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Abstract HSP70 are the most studied proteins and
among all HSPs are highlighted due to their high sensi-
tivity and abundance, as well as being ubiquitously
expressed and associated with all subcellular compart-
ments. For this reason, this work specifically approaches
HSP70, since its multiple responsibilities actively par-
ticipate in the homeostasis of all living organisms and its
rapid response to any agent stressor is efficient in
assessing environmental pollution/contamination pro-
cesses. HSP70, heat shock proteins thus classified ac-
cording to their molecular weight of 70 kDa, are pro-
teins that have maintained their structures conserved
from the most primitive to the most complex organisms.
They belong to the chaperone family, which comprises
proteins with different structures that share a common
function. In general, they participate in the process of
correct folding of proteins; however, it has been de-
scribed that they also participate in numerous complex
processes of metabolism; its synthesis can usually be
increased or decreased under stressful conditions. The
classical activation of this protein is due to the increase
in environmental temperature, but several factors can
trigger the gene expression process of this protein, not
only as the increase or decrease of heat or cold, but also
the exposure to substances of a chemical nature, phys-
ical or biological (metals, metabolism inhibitors,
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chemotherapeutic agents, inflammatory and infectious
processes, processes leading to cell death, the cycle of
cell division itself and growth factors, cellular mecha-
nisms considered normal). Given the broad repercussion
of these proteins in metabolic processes and in organism
physiology, numerous studies have evaluated the
HSP70 production under adverse conditions, highlight-
ing their connection to pollution and environmental
contamination. Hence, this work aimed to literature
review the vast array of HSP70 metabolic functions
and its possible applications as biomarkers in the eval-
uation of contaminated environments by compiling the
different physiological responses observed in various
animal groups exposed to different conditions.

Keywords Molecular biomarker- Cellular stress -
Environmental stress - Bioindicators - Heat shock
proteins

1 Introduction

The physiological response of an organism to exposure
to a stressor of any nature triggers a process of synthesis
of specific proteins to repair possible damage caused by
this exposure. This synthesis of proteins involved with
the “quality control” of cells is well established among
all living organisms, in addition to being a process that
has maintained a high degree of conservation from the
prokaryotes to the eukaryotes (Hamer et al. 2004; Mayer
and Bukau 2005).
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At first, the synthesis of these proteins was associated
only with exposure to high temperatures, that is, thermal
shock, since their discovery was due to the observation
in Drosophila melanogaster cells during exposure to
high temperatures. Exposure to heat was responsible
for producing a new pattern in the thickening of the
chromosomes, providing the creation of specific tran-
scription sites for the synthesis of new proteins. This
showed the stress generated by the heat induced the
expression of certain genes and, consequently, the acti-
vation of a new class of proteins, the heat shock proteins
(HSPs) (Morimoto and Fodor 1984; Meyer and Silva
1999).

After numerous studies, these proteins were named
molecular chaperones, coming from the French term
chaperon that means “lady-in-waiting.” These proteins
perform the function that defines them, since they assist
the processes related to the correct protein folding,
preventing incorrect folding and improper aggregation.
Thus, the function usually attributed to chaperones is
that of assisting the newly formed proteins to assume the
proper configuration in order to perform their tasks in
the cell cycle. This is undoubtedly a task of extreme
importance, since if protein folding errors occur, there
may be the formation of protein aggregates and conse-
quently impairment of protein functions. One example
of these errors is the development of Alzheimer’s and
Parkinson’s disease, the most well-known conforma-
tional diseases (Alves Filho 2008; Castro et al. 2013).

After their initial discovery, HSPs have been shown
to cover a broad list of tasks beyond their involvement
with heat shock responses, also assisting in response to
ischemia: presence of trace metals (Somero 1995); pres-
ence of several chemical, physical, and biological in-
ducers, including the cycle of cell division itself, growth
factors, cell proliferation, and cellular processes consid-
ered normal (Feder et al. 1992); acting on cell protection
against the deleterious effects of endotoxins (Chi and
Mestril 1996); on exposure to ultraviolet radiation
(Simon et al. 1995); in cases of tumorigenicity
(Jadttela 1995); apoptosis (Wyatt et al. 1996; Jaittela
et al. 1998; Jaittela 1999; Bottger et al. 2008); in pa-
thologies, such as viral, bacterial, and parasitic infec-
tions; autoimmune diseases; metabolic poisons, which
in some way compromise protein function (Welch 1992;
Cellura et al. 2006); homeostatic changes such as chang-
es in salinity; hypoxia; and oxidative stress, among
others (Feder et al. 1995; Feder and Hofmann 1999;
Yenari et al. 1999; Golli-Bennour and Bacha 2011).
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HSPs, classified according to their molecular mass,
comprise the families of small HSPs: from 15 to 30 kDa,
with HSP27 being the most prominent, since it is one of
the main inducible HSPs (Didelot et al. 2007; Ciocca
and Calderwood 2005). Families of large HSPs with up
to 100 kDa are the HSP100, HSP90, HSP70, and
HSP60 (Feder et al. 1995; Patruno et al. 2001; Yenari
et al. 1999). Among these, HSP70 stands out because it
presents a rapid and significant synthesis in face of
several stressors. It is also involved in numerous cellular
events and, for this reason, has been widely used as a
biomarker for various analyzes (Jonsson et al. 2006; Liu
et al. 2015; Souza et al. 2017).

Most HSPs are not only located in cellular compart-
ments, such as mitochondria, reticulum, and cytosol, but
can also be detected in the extracellular environment.
While intracellular HSPs mainly play the cytoprotective
role, others in the extracellular environment and plasma
membrane, they have immunogenic properties and may
induce a pro or anti-inflammatory response. They may
elicit an immune modulated response both by the adap-
tive immune system and by the innate (Didelot et al.
2007). Schmitt et al. (2007) describes that HSP27,
HSP70, HSP90, and GRP78 proteins are found in the
extracellular medium with immunogenic function.

In the face of these characteristics that the HSPs have
and in particular the HSP70, numerous works have been
carried out using this protein as a biomarker, being able
to signal possible environmental changes expressed in
the organisms exposed to the diversity of the environ-
ment where they are, through the expression of their
gene and consequent activation of the protein, being
able to be increased or decreased according to the situ-
ation of the organism (Kohler et al. 1992; Zanger et al.
1996; Nadeau et al. 2001; Mello et al. 2012; Silva-
Zacarin et al. 2012; Taylor et al. 2013; Ansoar-
Rodriguez et al. 2016; Coelho et al. 2017).

In this context, this review aimed to compile data on
the role of the HSP70 heat shock protein and its applica-
bility as a biomarker in several organisms. The character-
istics that the HSP70 present become these proteins as the
most studied (Moyes and Schulte 2010), are activated in
all cellular reactions (Sabirzhanov et al. 2012) and reside
in all subcellular compartments (Sharma and Masison
2009; Evans et al. 2010), are abundant and highly sensi-
tive, expressed ubiquitously, and are extremely important
for cellular repair machinery (Mishra and Palai 2014);
thus, participation in the homeostasis of all living organ-
isms is its crucial function (Sable et al. 2018); these points
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justify the choice of these proteins for the present study
and in particular in studies in which HSP70 stands out in
situations of environmental contamination. This group of
proteins shows a rapid response when a particular organ-
ism is exposed to stress, so it has been widely used in
environmental analysis. A summary of the results obtain-
ed from HSP70 analyses in some animals exposed to
stressor agents listed in this text is seen in Table 1.

2 HSP70: functioning

As mentioned above, HSP70 proteins are central com-
ponents of a cellular network of molecular chaperones
and catalysts of protein folding processes. They have a
cell cleaning function integrated in folding and signal
transduction pathways which allow them to revise the
structures of newly synthesized proteins and repair un-
successful protein conformations. These processes are
handled by specialized HSP70 chaperones, which result
from the amplification and diversification of Hsp70
genes during evolution. For this to occur, co-
chaperones are often required. They are recruited by
HSP70 chaperones to fulfill specific cellular functions,
and as a result of their cooperation, they broaden their
spectrum of activity, creating complex repair machinery
(Mayer and Bukau 2005).

The role on non-native protein folding may be divid-
ed in three related activities: prevention and aggrega-
tion, folding into the native state and solubilization, and
refolding of aggregated proteins (Ben-Zvi and
Goloubinoff 2001; Mayer and Bukau 2005). These pro-
cesses are of fundamental importance for stable cellular
operation.

Several studies point out that HSP70 heat shock
proteins present other functions as important as their
stress specific roles. Their presence was observed during
early development of Drosophila, during rat embryo-
genesis, and in embryonic carcinoma cells (Velasquez
et al. 1980; Bensaude and Morange 1983; Morimoto
and Fodor 1984; Arya et al. 2007).

Given these observations, researchers have endeav-
ored to better understand the other possible functions of
HSP70. Morimoto and Fodor (1984) suggested that one
way of understanding if these proteins act in cells in a
normal state would be to survey HSP70 expression
under unaltered conditions, in the absence of heat shock.

The heat shock response (HSR) is characterized by
the rapid transcription and translation of a series of

proteins from the HSPs family (Feder et al. 1995). Thus,
following the path of these proteins in their different
destinations revealed the other functions attributed to
HSP70.

From a molecular point of view, the mechanisms of
action of HSP70 generally are based on an N-terminal
ATPase domain 0of 45 kDa, a C-terminal binding domain
of 25 kDa, which is subdivided into a 3-sandwich
subdomain and a C-terminal o-helical subdomain. The
sequence alignment of the HSp70 proteins reveals dif-
ferences that may translate into functional differences. A
shift in the ATPase cycle can be observed, changing
between the ATP state with low affinity and a rapid
energetic cost to the substrate or the ADP state with
high affinity and low energy cost for the substrate
(Harrison et al. 1997; Mayer and Bukau 2005).

A more detailed description of how the molecular
structure of HSP70 is established within cells predicts
that the substrate binding domain (SBD), which occurs
in the C-terminal region, controls the access to the
substrate via the C-terminal structure. This structure
functions as a cap/lid and exposes the binding site to
the peptides. A hydrophobic flexible bond binds the
SBD domain to the N-terminal domain with ATPase
activity (NBD). The nucleotide (which can be found in
ATP or ADP state) binds to the NBD domain by asso-
ciation with the binding affinity of the SBD domain.
Therefore, the allosteric regulation of this site, as well as
the interaction with auxiliary proteins (co-chaperones)
and nucleotide exchange factors (NEF), depends on the
conformation of the SBD site. The evaluation of NBD
structure of several members of the HSP70 family has
demonstrated that this domain is highly conserved and
has little contribution in protein specificity. The SBD
site and accessory proteins define the specificity role
(Jiang et al. 2007; Vos et al. 2008; Kampinga and Craig
2010; Wisniewska et al. 2010).

Highly conserved, HSP70 presents great structural
similarity when compared between species. For exam-
ple, HSP70 presents 73% similarity with Drosophila
and 50% with Escherichia coli (Feder et al. 1995).

The common characteristic of genes HSPs is the
induction of transcription by heat shock elements
(HSF) and homotrimeric DNA binding transcription
factor, heat shock factor (HSF). The stressor agents
may be of different origins as environmental, chemical
or pathophysiological stresses, but activation of the
response will always be homotrimerization of DNA
binding. The stressor agents may be of different origins
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Table 1 Summary of the results obtained from HSP70 analyses in animals exposed to stressor agents listed in the text

Organisms HSP70 level Stressor agents References

Insects
Apis mellifera Increase Acaricide Silva-Zacarin et al. (2006)
Drosophila melanogaster Increase Mixture of pesticides Doganlar and Doganlar (2015)

Ochesella bifasciata
Tomocerus flavescens
Chorthippus brunneus

Drosophila melanogaster

Aedes albopictus
Spodoptera exigua
Tetrix tenuicornis
Musca domestica

Sarcophaga crassipalpis

Leptinotarsa decemlineata

Omphisa fuscidentalis
Diplopods
Glomeris marginata,

Cylindroiulus punctatus,
and Tachypodoiulus niger

Julus scandinavius

Rhinocricus padbergi
Crustaceans

Calamus finmarchius
Annelids

Lumbricus terrestres
Mollusks

Sphincterochila sp

Saccostrea glomerata

Crassostrea gigas

Crassostrea gigas

Lymnaea stagnalis

Pinctada fucata

Mpytilus galloprovincialis

Deroceras reticulatum

Mptilus sp.

Mytilus galloprovincialis

Chamelea gallina

Fishes

Oreochromis mossambicus

Oreochromis niloticus

Squalis torgalensis and
Squalis carolitertii
Oncorhynchus mykiss

Mugil cephalus

Variations in
different situations
Variations

Increase
Increase

Increase

Increase
Decrease
Decrease

Increase

Increase

Variations

Decrease

Variations
Decrease
Increase
Increase
Increase
Increase
Increase
Increase
Increase

Increase

Increase

Variations
Increase

Variations

Increase

Increase

Metals

Metals
Metals
Metals
Metals
Metals
Metals
Diapause
Diapause
Diapause

Metals

Metals

Vinasse and biosolid

Diapause

Metals

Natural annual cycle of activities
High temperature and metals
Toxins

Toxins

Pharmaceutical mixtures
Bacterial infection

Seasonal changes

Metals

Organic contaminants

Environmental pollution correlated to
seasonal variations, pH, and salinity

Variation in oxygen level, temperature,
salinity, and B[a]P (Benzo[a]pyrene)

concentration

Stress caused by animal agglomeration

Insecticide imidacloprid

Seasonal changes

Metals

Xenobiotics

Kohler et al. (1999)

Augustyniak et al. (2009)
Doganlar et al. (2014)
Braeckman et al. (1997)

Kafel et al. (2012)
Warchalowska-Sliwa et al. (2005)
Borowska and Pyza (2011)
Yocum (2001)

Yocum (2001)

Tungjitwitayakul et al. (2008)

Kohler et al. (1992)

Zanger et al. (1996)
Coclho et al. (2017)

Aruda et al. (2011)

Nadeau et al. (2001)

Mizrahi et al. (2012)
Taylor et al. (2013)
Mello et al. (2012)
Mello et al. (2013)
Gust et al. (2013)
WANG et al. (2009)
Li et al. (2009)
Kohler et al. (1996)
Jonsson et al. (2006)
Mi’covi’ et al. (2009)

Monari et al. (2011)

Dini et al. (2006)
Ansoar-Rodriguez et al. (2016)
Jesus et al. (2013)

Soyiit et al. (2012)
Ekambaram and Narayanan (2017)

—no change was observed in the synthesis of HSP70 in individuals

@ Springer



Water Air Soil Pollut (2018) 229: 264

Page 50f 12 264

as environmental, chemical, or pathophysiological
stresses, but activation of the response will always be
homotrimerization of DNA binding which may be from
HSF or its isoforms (HSF1 in mammals, for example).
Activation of HSF proteins in response to stress is a
process involving a few steps, i.e., the conversion of an
inactive monomer to homotrimer, nuclear accumulation,
DNA binding, and activation of the target gene. How-
ever, little is known about the precise mechanisms by
which the stress signal is transmitted and interpreted by
stress-responsive HSF proteins in order to activate tran-
scription to the homotrimeric DNA binding form (Ahn
and Thiele 2003).

The study of physiological stress through the analysis
of HSP70 represents a useful tool to quantify and predict
levels of stress in organisms. Thus, it leads to an under-
standing of environmental changes that limit the distribu-
tion of these organisms and how much variation they could
withstand in a stress situation (Tomanek 2008, 2010).

Del Razo et al. (2001) reviewed the ability of arsenic
compounds to modulate and/or accumulate stress proteins.
In this work, the authors observed the physiological con-
sequences of arsenic-induced stress and monitored the
effects resulting from exposure to arsenic in humans and
other organisms. In most cases, the induction of stress
proteins depends on the ability of arsenic to reach its
valence, the type of exposure, with arsenite being the
largest inducer of HSP in various organs and systems.
HSP70 induction to arsenic is rapid and has a dose-
dependent response.

HSP70, in addition to its most common function, also
acts efficiently in situations of cytotoxicity, as it plays a
cryoprotective role against deleterious effects on cells. This
is true regardless of the process and for conditions gener-
ated by internal and external factors (Chi and Mestril 1996;
Ansoar-Rodriguez et al. 2016; Coelho et al. 2017).

3 HSP70 Gene Expression Changes in Organisms
Exposed to Toxins

3.1 Insects

In insects, HSP30, HSP70, and HSP90 are the three best
known groups of stress proteins (Denlinger et al. 2001).
It is known that they have important functions in insects,
differing from species to species and even within the
same species according to the physiological and envi-
ronmental conditions where they occur (King and

MacRae 2015). HSP70 is the most studied group and
present the best results in stress responses in this class
(Denlinger et al. 2001).

Several species of insects can be used as
bioindicators of environmental pollution. HSP70 mark-
ing in particular has been widely used in environmental
stress and/or contamination situations.

Silva-Zacarin et al. (2006) presented an analysis of
HSP70 heat shock proteins in Apis mellifera bees, a
species which are constantly exposed to pesticides. Ac-
cording to the authors, these stress conditions in the field
might induce morphological and physiological alter-
ations. Therefore, immunodetection of HSP70 is an
important additional tool to the results obtained for side
effects of acaricides (rotenone) and oxalic acid expo-
sure. It was demonstrated that HSP70s were synthesized
in the cytoplasm and/or the nucleus of secretory gland
cells.

It is known that pesticides are one of the main con-
taminants of groundwater and drinking water, being
usually introduced into the environment through an-
thropic practices and agricultural neglect. Since water
is the final destination of pesticides, these substances
usually appear as complex mixtures and are hardly
found as individual compounds (Silins and Hogberg
2011).

In this sense, Doganlar and Doganlar (2015) demon-
strated that Drosophila melanogaster exposed to a mix-
ture of pesticides (molinate, thiobencarb, linuron, pho-
rate, primiphos-methyl, fenvalerate, and lambda-
cyhalothrin) that are commonly found in water at con-
centrations of 0.1, 0.5, and 1 part per billion (ppb)
showed increased HSP gene expression at all concen-
trations, among other changes. The production of
HSP70s, unlike the other HSPs evaluated, increased
after exposure of the animals to concentrations of 0.5
and 1 ppb. This work suggested that, considering the
changes in HSP levels, the permissible limits of pesti-
cide concentrations for drinking water described in the
regulations of several countries are potentially cytotox-
ic. The observations presented by the authors serve as a
basis for the re-evaluation of these limits.

Kohler et al. (1999) induced the synthesis of HSP70
as a marker for cell stress in two species of collembolans
(Orchesella bifasciata and Tomocerus flavescens) ex-
posed to a metal concentration gradient near a bronze
factory. The population of severely polluted areas, fed
with seaweed containing high concentrations of metals,
presented low values of HSP70. According to the
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authors, levels below the detection limit of HSP70 in
samples exposed to contaminated seaweed are probably
due to pathological cell damage. This allowed the au-
thors to conclude that the differences in tolerance be-
tween individuals and the heterogeneous distribution of
metals in the litter may explain the large intra-specific
variability found in HSP70 levels.

Augustyniak et al. (2009) evaluated the level of
HSP70 in the st instar of Chorthippus brunneus grass-
hoppers located in different cities in Poland. Among the
cities, there were both unpolluted (Pilica, place of refer-
ence) and polluted habitats (Olkusz, Szopienice). The
grasshoppers were additionally exposed to several doses
of zinc (one of the most abundant pollutant in the
studied sites) and also studied during the diapause pro-
cess of these animals. Great variation was observed in
the expression level of HSP70 gene when comparing the
sites included in the study and the adverse situations in
which the animals were. The level of HSP70 in the body
of the offspring depended on the place of origin, with
the highest expression of HSP70 found in the bodies of
larvae that hatched from eggs laid by young females
from Pilica. In contrast, a low level of HSP70 was found
in larvae from polluted sites, especially in the progeny of
young females. The application of zinc during diapause
influenced the level of HSP70 in locust larvae; however,
the type of change depended on the place of origin of the
insects. In larvae from the reference site and, to a lesser
extent, in Olkusz, the increase in the level of HSP70
after zinc treatment was more pronounced. The grass-
hoppers from Szopienice showed no change in the ex-
pression of HSP70 after exposure to low zinc dosage,
but a higher dosage caused a reduction of protein ex-
pression. According to the authors, all these observa-
tions may be a result of maternal heritability, but it
cannot be ruled out that a possible adaptation of the
animals may have occurred. Thus, it can be observed
that the synthesis of the HSP70 protein can signal dif-
ferent responses in different situations.

Trace metals found in water can cause a number of
human health damages, as well as compromise the
mental and physical development of children (Benham
and Ling 2011). Because of the toxic effects of trace
metals, governments and different agencies linked to
public health have set limits on the amount of metals
that are allowed in water destined for consumption.
Therefore, Doganlar et al. (2014) exposed adult individ-
uals of D. melanogaster to a mixture of four trace metals
(Fe, Cu, Cd, and Pb) in three different concentrations.
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The higher dose and the lower dose were stipulated
according to the limits allowed in drinking water in
order to evaluate whether these limits would in fact
cause changes in bioindicator animals.

The observations were that the expression of the
Hsps genes was altered as a result of the increased
exposure time and that the HSP70 obtained a higher
level of expression when compared to the other HSPs
(HSP60, HSP26, HSP83) also expressed in the organ-
ism. In view of these responses, along with the other
analyses obtained, the authors concluded that the mix-
ture of the four metals caused a genotoxic effect in the
organism (Doganlar et al. 2014).

Braeckman et al. (1997) and Kafel et al. (2012)
observed an increase in the production of HSP70 in
Aedes albopictus and Spodoptera exigua that were ex-
posed to the metal cadmium. However, some studies
suggest that metal-induced expression of HSP70 varies
from species to species.

In a study conducted by Warchalowska-Sliwa et al.
(2005), individuals of the Orthoptera species Tetrix
tenuicornis were collected from a polluted area with
concentrations of copper, zinc, lead, and cadmium that
were up to 41 times higher than the control group. The
results showed that there was no significant increase in
the induction of HSP70. Similar result was found by
Borowska and Pyza (2011) when Musca domestica
(Diptera) was exposed to the same metals in laboratory
conditions. No change in HSP70 synthesis was ob-
served in treated subjects, regardless of whether the
concentration was low or high.

3.2 Diplopoda

According to Knigge et al. (2014), little is known about
the stress proteins in soil invertebrates. Even less is
known about the Diplopoda class, particularly on HSPs,
despite its significant contribution to the detritivorous
fauna of the soil.

The first study carried out with the purpose of analyz-
ing the HSPs in the group was developed by Kohler et al.
(1992). The diplopod species (Glomeris marginata,
Cylindroiulus punctatus, and Tachypodoiulus niger) were
used to perform the experiments in the laboratory, where
they were contaminated with lead for 41 days. The results
showed that both the contaminated group and the control
group had the same pattern of HSPs. The authors ex-
plained the induction of proteins in the control group by
stress caused by captivity.
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Subsequently, Zanger et al. (1996) induced HSP70
expression in adult individuals of Julus scandinavius
exposing them to litter contaminated with different
concentrations of Cd**. The increased concentration
of Cd** in the food resulted in high levels of HSP70,
which according to the authors was indicative of a
proteotoxic condition.

Coelho et al. (2017) exposed Rhinocricus padbergi
to two residues widely used as fertilizers: biosolids and
sugarcane vinasse. The animals showed increased im-
munostaining for HSP70 when exposed to such resi-
dues, revealing the cytoprotective function of HSP70s.

3.3 Crustaceans

As in insects, stress proteins are also found in the dia-
pause process in crustaceans. Aruda et al. (2011) veri-
fied the synthesis of these proteins in the marine cope-
pod Calamus finmarchius during the diapause process
and when exposed to stress. Eight heat shock proteins
were identified: HSP21, HSP22, HSP26, HSP90, and
four forms of HSP70 (HSP70 A, B, C and D), which
were characterized according to the stress response to
the manipulation process and in association with
diapause.

HSP21, HSP22, and HSP70A (cytosolic subfamily)
were induced by stress from the manipulation of the
animals. HSP22 had a high production in animals with
deep diapauses, protecting proteins from degradation
during this process and playing its role in short-term
stress. In addition to the role in stress response, the
synthesis of HSP70 and HSP90 varied during the crus-
tacean molting cycle and thus aided in regulating the
developmental delay associated with diapause in
C. finmarchicus.

3.4 Annelids

Nadeau et al. (2001) carried out an evaluation for
HSP70 as a biomarker of several soil pollutants using
the earthworm Lumbricus terrestres. One of the objec-
tives of the study was to evaluate whether a dose-
response relationship could be established and whether
the response to the stress observed was specific. They
were exposed to chloroacetamides, pentachlorophenol,
and metals (Pb*™", Cd™, Cu™, Hg"™"), which induced the
expression of the HSP70 gene in the animal’s midgut. It
was detected a decrease in HSP70 synthesis in the

muscle tissues near the middle of the body that were
exposed to metals.

HSP analysis in L. terrestres tissues, particularly in
the midgut, has been shown to be an adequate and
sensitive test for adverse effects on earthworms and
has shown a good level of reproducibility despite some
individual variations. For the authors, the induction of
HSP70 in worms represents not only a good biomarker
with a broad spectrum of exposure but also a biomarker
of effect, since known toxic agents alter the expression
of the gene in the tissues of these animals, and not just a
simple accumulation of HSPs. Thus, the detection of
HSP70 in earthworms may be an early warning marker
for the presence of potentially harmful agents in soils.

3.5 Mollusks

The phylum Mollusca is one of the largest groups and is
of great importance in the animal kingdom. Most of
these animals live in fresh or salt water and must face
intense environmental disturbances to maintain homeo-
stasis, a situation generally described as a cause of
stress. The production of acute-phase proteins, such as
HSPs, is considered a classic response against stress
factors. For this reason, HSP70s from mollusks are of
particular interest, and also because on their diversity,
sequence characters, and expression profiles in hemo-
cytes under several types of stresses (Wang et al. 2013).
Most information on the synthesis of HSP70 in mol-
lusks was obtained from tissue analysis, including gills,
digestive glands, muscle, mantle, and hemocytes. Like
most hemolymph, hemocytes comprise the major com-
ponent of nonspecific defense mechanisms, so they are
closely involved in a series of cellular immune re-
sponses (Mello et al. 2012; Wang et al. 2013).
Synthesis of HSP proteins can occur without an
external stressor. Mizrahi et al. (2012) have suggested
in their studies that in terrestrial snails of the
Sphincterochila species, HSP70 is involved in the natu-
ral annual cycle of activities. Estivation, survival strate-
gies during desiccation and heat stress, and adaptation of
land snails to different habitat are some examples of
activities that generate the development of different
strategies for expression of HSP70 in response to stress.
HSP70 synthesis in mollusk hemocytes was exten-
sively investigated as a response to several environmen-
tal stressors, such as high temperature, metals (Taylor
etal. 2013), toxins (Mello et al. 2012; Mello et al. 2013),
pharmaceuticals (Gust et al. 2013), bacterial infections
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(Wang et al. 2009), and seasonal changes (Li et al.
2009). The expression profiles are generally divided
into three types: upregulated, invariable, and downreg-
ulated. The upregulation of HSP70 proteins in mollusks
hemocytes generally exhibits a pattern that is clearly
dose-dependent and time-dependent (Mello et al. 2012).

Kohler et al. (1996) exposed adult specimens of the
slug species Deroceras reticulatum to sublethal concen-
trations of lead, cadmium, and zinc. After 3 weeks of
exposure, the tests showed accumulation of all these
metals in the animals, accompanied by an increase in
HSP70 protein. They showed that the applied technique
serves as a versatile tool to evaluate the stress reactions
in invertebrates in response to relevant environmental
toxins.

Jonsson et al. (2006) investigated the possible use of
cytoskeletal components as biomarkers of organic pol-
lution in mussels. The authors also evaluated the expres-
sion of HSP70 protein in mussels exposed to isolated
crude oil and to mixtures with alkyl phenols and poly-
cyclic aromatic hydrocarbons (PAHs), brominated
flame retardants (BDE-47), bisphenol A, and diallyl
phthalate. Protein expression was strongly induced in
all exposure groups.

Mi covi ¢ et al. (2009) estimated the concentration of
heavy metals in four sites in the industrial zone of
Kvarneriam Bay, in the northern Adriatic Sea, by study-
ing the mussel Mytilus galloprovincialis. In this work,
the alterations were correlated with seasonal variations
in environmental temperature, pH, and salinity, as well
as the expression of metallothioneins (MTs) and heat
shock proteins (HSP70) in the digestive tract of mussels.
The results demonstrated that the induction of MTs and
HSP70 were highly affected by the contamination by
Pb, Hg, and Cd present in the sea sediments. This
implies that these stress proteins can be biomarkers of
the power of marine pollution.

Monari et al. (2011) evaluated the heat shock protein
HSP70 expression in response to physical and chemical
stress in Chamelea gallina, a bivalve mollusk from the
coast of Italy. Mollusks were exposed to different ex-
perimental conditions: variation in oxygen levels (48 h
of anoxia followed by 24 h of normoxic recovery),
variation in temperature (20, 25, 30 °C for 7 days),
variation in salinity (28, 34, 40%. for 7 days), and
B[a]P exposure at 0.5 mg/L concentrations for 24 h over
a period of 7 and 12 days. In all exposure situations,
HSP70 demonstrated significant upregulation under an-
oxic conditions at elevated temperatures, low salinity,

@ Springer

and presence of B[a]P. The authors considered the in-
duction of HSP70 as an adaptation mechanism associ-
ated with changes in environmental parameters, as well
as the presence of xenobiotics. Overproduction of
HSP70 can also be induced by protein damage due to
stress factors. The involvement of the protein as a phys-
iological response was useful as an early warning of
environmental stress caused by pollution.

3.6 Fish

Dini et al. (2006) monitored HSP70 gene expression in
the Mozambique tilapia (Oreochromis mossambicus)
during confinement and during stress caused by animal
agglomeration. After the tests, it can be concluded that
in reality, the increase or decrease of HSP70 expression
in the stressed fish was modified in the organ and the
duration-dependent stress exhibits minimal subjective
fluctuations. Evaluating the experiment as a whole, the
authors suggest that the expression of HSP70 could be
an indicator of stress state in fish when measured in
organs with significant responses.

Soyiit et al. (2012) evaluated the gene expression of
HSP70 in rainbow trout (Oncorhynchus mykiss) after
exposure to some metals. Expression of the Hsp70 gene
was increased in the presence of the metal ions such as
cobalt, copper, zinc, and silver. At the end of 48 h
exposure, the expression level was high for all metals.

Jesus et al. (2013) carried out studies with two spe-
cies of freshwater fish of the genus Squalis (Squalis
torgalensis and Squalis carolitertii). The authors ob-
served that these animals are subject to intense seasonal
variations daily and changes occur in the expression of
HSP70 genes. The authors observed that the
S. torgalensis species increased HSP70 expression at
35 °C while S. carolitertii showed no increase in gene
expression, but some deaths were recorded. The two
species have different ways of dealing with changes in
temperature.

Ansoar-Rodriguez et al. (2016) analyzed the liver of
Oreochromis niloticus (Nile tilapia) exposed to the in-
secticide imidacloprid, widely used in sugarcane crops.
Analysis of the HSP70 of the exposed animals demon-
strated a considerable increase in the immunostaining
protein, suggesting that the insecticide caused a cyto-
toxic reaction in the liver cells of the Nile tilapias.

Ekambaram and Narayanan (2017) evaluated the
cytoprotective effect of HSP70 on fish brain on the
stress effect on xenobiotic pollutants. Significant
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elevation in the HSP70 level observed by the authors is
indicative that the upregulation of HSP70 has a
cytoprotective role during stress induced by xenobiotics
in the fish brain.

4 Conclusion

Considering the various responses from numerous stud-
ies compiled here, we concluded that the monitoring of
both the increase and decrease in gene expression and
consequent activation and synthesis of HSP70 proteins
has great potential to warn about environmental distur-
bance caused by numerous substances. These sub-
stances may interfere negatively in the physiology of
both invertebrates and vertebrates. The analysis of dif-
ferent techniques used to identify the presence of the
HSP70 protein as molecular biomarker has proven to be
an excellent tool in investigations of this nature.
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