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Abstract : Hormesis is adopted by sceds, plants, micro-organisms, mice, guineapigs and human beings. It is induced
by chemicals, pharmaceuticals, heavy metals and toxicological compounds of varied types. Physical inducing agents are

temperature and different types . [ ionizing radiations.

Hormesis follows biphasic time-response and dose-response relationships which can be quantitated. The hormetic
response is controlled by summation of informations, effectors and sensors. It has been reportcd in erythropoetic tis-
sue, lymphokine cascade in antibody formation and thymidine reuse in mammals etc.

Radiation hormesis is connected with radiation dose, LET, dose rate, size and mass of cells, types of radiation,
probability of interaction of radiation with target, time lag between dose and response etc.

At its preliminary stage the concept of hormesis was dismissed but later a large number of authors have sup-
ported this concept.

Mechanistically radiation hormesis can be attributed to different causes namely : (i) ccllular damage of DNA and
its repair, (ii) mutagenesis and its repair, (iii) micronuclei formation and its repair, (iv) different types of chromosomal
aberrations and their repair etc. These repairs are done by antioxidants, different types of enzymes and immune res-
ponses and cell cycle control etc,

Low dose hormesis has been reported under various conditions namely : (i) environmental and epistemological
pl:oblems, (ii) background radiation dose estimation, (iii) dose estimation in nuclear installations, (iv) estimation of dose
for atomic survivors, (v) accidental dose estimation in Chernobyl etc. In the above cases hormesis depends on internal
factors like ~ lighting condition, intensity and duration of radiation, measurement time of exposure ctc.

Societal aspects of hormesis e.g. application in biogerontology, radiation protection aspect, increase in life span
for cancer - induced patients applying hormetic principles, environmental and toxicological aspects have been mentioned.

Future prospects of hormesis (both theoretical and practical) are given below :

Theoretical : (i) Low level effects, (ii) linear extrapolation from high level exposure, (iii) shape of dose-response
curve and mechanism of radiation effects at low dose, (iv) molecular and cellular studies on mechanism of hormesis,
(v) pharmacological hormesis mechanism, (vi) role of hormesis in environmental risk and hazard assessment methods
and their evaluation, (vii) role of hormesis in the improvement of harmonization of cancer and non-cancer cases.

Practical : (i) Predictive assay of clinical and therapeutic measures using hormetic principles, (ii) toxicological, .
agricultural, behavioral, societal, biogerontological and economic aspects of hormesis.

Keywords : Hormesis, radiation hormesis, physical and chemical inducing agents, factors that influence radiation hormesis,
detection of hormetic dose by tissue-equivalent dosimeters, maximum limit of exposure, mechanism of radiation hormesis,

theoretical and practical aspects of Lormesis, future recommendations.
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Introduction

The aim of this review is to bring out the importance
of this topic in a comprehensive manner giving impor-
tance to its salient features though there are books avail-
able in this broad field of research!2. Dosimetric as-
pects, mechanistic aspects, societal aspects and future theo-
retical and practical aspects of hormesis - are the objec-
tives of this review.

Definition :

The term hormesis has been coined in 1942. 1t is the
beneficial response of -an organism to a low dose of a
physical or chemical agent?. This low dose refers to ioni-
zing or non-ionizing radiation for a physical agent and
concentration or amount when applied to chemical agent.
If the dose exceeds a certain limit the effect is no longer
beneficial but it becomes detrimental. So, hormesis is a
biphasic dose-response relationship?.

Physical and chemical induction of hormesis :

(a) Physical 4gents for inducing hormesis are tem-
perature and low LET ionizing radiations like beta, gamma
and X-rays. (b) Chemical agents for inducing hormesis
are aliphatic or aromatic hydrocarbons, pesticides, heavy
metals, polychlorinated phenyls, antibiotics, alcohols, es-
sential trace elements, vitamins, pharmacological com-
pounds etc.

Normally in a chemically induced hormetic response,
the response increases with time initially but afterwards it
starts decreasing even if time increases. This is known as
response - time inversion. Similarly hormetic response
increases with increase of dose initially but with further
increase in dose there is no more increase in response,
but a decrease in it. This is known as response - dose
inversion. Inversion of action with time following admi-
nistration of dose* has been depicted in Fig. 1(a) and
inversion of action as more of the same agent is adminis-
tered* has been depicted in Fig. 1(b). Example for res-
ponse - time inversion is salicylates which at toxic doses
stimulates the central nervous system but in a short time,
with no additional drug a marked depression sets in.

Example for response - dose inversion is that of vita-
mins. At low doses of many vitamins, the result is de-
pression of growth, but at optimal dose growth-is stimu-
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Fig. 1(a). Inversion of action with time following administration
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Fig. 1(b). Inversion of action as more of the same agent is admi-
nistered : (¢) practical curve and (...) theoretical curve.

lated. But again at much higher doses toxic manifestation
occurs and growth is once again depressed.

In classical pharmacology or toxicology a sigmoid
curve is used to describe the relationship of a biological
response to a given dose. This is called quantal response>.
Theoretical and practical quantal response curves for phar-
macological/toxicological compounds have been depicted
in Fig. 1(c). As an example chick can not grow without

trace amounts of Ni in its food, yet at higher doses Ni is
toxic.

Hormesis induced by physical agents are dépendent
on temperature range and its rate of increase, radiation
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Fig. 1(c). Classical pharmacological/toxicological curves : (*) prac-
tical curve and (...) theoretical curve.

dose range and its rate, type of radiation and its LET etc.
All these come under radiation hormesis.

End-points for detection of hormesis :

End points can be many depending upon exposure
medium and biological model. The physical and chemical
exposure media have been mentioned. The biological
models can be cell systems, tissues (either normal or tu-
morous), organs, flowers, plants, vegetables, bacteria,
fungi, algae, hydra, larvae, different types of animals
etc. The end-point is chosen as specific exposure oriented

response in suitable biological models and these can be.

many e.g. life span, growth, dry weight, survival, growth
regeneration time and growth inhibition, photosynthesis,
cell-division, enzyme activation or deactivation,
heamolysis, erythropoesis and tumor induction etc.

Versatility of hormetic response :

Hormesis is adopted by seeds® and plants’, insects,
micro-organisms®, mice, guineapigs® and human beings®.

Homeorhesis and hormesis :

In the simplest form these are essentially devices for
continuously sensing the state (Y) of a system and relat-
ing that information (f.Y) from a sensor (S) to some pre-
ferred state (X). The difference between them is (e =
X - £.Y) is reduced by effector E whose action is ex-
pressed as a transfer function. The kind of oscillatory
behaviour observed following a steep input depends on
how well the information passes round the control loop.
Fig. 2 depicts the elements of a minimal feedback mecha-
nism!0, As there are delays in the passage of information
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Schematic model diagram for growth hormesis the elements
of a minimal feedback mechanism : £ = summation of
information; E = effector; S = sensor; x = preferred
state; y = state of a system; f.y = information of the state.

f-y .

Fig. 2.

and in effecting any reduction in E, the output of such
systems is inevitably oscillatory, following perturbation.
This has been demonstrated in hydroids and yeasts!?,

Radiation hormesis :

Definition : The occasional observation that a small
dose of radiation can enhance immunity and/or elicit a
proliferative response under certain circumstances has
generally been interpreted as evidence of ‘a compensatory
or reparative reaction to injury, rather than a stimulatory
or hormetic effect per se. Only more recently has the
possibility that such a reaction to radiation may represent
a hormetic effect began to receive the attention it de-
serves. Only scattered references show non-hormetic ef-
fect in risk management!!. The early literature on stimu-
latory or hormetic effects of ionizing radiation has been
reviewed!2.1:13.14,

Radiation hormesis, is also versatile and shows its
stimulatory effects when plants, bacteria, insects and mam-
mals are exposed to low to intermediate doses of ionizing

‘radiation, contrasting markedly with the inhibitory or cy-

totoxic effects that characteristically predominate at higher
dose levels. The stimulatory or hormetic effects include
enhancement of growth and survival, augmentation of
immune response and increased resistance to mutagenic
and clastogenic effects of further irradiation. This im-
plies that the dose-response relationship for genetic and
carcinogenic effects may be also biphasic which means
far reaching implication for radiation protection. The ex-
tent to which such responses may actually reduce the risk
attributable to low level of irradiation needs determina-
tion8,

Radiation-induced hormetic effects :

These are manifested in various ways. Some of these
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are : cell systems and their renewal, growth kinetics,
physiological processes, cell proliferation, immune func-
tions, enzyme inactivation etc. These are explained with
diagrams below. Combined together they also illustrate
the mechanism of radiation hormesis.

(a) Cell and tissue-kinetics will have a considerable
effect on radiation response under the stress of continu-
ous low dose rate irradiation. The factors for this res-
ponse are cellular sensitivity i.e. cell cycle effects - which
determine rate of cell sterilization and death and compen-
satory cell proliferation and capacity for regeneration. In
rapidly dividing cell renewal systems there is an effective
elimination of damaged cells with almost complete repair
of cellular non-lethal damage. In slowly dividing cells,
renewal or repair of tissues or elimination of cellular
radiation damage takes place. The pattern of cell proli-
feration during regeneration is relatively little disrupted
by prior continuous irradiation. Experimental data on in-
testinal epithelium, immuno-heamatopoetic tissues,
seminiferrous epithelium and regenerating liver showed
differences in adaptation to continuous low dose rate irra-
diation involving intra-cellular and extra-cellular control
mechanisms which regulate cellular proliferation and dif-
ferentiation and thereby control cell population levels and
physiological function!S.

(b) Cell renewal depends on type of tissue, dose rate
and time elapsed after irradiation. Examples are as fol-
lows :

(i) For arriving at steady state cell population, small
intestine of rat required a dose rate of 4 Gy per day and

a period of 2 days. (i) Testis of dog required 2-5 mGy
per day for 15 days. A dose rate of 100 mGy per day or
less was near the threshold for recovery processes.

A cell renewal system under continuous irradiation
will contain four physiological compartments namely stem
cell compartment (S), proliferative compartment (P), differ-
entiation compartment (D) and functional compartment (F).

Normally under irradiated state there is an unidirec-
tional flow like S-P-D-F. But the nutrients like oxygen,
external controls from other systems like humoral factors
will have their influence also. Upon gamma irradiation
back flow of cells from Pto S, D to P and D to S take
place. The steady state of cell population is dependent
upon physological system under study, dose of irradia-
tion, dose rate, nutritional status, oxygen tension, trans-
fer coefficients from one compartment to the other, rate
limiting step etc. For example in erythropoetic tissue,
cell population sequence is as follows : Pro-erythroblasts
- Basophilic erythroblasts (B) - Polychromatic erythro-
blasts (P) - Orthochromatic erythroblasts (O) - Reticulo-
cytes (R) - Erythrocytes. The schematic representation
has been shown in Fig. 3. This figure shows schematic
representation of erythropoetic tissue as a cell renewal
system'6. Reserve capacity for proliferation and
repopulation ability appears characteristic of the very
slowly proliferating renewal tissues. The examples are
liver cells and slow seminiferrous epithelium.

Here the hormetic responses are slow. But for blood
forming cells like stem cells, lymphocytes and reticular
cells - the hormetic response is fast'S.

—b U Unrecognised
@_ ' precursors
P » Recognisable
PIRIP P0IR precursors
Re——tg——bE Functional
TR F cells
Bone morrow :i Blood ===y

Fig. 3. Schematic representation of erythropoetic tissue as a cell renewal system. § : Unrecognised precursor stem cells, U : Immediate
precursor stem cells, P ; Proliferation compartment, D : Differentiation compartment, Tr : Transitional forms in bone marrow, F :
Functional end cell compartment, P-B—P : Procythroblasts— Baseophilic erylhroblasts'-)Polychromatic erythroblasts, R—E :
Reticulocytes—Erythrocytes and P-O-»R : Polychromatic erythroblasts—Orthochromatic erythroblasts—Reticulocytes.
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(c) Immune system function :

The effect of low dose single and continuous whole
body irradiation on immune function namely placque form-
ing cell reaction (PKC) of spleen and reactivity of thy-
mocytes to IL1 were undertaken!”. The PKC of spleen
was found to be stimulated by single dose of X-rays in
the dose range of 0.025-0.075 Gy and by continuous
exposure to gamma rays with a cumulative dose of 0.65
Gy. The PKC values were more for exposed cells at a
dose rate of 0.0054 Gy/s for 6 h by about 18%. The
reactivity of thymocytes to 25% IL1 is between 0.025
and 0.10 Gy which continuously increased implicating an
increased reaction of whole organ. PKC is a standard
technique in assessing the capacity of antibody forma-
tion. Antibody formation has the D value of less than 1
Gy. The lymphokine cascade in antibody formation!8 is
shown in Fig. 4. All these explain radiation hormesis and
its expression in the immune system!8.
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0.001 Gy per 8 h day until death of experimental mice
and guineapigs had a slightly greater mean life span com-
pared to control animals. There was a marked weight
gain during the growth phase in both species. Increased
tumor incidence in mice at 0.001 Gy was observed. This
is probably due to regenerative hyperplasia during early
part of exposure. In presence of continuous injury there
is physiological enhancement of defence mechanisms
against infection’.

(e) Hormetic response in seeds and plants :

Hormetic effect is observed in the growth of organ-
isms at very low doses. Irradiation of seed® before plant-
ing can stimylate early plant growth, leading to advanced
maturity and increased yield’. The reported effects in-
clude increased height, weight, growth rate, flowering
and yield. The magnitude of the effect is usually small,
being about 10% of control values and the effects often
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Fig. 4. Lymphokine cascade in antibody formation. MQ : Macrophage, IL1 : Interleukin 1, IL2 : Interleukin 2, Ag : Antigen, CSF : Cell
signal factor, TRF : Transforming factor, BCgF : B cell growing factor and HTL : Highly transformed cell lines.

(d) The table below will show (Table 1) the dose ranges
at which different types of cells show variation in res-
ponse.

Table 1

Dose range (Gy)  Tissue Effect

0.025-0.075 Spleen Placque forming cell reaction
increased

0.025-0.250 Thymocytes Reactivity to interleukin
1 showed dose dependent
depression

0.025-0.100 Thymus Increase in cell number

0.05 Gy (single) ~ Spleencells  Unscheduled DNA synthesis

was stimulated

are not reproducible. The exposure level was reported to
induce such effects is about an order of magnitude greater
than that reported for similar hormetic responses in ani-
mals. There is no understanding of the mechanisms of
such responses of the cellular and physical factors perti-
nent to the induction of such effects but observations are
there that certain low level exposures result in increased
yield. This is consistent with known mechanisms of cel-
lular damage and known responses of plants to a compro-
mise to apical dominance. Storage time after irradiation
must be minimized to gain the greatest response. Hormesis
in seeds is not manifested reliably in advanced maturity
or yield increases because of environmental effects. Here
photon energy and dose rate are important factors.
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Dosimetric concepts in relation to radiation hormesis :

With radiation, unlike chemicals, a small absorbed
organ dose can deliver a large amount of energy to mac-
romolecular cell targets. If the relevant target is hit, even
the best efforts of any repair processes probably can not
prevent cell transformation. The smallest average organ
dose can be effective particularly for high LET radiation.
Hormesis enhanced protection processes may render in-
effective marginally large amounts of energy deposition
per cell target and thus perhaps reduce the incidences of
carcinogenesis. For high LET radiation zero incidence is
unlikely!?. Estimates have been given for the critical val-
ues of linear energy transfer (LET), dose rate and dose
below which radiation hormesis is likely to occur but
above which it is unlikely to occur. The critical value of
LET is estimated to be 15-20 keV/um and hence radia-
tion hormesis may occur with B, y or X-rays. But it is
unlikely to occur with a-particles. The critical value of
dose rate is estimated to be 1-10 mGy per day for the
life-time exposure. But this could be higher for the short
period exposure. A comparison between plants and ani-
mals for critical dose rate response showed that dry seeds
and bulbs require a dose rate which is 1000 times more
than animals. The salient features regarding dosimetric
aspects are given below :

(i) Critical value of LET : This is denoted as Lc and

Lc = 15-20 keV/pm (1

This LET corresponds to protons or neutrons of few MeV.
Radiation hormesis can occur by B or 7 radiation of about

1 MeV (LET= 0.3 keV/um) or X-rays (0.1 to 0.3 MeV).

(ii) Dose rate : Dose rate at which radiation ﬂormesis
occurs,

Dci = 1-120 mGy per day (life time exposure) (2)
For short period exposure,

D¢ = > Dci " (3)
where Dc = critical dose rate below which radiation
hormesis could occur. Dci = dose rate at which radiation
hormesis occurs.

A model predicts that there is no limit for the critical
value of dose, Dc, when the dose rate D is below Dci,
because then the beneficial effect will always exceed the
harmful effect. This is when Dc is greater than Dci it is
natural to expect that Dc decreases. Therefore denoting
T as the average life if an animal Dc = Dci T for

D = < Dci = Dei T (D/Dci)™ @
where n is a positive constant to be determined by
experiment?0. The dose rate response curve correspond-
ing to radiation hormesis!? has been shown in Fig. 5.

(iii) Low doses and low dose rates : At low dose and
low dose rates the amount of energy deposited in an indi-
vidual cell organelle (i.e. hit size) is highly variable from
one cell to another.

(iv) Distribution of hit sizes in the individual cell nu-
clei and to fractional number of exposed area cells that
experience a hit at an exposure level should be known.
The crucial relationship between hit size and probability
of cellular 1'esponse20 have been depicted in Figs. 5(a),
5(b) and 5(c).
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Fig. 5. Dose rate response curve corresponding to radiation hormesis. C : Conventional response due to the direct effects of ionising
radiation such as DNA damage, I : Response corresponding to indirect effects, E : Environmental level and S : Total sum of I and

C. (*) BC; (...) AIG, (A) ASF.
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Fig. 5(a). Hit sizes as functions of energy deposition per unit cell. dH(y) : Hit size and y (keV.um™!) : Energy deposition per unit cell
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Fig. 5(b). Probability of a defined cellular response in cells of a given hit size. E(y) : Probability of hit and Y : Energy deposition per unit
cell : (¢) Curve 1, (=) Curve 2,
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Fig. 5(c). The results of multiplying the curves in panel a by that in panel b is panal ¢. The dotted lines refer to anticipated results using
various assumptions about the mechanisms of hormesis : (+) Curve 1, (%) Curve 2, (...) Curve 3.
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Target hit size distributions

The hit sizes [dy(y)] are functions of energy deposi-
tion per unit cell [y (keV/um)]. This is also controlled by
probability of hit E(y). The hit size has been expressed
arbitrarily within a tissue sphere of 1 um diameter. Panel
5(a) shows a plot of dy(y) against y (keV/um). This is
also controlled by probability of hit E(y). The hit size has
been expressed arbitrarily as that in a tissue sphere of 1
um diameter. It shows a peak for low LET i.e. 250 kVp
X-rays and a peak for high LET i.e. 0.55 MeV neutrons.
Panel 5(b) shows a plot of E(y) versus y (keV/um). The
solid line shows probability E(y) of a defined cellular
response in cells of a given hit size. Mutation is a func-
tion of hit size empirically done. Panel 5(c) shows the
plot of dq(y) versus y (keV/um). The results of multiply-
ing the curves in “Panel 5a” by that in “Panel 5(b)” is
“Panel 5(c)”. The dotted lines refer to anticipated results
using various assumptions about the mechanisms of
hormesis. The types of changes observed suggested that
growth size, rate and curve shape may respond indepen-
dently and in some cases in opposite directions. Thus
while one aspect of growth may change by hormesis other
aspects of same growth function may be changing in a
way which is suggestive of a stress response: So the math-
ematical model is dependent upon a particular aspect of
growth response, species chosen, stressor type and inten-
sity, growing time etc. For Cypress seedlings and two
species of waterfowl following mathematical model holds
good?!,

2(m + 1)

T(1 - m)
[(Wal"m x W™ -W]+¢ (5
where W; = body weight or size at time ;; Wa. = asy-
mptotic weight or size; T = overall growing time indica-
tive of growth rate; m = Richards shape parameter and
e; = Stochastic error at time {;.

Dose estimation for nuclear workers :

Nuclear radiation or power plant workers are suscep-
tible to get exposure of ionizing radiations. Their work
performance does not decrease to any considerable extent
by the dose received during about 1 month. This occupa-
tional exposure is determined accurately. Measurement
of blood lymphocytes related chromosomal radiosensiti-
vity give an indication of hormetic response. Chromo-
somal radiosensitivity was assessed in vitro by G - assay
and G, - micronucleus assay (MN). For MN assay a low

Wir-W; =

698

dose rate (LDR) in vitro irradiation protocol was applied
in addition to high dose rate (HDR) irradiation of blood
samples in order to determine dose rate sparing effect
(DRS). The dose rate sparing effect of low dose rate
(LDR) irradiation compared to high dose rate irradiation
was calculated by :

DRS = [1 - (y_pr/yYypr)] X 100 (6)
where y; pr = micronucleus yield of LDR; Yypg = mi-
cronucleus yield for HDR. Pre- and post-irradiation ex-
posure did not show variation in chromosomal aberra-
tion. Micronucleus assay was done in vitro. The Go-MN
assay with LDR irradiation protocol reveals systematic
reduction in chromosomal radiosensitivity with increas-
ing dose. For workers receiving 4-10 mSv (highest dose)
decrease of MN yield and increase of dose rate sparing
was observed. Short term exposures may have induced
hormetic responses depending upon situation. Based on
these types of studies, the occupational exposure dose
limit in nuclear industry has been restricted to 10 mSv
per year for radiation workers?2.

Linear-no-threshold (LNT) model - its significance and
implications :

According to linear-no-threshold (LNT) model for a
low LET radiation, in radiation-induced stochastic effects
(e.g. neoplastic transformation and cancer) the risk in-
creases linearly without a threshold. Any radiation expo-
sure is predicted to increase the number of cancer cases
among a large population of people. Cancer risk extrapo-
lation from high to low doses based on this model is
widespread. Indirect evidence is provided, suggesting that
for brief exposures to low LET radiation doses of the
order of 1 mGy, that a decrease below the spontaneous
level is many orders of magnitude more probable than
for any increase in risk as would be predicted by extrapo-
Iaﬁng from high to low doses using the LNT model. The
risk reduction has been largely due to a protective apoptosis
mediated process (PAM) that selectively eliminates cells
that contain genomic instability. The minimum exposure
is 0.01 mGy for X-rays and gamma rays. But if the dose
is above 250 mGy for brief exposure at a high rate, the
PAM process is not expected to be activated. For pro-
tracted exposure doses as high as 400 mGy may activate
the PAM process?3. LNT model has undergone test for
health care patients with benefit in which effective dose
ranged from few uSv to a few mSv24,

International Commission on Radiological Protection
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(ICRP) has recommended the LNT model above a few
mSv per year?. A few reports (ICRP 2004; Report from
French Academy of Sciences and Medicine 2005 and
American Academy of Sciences) have appeared on low
doses of radiation. These reports indicate the importance
of biological effects of low doses, yet the conclusions
differ?®. Each element within the reaction chain that is
affected by ionizing radiation contributes in a specific
way to the final biological end point of interest. The re-
sulting dose-response relationship represents the super-
position of all.these effects. For doses below 10 mSv
there is neither a closed or clear picture of the entirety of
radiation action. Moreover, no clear evidence (epidemio-
logical) exist for increase of risk for stochastic effects in
this dose range. So LNT congept is preferred against any
alternative concept?’. Recent reports from National

Research Council (BEIR VII) and International Commis-
sion on Radiological Protection (ICRP) have considered
the appropriateness of the use of LNT for purposes of
radiation protection standard setting. The overall conclu-
sion was that current scientific evidence remains consis-
tent with LNT hypothesis. The dose and dose rate effec-
tiveness factor is used for adjustment in the extrapolation
from high to low doses and from high to low dose rates28.

Development of tissue-equivalent dosimeters :

For radiation hormesis accurate and sensitive tissue-
equivalent dosimeters are required. For this low dose
range we have developed some chemical, biochemical
and biopolymeric dosimeters capable of measuring tis-
sue-equivalent low dose, Table 2 will give the dosimeter,
its composition dose range, dose rate, lowest dose mea-

Dosimeter

Table 2. Characteristics of some chemical, biochemical and bio-polymeric dosimeters

Composition

Dose range, dose rate, type Applicable tissue/ Reference
of radiation, lowest dose type of application
FBX 0.20 mM Ferrous Linear up to On body surface 29
ammonium sulphate + 10 Gy; 0.017 Gys; and inside body
0.20 mM xylenol y-radiation; 0.05 Gy cavities
orange + 5 mM benzoic
acid in 0.05 N H,S0,
Modified Same as FBX + Linear up to Same as FBX; 30
FBX $§ mM ammonium 16 Gy; 0.017 to 0.17 Gy/s; can be used in
nitrate y-radiation and thermal nuclear accident.
neutrons; 0.05 Gy
Diltiazem 25 ug/ml Diltiazem, Linear up to Can be used as in vitro k)|
pH 2.13-2.27 10 Gy; 0.018 Gy/s; dosimeter for cardiovascular
Yy-radiation; 2 Gy epithelial cells
DNA and 100 and 200 pg/ml Linear up to Can be used as 32
DNH respectively in 100 Gy; 0.0156 Gy/s; in vitro dosimeter
0.1 M phosphate buffer y-radiation; 20 Gy for nucleated tissues
H, Histone 50 pg/ml in Linear up to 100 Gy; Can be used as 33
2.5 x 104 (M) EDTA dose rate 0.0135 Gy/s; in vitro dosimeter
buffer; 200 pg/ml y-radiation; for nucleosomal
in 0.01 N HCI linear up to 12 Gy; aberration
dose rates 0.0135 and
0.0504 Gy/s
DNA-H, 25:25 pg/ml in Linear up to Dose determination 34
0.1 M phosphate 50 Gy; dose rate in chromosomal
buffer and in 0.15 M 1.50 Gy/min; aberration
SSC buffer, pH 7.0 y-radiation; 10 Gy
DNA-H, 50 : 50 pg/ml in 0.9% Linear up to Chromosomal 35
HCI, pH 6.70-6.90 30 Gy; 0.0106 Gy/s; aberration nucleosomal
vy-radiation; 10 Gy organisation
JICS-7 699
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surable, type of radiation etc., While chemical and bio-
chemical dosimeters are tissue-equivalent, the biopolymeric
dosimeters are ideal for all types of nucleolar tissues.
This is a novel approach as because these dosimeters are
closely approaching tissue composition, need not require
correction factor for getting absorbed dose, the composi-
tion can be suitably changed simulating a particular tis-
sue, can be given any desired shape and size and after
encapsulation can be put inside body cavities or outside
on the surface of body for measuring dose.

Biochemical mechanistic aspect of radiation hormesis

Non-specific generation of intra-cellular free radicals
in excess of normal levels (due to acute radiation absorp-
tion by cells) leads to a delayed production and tempo-
rary inhibition of thymidine kinase. The enzyme activity
reaches a minimum at 4 h even after a low level exposure
with full recovery soon thereafter. This process appears
to represent a biochemical response to an initial physical
event which must be distinguished from the response of
the DNA repair enzyme system. A reduction of cellular
thymidine kinase activity is expected to causc a tempo-
rary reduction of DNA synthesis and thus may be of
advantage to the cell. It is suggested that this response of
thymidine kinase activity to free radicals generated by
radiation or by other means and the probable consequences
of DNA synthesis may represent an example of radiation
hormesis36. A simplified scheme of the pathways for it is
depicted in Fig. 6. Here in this scheme thymidine reuse
in mammals has been depicted. Thymidine is liberated by

dead cells and eventually released by proliferating cells.

Physiological aspects of qualitative and quantitative
DNA damages connected to radiation hormesis :

Steady state of non-radiation induced DNA damage
far outweighs DNA damage from low doses of low LET
radiation, both qualitatively and quantitatively. Because
tissue effects are predominantly the consequence of indi-
vidual cellular responses, the doses to micro-masses of
cells in tissues appear primarily more relevant. Low cell
doses are correlated by intra-cellularly operating factors
which unequivocally cause a dual effect depending upon
cell types and species. These dual effects are : (i) a rise in
DNA damage above background as a function of dose
and (ii) a simulation of the physiological DNA damage
control system in terms of reactive oxygen species detoxi-
fication, DNA repair and removal of damaged cells. This
stimulation lasts from hours to weeks after irradiation
and except during apoptosis, vanishes at higher cell doses.

Low dose induced stimulation of the DNA damage
control system appears as a physiological stress response.
This operates on endogenous ROS and non-radiation in-
duced DNA alterations over prolonged duration. Non-
radiation induced DNA damage apparently far exceeds
corresponding effects from low dose and low dose rate of
low LET radiation. Thus the radiation-induced hormesis
is expected to affect predominantly the non-radiation DNA
damage for prolonged period of time after individual cells
experience energy deposition events.

The physiological DNA damage control system oper-

Cell
death

Tissue

Thymidine, reutilisation

Cell
proliferation

pu—
—

Clirculation

Liver

Fig. 6. A simplified scheme of the pathways of thymidine reuse in mammals. Thymidine is liberated by dead cells and eventually released

by proliferation.
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ates as an anti-mutagenic bio-system. So gene mutations
caused by non-radiation sources are expected to be re-
duced by low doses of low LET radiation.

So, cell doses are high but the formation of hit cells is
low because of intra-cellular operating factors. These fac-
tors are anti-oxidants like GSH, SOD, catalase, peroxi-
dase and enzymes connected to cell cycle control factors
pertaining to cell differentiation and immune response
etc. The anti-mutagenic DNA damage control bio-system
under normal control condition and when exposed to high
background radiation have been depicted in Figs. 7 and 8
respectively. Fig. 7 depicts the anti-mutagenic DNA dam-
age control bio-system. Estimations are based on data in
literature. Fig. 8 depicts the anti-mutagenic-DNA dam-
age control bio-system response to high background ra-
diation’’.

Environmental, epistemological and toxicological prob-
lems in assessing cancer risks at low radiation doses in
relation to radiation hormesis :

Radiation hormesis should be emphasized from socio-
logical point of view as well. It is associated with low
dose of radiation release to the environment from nuclear
energy. The hormetic hypothesis suggests that ecologi-
cally realistic low levels of ionizing radiations may be
beneficial to humans. This is supported by the fact that
the annual cancer incidence rate seems to decrease by
0.03/uSYV increase in external background radiation dose

from 79 per 100000 corresponding to zero environmental
radiation’®,

The following epistemological problems arise in as-
sessing cancer risk at low dose of radiation :

(i) Prediction as to radiogenic cancer seem often if not
always neglected the response variability in individuals (i.e.
prediction on radiation dose but not radio-sensitivity).

(ii) In the effect of the conditionally possible agent the
exposed individual or population must be considered as
an open statistical system.

(iii) On epistemological grounds we can not gain knowl-
edge about carcinogenic capacity of radiation doses.

(iv) Based on some principles, cancer risks can not be
predicted at very low radiation doses merely on the basis
of models3?.

Normal distribution pattern with three different stan-
dard deviations illustrates how dose-effect curves change
when the variation in radio-sensitivity increases in irradi-
ated populations (Fig. 9). This figure shows cancer inci-
dence plotted against relative dose. Normal distribution
functions with three different standard deviations illus-
trating how dose effect curves change when the variation
in radio-sensitivity increases in irradiated populations“o.

Recent advances in procedures for the analysis of sig-

moidal curves have provided some sensitive methods of
detecting and evaluating hormesis in the growth responses

|0II) -y
{0
xil Free
>0 -
{ radicals
E . "'")b
& e - Renctive
: usygen
K Species T,
> 1 . Total DNA ~102
% 1o (ROS) aligrations”
5 w- M L= ST EE P -
3 Secondiry DNA
-} Reuction Renuval
I."'x'wls Alterations | ——»| Mutations
DNA -0 ~lor
Antioxidants, Enzymines,  Apoptosis,
GSH, cell cycle Necrosis
SOD, control differentia-
Catalase, tion,
Peroxidase Tmunune
de. response

Fig. 7. The antimutagenic DNA damage control biosystem. Estimates based on data in literature.
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Fig. 9. Normal distribution functions with three standard deviations illustrating how dose effect curves change when the variation in
radiosensitivity increases in irradiated populations : (¢) Sigma 1, (...) Sigma 2, (4) Sigma 3.

of organisms exposed to a variety of stressors. These
processes allow quantification and independent evalua-
tion of the following three major properties of a sigmoid
growth curve,

(i) Size - a measure of the asymptotic approach by the
growth processes.

(i) Rate - a measure of the approximate amount of
time required to complete growth,

(iii) Shape - a quantity which indicates the specific
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path taken by the growth process to approach the asymp-
tote within the time constraint of growth potential.

Background radiation can simulate the proliferation
of single cell organisms like protozoa and cyanobacteria.
But this low dose induced (mostly gamma and beta)
hormesis depends on internal factors like age of starting
single cells and external factors like lighting conditions.
The stimulatory effect was observed below 50 mGy in a
limited range of doses. This is an unique way to find out
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background radiation induced hormesis!”. Cancer inci-
dence and mortality data from cohort of Japanese atomic
bomb survivors showed uncertainty in dose estimation.
Leukemia data agree threshold model but solid tumor
data does not suggest improvement with a threshold*.

Environmental aspect :

Hormesis is an extreme version of the non-linear fit-
ness gradients for general environmental stresses, such as
temperature fluctuations. Some metabolic reserves should
occur under moderate temperature stresses because of the
need for pre-adaptation. Because heat shock proteins are
induced by all stresses, adaptation to extreme tempera-
ture should translate into adaptation to other stresses.
Evolutionary and ecological considerations suggest two
components of hormesis in relation to jonizing radiation :
background radiation hormesis and stress derived radia-
tion hormesis. Exposure under stress derived radiation
hormesis is considerably larger than background radia-
tion hormesis*!,

Toxicological aspect :

In order to analytical evaluation of risk assessment,
risk management and risk communication for human health
and ecological risk and for occupational health risk spe-
cific applications were reviewed and summarized taking
into consideration the following factors : (i) contaminated
sites, (ii) contaminants, (jii) priority substances, (iv) stan-
dards development, (v) food safety, (vi) medical devices,
(vii) prescription drug use, (viii) emergency response,
(ix) transportation and (x) risk communication?2,

Risk assessment from radionucleides : The Royal Free
Hospital has set up a project to examine the whole
procedure and approach the risk assessment for ionizing
radiations and has produced a standardized approach us-
ing matched risk assessment forms for both general risks
and ionizing radiation risks*.

Future aspects :

As the phenomenon of hormesis has been studied in
its totality, especially in foreign countries, future pros-
pects of it needs evaluation in India as well.

(i) Theoretical aspects : For in depth understanding
and dissemination among scientists. (i) Practical aspects :
For sustenance and beneficial effects to all species in dif-
ferent fields.

The different issues that should be given importance
in theoretical aspects are : (i) low level effects, (ii) linear
extrapolation from high level exposure, (iii) shape of dose-
response curve and mechanisms of effects of radiation at
low doses, (iv) molecular and cellular studies for under-
standing radiogenic effects and provide information about
likely shape of dose-response curve at low doses of
radiation and (v) mechanistic explanations of pharmaco-
logical systems. The impact of multiple chemical interac-
tions on the occurrence of hormesis in different systems
should be undertaken.

Practical aspects : Epidemiological studies include the
following : (i) influence of development/ageing processes,
gender, diet and various disease states on the occurrence
of hormesis and (ii) the possible occurrence of inter-indi-
vidual variation in hormetic responses and how this may
impact regularly on medical practices.

Environmental issues : This includes (i) risk assess-
ment methods, (ii) hazard assessment methods and (iii)
improvement in harmonization of cancer and non-cancer.

The salient features of some practical aspects e.g. pre-
dictive, clinical, therapeutic, toxicological, agricultural,
modification of behavioural systems, societal and eco-
nomic aspects of hormesis are mentioned below.

(i) Proper choice of chemo-therapeutic agent and ra-
diation dose, dose rate and fractionation as shown by
adaptive responses may markedly reduce cost of cancer
treatment. This gives economic benefit.

(ii) The selection of animal models for research as
predictive of human responses and public health impor-
tance is of societal value.

(iii) Agricultural productivity may be increased by
optimizing proper hormesis inducing treatments.

(iv) Behavioural performance, especially memory
stimulation, may be enhanced by proper choice of a
hormesis inducing agent. Neuro-protective effect of one
ultra-low exposure level of glutamate in an in vivo rat
stroke model has been found to reduce brain injury by
40% and significantly improve EEG recovery and per-
formance. Protective effects of low level exposure have
been expressed in CNS injury. GABA channel blocker
picrotoxin (10~ 13 M ) reversed impairment of optokinetic
and vestibule-ocular reflex produced by high dose GABA
ergic activity. Neuron viability is consistently 10% higher
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in spinal and cortical neurois pre-exposed to glutamate
concentrations of 10718 to 10730 u.

(v) Toxicological : Cd exposure well below toxic dose
showed no adverse effect level induced gene expression
of protective proteins (e.g. metallothionine etc.). 40%
reduction in mortality to acute Cd toxicity in vitro and in
vivo show protective effects of ultra-low exposure of Cd.
In renal and immune T cells ultra low Cd levels produce
higher levels of metallothionine.

Future recommendations :

(i) Individual level consequences of sub-organism
hormesis, (ii) Processes — both biotic and abiotic, regu-
lating population size and health, (iii) Demonstration of
hormesis in the dose-response curve of carcinogenesis,
(iv) Potential alteration in traditional bio-assays for car-
cinogenesis, (v) Whether physical and biological stres-
sors can also cause hormesis? This is important because
of population health than are chemical stressors, (vi) No
radiation dose is below regulatory concern and appropri-
ate dose levels should be established, (vii) New and/or
improved therapies by hormetic induction should be looked
into and (viii) Factors of hormetic origin that can
improve public health on a long term basis should be
worked out®,

Hormesis in biotechnology :

This is still another area which has got research ele-
ment in it and also has practical utility. Ageing has many
facets like : (i) it differs with species, (ii) intra-species
individual variation, (iji) it varies with organs, systems
and tissues within an individual, (iv) varies with different
organelles within a cell and (v) varies with blo-macro-
molecules.

Different diseases that are.connected with ageing are
arthritis, muscular dystrophy, multiple sclerosis,
encephalo-myography, some cancers, atherosclerosis,
Alzheimer’s disease, Parkinsons disease etc. During mild
repeated stresses hormetic cellular responses get up-regu-
lated to constant internal and external stresses and thereby
the maintenance and repair pathways are rejuvenated*®.
-Gerantogenes (i.e. longevity assurance genes) involved
in heamo-dynamic repair pathways may play important
roles for hormesis. The pathways include DNA repair,
free radical scavenging, heat shock response etc. Nor-
mally mild stress can be stimulatory without becoming
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too costly but severe stress up-regulation may become
energetically too costly. So severe stress may invariably
cause biological collapse completely. The phenomenon
has been observed in Drosophilla, Nematodes and Yeast
cells also. Some inexpensive techniques that are benefi-
cial are : exercise, caloric restriction. Repeated mild heat
shocks (RMHS) show hormetic effects by prevention of
age related cell enlargement. This is due to accumulation
of abnormal and inactivated proteins. It has been observed
now that RMHS stimulates heat shock response of human
cells and prevents the accumulation of glycated and
glyoxidated abnormal proteins by stimulating the
proteasome pathway of protein degradation®3-46,

Conclusion : Hormesis, if properly understood and
applied, can alleviate many difficulties faced by human
beings. So, its short/long term benefits in quantitative
terms should be evaluated.
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