatic tissue
[7]. In the counties of Sweden, Edling et al. [4] reported
that low-dose background radiation exposure significantly
correlates with PC (males, r=0.59; and, females, r = 0.40).

The autoradiogram shows that, contrary to the common
knowledge of many researchers (e.g. [15]), *’Cs is not
distributed in a homogeneous way within the body.
Probably for this reason, the radiation damage differs
in various Cs-concentrating organs, such as exocrine
pancreas [2, 20, 31], salivary glands and intestine [14].
Ingested ’Cs also largely concentrates in the skeletal
muscles. In Ukraine and in its neighbor country Belarus
20-30 years after Chernobyl, Bandazhevsky et al. [2],
Zrielykh et al. [31], Leung et al. [14] and Krystle et al. [13]
reported an increased incidence of PC and other tumors.
37Cs concentrates in edible plants and fruit. In the Gomel
region of Belarus, which was heavily contaminated by the
fallout from the Chernobyl disaster, the damage of '¥’Cs
in organisms was studied of the rural population since
1990. Children have a higher average amount of *’Cs than
adults have [2]. In autopsies, the highest accumulation of
137Cs was found in the endocrine glands, especially the
thyroid, adrenal glands and pancreas. Bandazhevsky et
al. [2] performed autopsies of six children who died from
different causes in the polluted area near Chernobyl. It
was found that *’Cs level in the pancreas was 40-45 times
higher than in the liver (Table 1).
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Fig. 6. The relative contributions of the major nuclides to the radioactive contamination of the air after an accident. Retrieved on 2009-05-
13 from https://web.archive.org/web/20070121042708/hitp:/ atom.kaeri.re.kr
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Fig. 7. Autoradiogram showing '¥Cs distribution in a pregnant mouse 6 hours after intravenous injection. White areas correspond to high
radioactivity. Uptake is high in the salivary gland, pancreas and intestine. In fetuses, concentration is significantly lower than in the mother.
In the pancreas, the islets of Langerhans appear to have a slightly lower activity than the acinar tissue. Reproduced with permission from

[20].

137Cs level in the organs of children exposed to Chernobyl fallouts (adapted from [2]). et
1 2 3 4 5 6
Cause of death St Premature Seps.is Cerebral Cardiac SopEG
malform. bleeding malform.
Organ:
Hearth 5333* 4250 625 4166 1071 1491
Liver 250 277 525 851 882 1000
Lung 1125 2666 400 1195 1500 2610
Kidneys 1500 1687 259 2250 812 583
Brain 3000 1363 305 90 1693 714
Thyroid gland 4333 6250 250 1900 n.d. 1583
Thymus 3000 3833 1142 3833 714 833
Small intestine 2500 1375 571 3529 2200 590
Large intestine 3250 3125 261 3040 4000 2125
Stomach 3750 1250 1500 n.d. n.d. n.d.
Spleen 3500 1500 428 1036 2000 2125
Adrenals 1750 2500 n.d. 2500 4750 2619
Pancreas 11 000 12 500 1312 n.d.** n.d. 2941

Notes: * in bold are the highest levels found in other organs but the pancreas, and underlined are the cases when the pancreas features a still higher level; ** not
determined.
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Fig. 8. Trends of PC incidence and mortality (1977-2011) in a country of Central-Eastern Europe particularly hit by the Chernobyl
radioactive cloud. PC incidence and mortality rates in the Czech Republic (both sexes). Data source: CNCR [3].

37Cs vs. PC in Europe

In the early 1970s, mortality from PC was low in Europe,
stomach cancer being among the leading causes of cancer
death. Nowadays, after about 50 years, the trends in these
cancers are reversing [29]. Since the probable PC latency
is of about 8 years, it is likely that the radioactive fallouts
of the numerous nuclear tests that were carried out mainly
in the years 1960-1985 and from accidents or nuclear
fuel depletion of ships and atomic submarines may have
been important in its increase (Fig. 8). According to the
International Atomic Energy [11], the radioactivity, with
consequent fallout, released into the atmosphere from
nuclear weapons testing was far greater than that from
nuclear accidents: about 400 peta-Bequerels (PBq) versus
85 PBq from Chernobyl, and 10-30 PBq from Fukushima.
PC increase largely begins in the early 1980s and, in
Europe, after the 1986 Chernobyl accident [8, 10].

137Cs vs. PC in Italy

In Italy, the incidence of PC is growing significantly
(+ 0.4% annually), with a clear North-to-South gradient:
compared to the northern Italy, in the central Italy PC
incidence levels are 29% lower in males and 26% lower
in females, and the southern Italy, they are 25% and
28% lower respectively. PC ranking among the causes of
death from tumors is 4" in females, the total (M + F) PC

mortality being 6 %. These data correlate with the current
exposure to ¥’Cs in Italy (Fig. 9).

High '"Cs is associated with high altitude. In the
mountains, rainfalls enhance radioactive fallouts. In
the mountainous Northern Italy (Alps) and in the hilly
Central Italy (Apennines), PC incidence is higher than
in the Southern Italy and in islands, where PC mortality
compared to that in the Northern Italy is -29% in males
and -26% in females respectively (Table 2). In Italy, the
radioactive cloud of Chernobyl also hit more the Northern
part because the cloud came from Northern Europe and
reached about the half of Italy, while Southern Italy was
almost completely spared [21].

Traces of the radioactive elements released by the 1986
Chernobyl accident are still present at higher levels in
the Northern Italy, Alsace, Eastern France and Southern
Germany, while the traces of nuclear tests from the 1960s are
more evenly distributed, with peaks in the central southern
France, in the Massif Central region, in the Ardennes area,
and in Brittany. However, according to some experts, these
concentrations are not harmful for the environment and
population. The highest levels of '*’Cs are found on the surface
layers of the soil, from where they are absorbed by plants,
fruit and fungi and enter the food chain, and finally, in the
human and predatory animal bodies, where environmental
¥7Cs undergoes greater and more harmful bioaccumulation.
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Fig. 9. The new map of Cesium-137 contamination in Europe (adapted from [18]).

PC incidences per 100000 populations in different parts of Italy* e
Incidence Difference of III from:
I. North II. Center I1I. South and islands I I
M 24.6 18.9 17.5 -23% -29%
F 18.3 15.7 13.6 -14% -26%

* Based on data available from Associazione Italiana di Oncologia Medica [21].

137Cs from Chernobyl vs. PC

The accident took place on 26 April 1986; some 1020
million people were exposed to significant levels of fallout;
several hundred workers at the plant received whole-body
radiation, 134 developed acute radiation sickness and, of
these, 28 died within four months. However, what long-
term effects did the accident produce? In Belarus, almost
exactly half the cases occurred in the region that is closest
to Chernobyl, which received the highest fallout. The world
incidence of childhood thyroid cancer can be assumed as
approximately 1/million children/year, but in Belarus
as a whole, the incidence by 1995 was almost 30-fold
higher, and, in Gomel Region, it reached approximately
100/million children/year [30]. Very large quantities of
radioactive iodine and a considerable amount of '*’Cs have
been discharged into the atmosphere [11, 27, 30] (Figs.
10, 11).

In 2000, Moseman [19] reported that meat of over 1000
wild bears killed in Germany in the previous year was
contaminated with '¥’Cs from Chernobyl, with over 600
Becquerel allowed per kg of meat. In 2009, Puschmann [23]
reported that, in Norwegian cattle and sheep, '¥’Cs after the
Chernobyl accident is expected to be detectable for over
100 years to come. The Norwegian Food Safety Authority
ordered the farmers to feed their animals with safer food, if
radioactivity is too high. Animals can be also fed with the
cesium chelator Giesesalt (also called “Berlin blue”), which
binds the radioactive Cs and then excretes it from the body
[23]. ¥7Cs is a major health problem in contaminated areas
near the radioactive wreck at the Fukushima nuclear power
plant. In 2016, social scientists and energy policy experts
have reported that worldwide there have been 99 accidents
at nuclear power plants from 1952 to 2009 [26]. Therefore,
97Cs is still well detectable in Europe [11], and although it is
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Distribution of selected radioactive material released after Chernobyl
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Fig. 10. Distribution of the Chernobyl radioactive cloud in Europe.
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Fig. 11. Nuclear fallout from the Chernobyl accident (1986) in Ukraine, Belarus, and Russia (adapted from [30]).
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present in trace amounts considered not harmful by current
experts, nobody really knows the cumulative damage that
it can cause over time! '¥’Cs is excreted in the urine over
the course of months or years, and this is more than long
enough to cause liver, pancreatic and other cancers [12].
The release of radionuclides into European atmosphere
had effects on environment and health. Agricultural and
natural ecosystems in Belarus, Russia and Ukraine, as
well as in many other European countries, were affected
as radionuclides were taken up by plants, fruit and later
by animals and found in milk, meat, forest food products,
freshwater fish. The impact of the Chernobyl fallout on
human health is not unanimously agreed by experts;
indeed United Nations agency conclusions are challenged.
The effects of heavy fallout exposure include radiation
sickness and cataracts, with thyroid cancer, especially in
children and adolescents, and leukemia [2].

In 2020, Zrielykh reported [31] that in Ukraine, there
is an important tendency of an increase in PC incidence
and mortality rates. The number of PC cases increased
by 8.7% (7.3% in men and 10.3% in women) in 2013 in
comparison with 2003. PC incidence in children (age 0-17
years) was zero in 2003 and 4 in 2013. Age-standardized
PC incidence rate was 5.9 in 2003 (8.6 in men; 4.0 in

women) and 6.8 in 2013 (9.8 in men; 4.7 in women). Age-
standardized mortality rate was 5.0 in 2003 (7.4 in men;
3.4 in women) and 5.5 in 2013 (7.9 in men; 3.9 in women).
It should be noted that, in 2013, four children had PC,
whereas normally in the rest of the world children are
rarely affected.

CONCLUSION

The above analysis of PC epidemiology may be the key
to interpreting the etiology of PC and thus, the cornerstone
of developing a possible effective prevention strategy.
The reported data warrant investigations into a possible
association between radioactive cesium and PC. If this
correlation will be confirmed, a preventive action may
be possible by using table salt enriched in potassium
and by a diet rich in fruits and vegetables that feature
the highest levels of potassium. These and other foods
should be derived mainly from the southern territories of
the nations that by now are generally the least polluted
by radioactive elements. In cases of occasional strong
accidental ingestion of radioactive Cs, “Prussian Blue”
will be indicated.
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