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Abstract

:

Heat shock proteins (HSPs) play cytoprotective activities under pathological conditions through the initiation of protein folding, repair, refolding of misfolded peptides, and possible degradation of irreparable proteins. Excessive apoptosis, resulting from increased reactive oxygen species (ROS) cellular levels and subsequent amplified inflammatory reactions, is well known in the pathogenesis and progression of several human inflammatory diseases (HIDs) and cancer. Under normal physiological conditions, ROS levels and inflammatory reactions are kept in check for the cellular benefits of fighting off infectious agents through antioxidant mechanisms; however, this balance can be disrupted under pathological conditions, thus leading to oxidative stress and massive cellular destruction. Therefore, it becomes apparent that the interplay between oxidant-apoptosis-inflammation is critical in the dysfunction of the antioxidant system and, most importantly, in the progression of HIDs. Hence, there is a need to maintain careful balance between the oxidant-antioxidant inflammatory status in the human body. HSPs are known to modulate the effects of inflammation cascades leading to the endogenous generation of ROS and intrinsic apoptosis through inhibition of pro-inflammatory factors, thereby playing crucial roles in the pathogenesis of HIDs and cancer. We propose that careful induction of HSPs in HIDs and cancer, especially prior to inflammation, will provide good therapeutics in the management and treatment of HIDs and cancer.
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1. Introduction


Although some heat shock proteins (HSPs) are constitutively produced, most are molecular chaperones that are normally over-expressed by cells in response to inducible signals that may lead to protein denaturation [1]. These stressors include heat, nutrient deficiency, oxidative stress, acute or chronic inflammatory diseases, viral infections, ischemia, heavy metals, exercise, gravity, and bacterial infections [2,3,4,5]. These responses enable cellular protection against protein denaturation and possible degradation of misfolded proteins, which may, in turn, result in protein aggregation and cancer [6]. Some of these constitutively-expressed heat shock polypeptides are involved in protein folding and translocation of organelles across cellular membranes, prompting many authors to label them “molecular chaperones” [5,6,7,8].



Since the discovery of heat shock proteins in 1962 by Ritossa in the salivary glands of the Drosophila larvae, the important functions of heat shock proteins in response to various stressful signals including human cancer and cystic fibrosis, has been well elucidated [9,10,11]. Upon discovering these proteins, it is not surprising that HSPs have made a very large impact in various areas of research, including medical and biological fields, because of their diverse functions in both pathological and normal conditions [12,13].



Molecular chaperones, which are found in all living cells and form part of the defence system against both internal and external stressors, are primarily grouped into two major groups according to their amino acid composition, molecular weight, as well as their specific cellular function as the high molecular weight and the small molecular weight HSPs [14,15]. The high molecular weight HSPs which range from 60 to 110 kDa are ATP-dependent and their primary cellular function is binding and folding of nascent proteins through ATP-dependent allosteric organization, even though assembling, transportation, vaccination against cancer metastasis, and degradation of improperly-folded peptides have also been reported [16,17]. Small molecular weight HSPs or heat shock protein β (HspBs), which range from 15 to 43 kDa, are ATP-independent molecular chaperones, of which their functions have been documented in embryo developmental processes, formation of respiratory organs, like cardiac muscles, as biomarkers for tumour formation, in exercise-induced stress, as well as in protein folding [5,15,18]. The classification, localization, and roles of HSPs are highlighted as shown (see Table 1).



The roles of HSPs in the pathology of many diseases including human inflammatory diseases (HIDs), has been well documented. Hsp70 and Hsp60 in particular have been reported to form part of the auto-antigen complex capable of eliciting immunoregulatory cascades, thus suppressing the immune response which is commonly observed in various HIDs, such as Type 1 diabetes, atherosclerosis, rheumatoid arthritis, asthma, and allergies [27]. Hsp functions in the immunology of HIDs could be attributed to their diverse properties: (1) their ability to assemble immune system apparatus to infectious sites; (2) they are capable of interacting with antigen-presenting cells and initiating CD8+ immune responses and are, therefore, seen as potential cancer vaccines; (3) their ability to refold denatured proteins, including most immune cells, thus promoting their survival under stressful conditions [28,29]. In this review, we discuss in detail the interplay between HSPs, apoptosis, reactive oxygen species (ROS) and inflammatory diseases, as well as possible roles and potential target HSPs hold in HIDs and cancer.




2. Role of HSPs in Apoptosis


Apoptosis, which is alternatively called programmed cell death or “cellular suicidal”, is a process by which cells are selectively killed without deteriorating neighbouring tissues [30]. This process is normally induced during embryo development, cell division, aging, as well as maintenance of cellular homeostasis, although it has also been reported to form part of the immune defence mechanism in response to cellular damage including the onset of cancer, and neurodegenerative and human inflammatory diseases (HIDs) [31,32,33]. Inappropriate stimulation of apoptosis has been associated with a variety of human diseases, such as ischemic damage, neurodegenerative disorders, autoimmune diseases, as well as cancer, making it a good therapeutic candidate against human diseases [32].



Studies have shown that apoptosis is mediated following the activation of caspases (a group of aspartate-specific cysteine proteases) that catalyses the addition or removal of specific cysteine or aspartic acid residues from target substrates, thereby activating or inhibiting the action of the targeted substrate [34,35]. These endoproteases are produced in an inactive state as zymogenes but upon activation, they play a central role in controlling apoptosis-mediated cell death, pyroptosis, necroptosis, as well as inflammatory reactions [36]. Caspases are broadly classified according to their roles in biological processes: apoptotic caspases (-7,-8, and -9) and inflammatory caspases (-1, -4, -5, and -12) in human and (-1, -11, and -12) in mice, respectively. The pro-inflammatory cytokines (such as interleukin 17, IL1β, TNF-α, IL-8, among others) and other inflammatory mediators are up-regulated as a result of the activation of caspases that are involved in inflammatory responses resulting in the innervation of innate immunity responses to cellular insults [36,37].



Caspase mediation of apoptosis falls into two broad categories: intrinsic and extrinsic mechanisms. Intrinsic or mitochondrial apoptotic pathway is a highly regulated and active pathway that cells use to antagonize mitochondrial stimulations as a result of stressors such as DNA damage, hypoxia, growth factor deprivation, as well as the accumulation of misfolded proteins. In response to cell death signals which activate the diverse functions of Bcl-2 families, intrinsic apoptosis is known to induce mitochondrial-membrane permeability through the opening of the permeability transition pore (PTP), thus allowing the release of cytochrome c (a pro-apoptotic factor that plays an important role in intrinsic apoptosis) into the cytosol. Inside the cytosol, cytochrome c complexes with apoptotic protease activating factor-1 (Apaf-)—an adaptor peptide—to recruit and activate pro-caspase-9, thereby forming a complex called apoptosome. The active caspase-9, on the other hand, triggers the activation and release of downstream ‘executioner’ caspase-3, which facilitates the degradation of the targeted substrate [34,36,38].



The extrinsic apoptosis pathway is characterised by interactions between Fas receptors (TNFR1, DR3 or death receptor 3, TRAIL-R1 or DR4, and Fas or CD95) and Fas ligands (TNF, Apo2-L, and FasL) on the surface of lymphocytes in response to suicidal signals. The binding of Fas ligand to FADD adaptor protein causes the dimerization of Fas associated death domains (FADDs) found in both Fas receptor and FADD adaptor proteins. This interaction allows the death effector domain (DED) to relate with pro-caspase-8 resulting in the formation of a complex called the death inducing signalling complex (DISC). The subsequent innervation of pro-caspase-8, which then triggers the activation of other pro-caspases, which then leads to the suicidal execution of cells [31,32,33,34,36,39,40].



Cells respond to numerous stressors, ranging from external to internal stressors, by expressing highly-regulated proteins upon thermal induction, called heat shock proteins (HSPs). These highly-conserved proteins are known for their diverse functions including protein folding, translocation of organelles across membranes, assembling and disassembling of proteins, signalling transduction, degradation of misfolded proteins, as well as ROS generation in the mitochondria capable of inducing apoptosis [41]. Overwhelming evidence has shown that HSPs have a wide array of functions in apoptosis, which in most cases, leads to the suppression of apoptotic pathways. Interestingly, the same stress signals that trigger apoptosis also stimulate the expression and release of HSPs. However, induction of HSPs represses apoptosis through inhibition of pro-apoptosis factors, such as p53, Bax, Bid, Akt, Apaf-1, and other Bcl-2 families. So far, numerous mechanisms of how HSPs incite cytoprotective effects against apoptosis has been proposed; one of them being the ability of Hsp27 to interact with cytochrome c and block its dimerization with Apaf-1, hence preventing the formation of apoptosome complex, which is the hallmark of mitochondrial cell suicide [36,42].



Work by Rane and colleagues have shown that Hsp27 relates directly with the serine/threonine (Akt) signalling pathway and this association inhibits neutrophil-mediated apoptosis in a phosphorylation-dependent manner [43]. Although the exact mechanism is still obscure, subsequent studies have shown that another molecular chaperone, Hsp70, directly associates with Apaf-1, blocking the production of apoptosome in an ATPase-dependent manner rather than its chaperoning activity [34,38,44]. Goto and co-workers and Beere reported that Hsp70 together with its co-chaperone Hsp40 homologs, inhibits nitric oxide mediated apoptosis by blocking the mitochondrial translocation of Bax, a pro-apoptotic member of Bcl-2 family in both ATPase and chaperoning dependent-fashion [34,45]. In spite of all the negative functions of HSPs in attenuating apoptosis, members of Hsp60 located in the mitochondria, in complexes with Hsp10, are involved in the signalling complex that results in pro-caspase-3 activation in cytochrome c-dependent apoptosis. In addition, several studies have shown that cytosolic Hsp60 associates with Bcl-2 proapoptic protein, Bax, leading to its activation, as well as its mediated apoptosis [46,47]. This observation suggests HSPs’ roles in apoptosis to be complex, complicated, and controversial [34,38].




3. HSPs and Oxidative Stress


Due to continuous mitochondrial oxidative respiratory reactions and other cellular and non-cellular processes, including phagocytosis, inflammatory reactions, ionizing radiation, air pollutants, exercise, cigarette smoking, and ozone [48,49,50], cells frequently generate reactive oxygen species (ROS) and reactive nitrogen species (RNS), which disturb normal oxidant and antioxidant cellular homeostasis, leading to oxidative stress [51,52]. These oxygen-containing compounds can be broadly categorized according to their oxygen-containing capacity: superoxide anion (O2−), hydroxyl radical (OH), alkoxyl radical (RO), peroxyl radical (HOO), nitric oxide radical (NO), nitrogen oxide (NO2), as well as potent non-radicals, such as hydrogen perioxide (H2O2), ozone (O3), and oxygen singlet (1O2) [53,54]. Both ROS and RNS in accumulated levels are very reactive and more potent than normal oxygen and nitrogen, thus causing deleterious effects to the living system.



In spite of all negativities associated with accumulated cellular ROS, several studies have shown that, at low or moderate levels of unknown concentration, ROS perform important cellular beneficial roles, including acting as secondary messengers in signal transduction, in immune defence, in antibacterial infections in the phagosome and vascular tone, as well as in ROS-induced programmed cell death in cancer cells [52,54,55,56,57,58]. The hydroxyl radical (OH−) which is the most reactive and most dangerous radical, is regenerated when H2O2 (a product of enzymatic reactions) decomposes slowly in the presence of Fe2+ in a process called the Fenton reaction and through other cellular reactions, including one between NO and O2− to form a perioxynitrite intermediate which immediately decomposes to OH− [59]. Upon OH− formation, OH− is capable of abducting electrons from biomolecules, especially lipids (polyunsaturated fatty acids), thereby inflicting DNA, carbohydrate, protein, and lipid oxidation and, most importantly, resulting in oxidative stress when the antioxidant system is supressed [58]. The body uses the antioxidant system to neutralise free radical cellular damage by converting them to less harmful substances under physiological conditions; however, this balance can be disrupted upon cellular stress leading to the accumulation of cellular levels of free radicals, especially ROS, thus activating many inflammatory cascades which have been implicated in various human inflammatory diseases (HIDs), such as arthritis, asthma, stroke, atherosclerosis, trauma, hepatitis, and in cancer [52,60,61,62].



The deteriorating cellular effects of free radicals in accumulated levels has been well documented; however, it is not surprising that biological systems protect themselves by increasing the expression level of highly-regulated proteins termed “heat shock proteins” in response to these reactive species (ROS) that may otherwise lead to oxidative stress. HSPs are known for their cytoprotective activities in response to a variety of cellular insults through their chaperoning activities ranging from polypeptide folding, assembling, and translocation of organelles across membranes, to conducting repairs, and the degradation of irreparable peptides [8,63]. Nevertheless, DNA fragmentation has been observed in cells undergoing ROS-mediated genotoxicity, but this effect has been rescued with the addition of the Hsp70 family, thereby suggesting that the cytoprotective effects of HSPs could be by protecting DNA breaks in response to ROS-induced insults [64]. Interestingly, HSPs have been reported to work hand-in-hand with the antioxidant system to inhibit or neutralise the cellular effects of ROS [65,66]. Accumulated ROS levels are said to induce apoptosis and are associated with a variety of inflammatory reactions, which is the hallmark of human inflammatory disease (HID) pathogenesis [53]. Hence, it is tempting to suggest that HSPs could play cytoprotective roles in the pathogenesis of HIDs and could be targeted as drug candidates for immunotherapy against HIDs.




4. HSPs in Human Inflammatory Diseases (HIDs) and Cancer


Inflammation, which forms part of the human first line of defence in response to stressful insults (such as pathogen invasion, oxidants, and cell damage), is characterized by swelling, pain, heat, and redness in the infected area [67]. This response enables cellular injury repair as well as elimination of any sign of necrotic cells, thereby activating innate immunity [68]. The inflammatory reaction is considered beneficial to humans in response to cellular insults because of the fact that it helps to clear and repair damaged cells and tissues. However, long-term unregulated inflammation may result in chronic inflammatory reactions marked with massive tissue and cell destruction, and this has been reported to play central role in the pathogenesis of many human inflammatory diseases (HIDs) [53]. HSPs have been reported to prevent inflammation through the inhibition of pro-inflammatory cytokines including tumour necrosis factor-α (TNF-α). The following sections in this review will hereby focus on the roles of HSPs in adult respiratory distress syndrome, rheumatoid arthritis, asthma, and cancer.



4.1. Acute Respiratory Distress Syndrome


Adult Respiratory Distress Syndrome (ARDS), which is alternatively called acute respiratory distress syndrome, is a lung inflammatory disorder characterized by Diffuse Alveolar Damage (DAD) as a result of the influx of liquid into the alveoli sacs (the site of blood-oxygenation), as well as the imbalance between pro-and-anti-inflammatory cytokines (interferon, TNF-α, interleukins, platelets derived growth factor) which, in most cases, leads to severe hypoxemia, stiffness of the lungs, pulmonary infiltration and organ failure, without causing cardiogenic pulmonary oedema [69,70]. Although ARDS mortality depends on several factors such as age, critical illness and other medical complications, ARDS has been estimated according statistical reports, to affect approximately 50 in every 100,000 people, resulting in almost 40% of deaths in infected patients worldwide [71,72]. So far, the actual causes of ARDS are obscured but, in most cases, ARDS has been reported in trauma or critically ill patients. Age and other unhealthy lifestyles, like smoking and chronic alcoholism, have also been documented as predisposing factors associated with ARDS cases [73].



In response to severe DAD cases, alveoli sac permeability of lung membranes is increased; this allows for the influx of neutrophils, tumour necrosis, macrophage inhibitory factor, together with platelet activation and sequestration, which are believed to be the centre stage for the development, progression, and pathogenesis of ARDS. However, elimination of activated inflammatory cytokines that cause tissue and cellular destructions in inflamed area have been reported to decrease morbidity and deaths in HIDs [74]. Nevertheless, heat shock proteins are known for their cytoprotective effects in response to cellular insults including inflammatory diseases; these proteins are said to be up-regulated during this stage of infection. Wesis and colleagues demonstrated that Hsp70 has the ability to suppress inflammatory responses by initiating the refolding of protein aggregates, thereby preventing the cellular damage and destruction observed in the pathology of ARDS and sepsis [75]. In support of this finding, other studies have shown that decreased mortality rates immediately after heat shock protein administration to endotoxin may mark the events of ARDS after several hours of development, as previously observed in rats [72,76]. Overwhelming evidence has shown that loss of pulmonary cells promote cell division which contribute massively to the pathogenesis of ARDS and heat shock proteins, Hsp70 in particular, has been previously shown to limit inflammation in HIDs, by inhibiting the pathway that leads to nuclear factor (NF)-kB activation as observed in pneumocytes [75]. Although the mechanism of Hsp-cytoprotective action in ARDS is largely unknown, it has been reported to follow the same mechanism as previously observed in other lung inflammatory diseases, like sepsis and pneumocystis [77].




4.2. Rheumatoid Arthritis


Rheumatoid arthritis (RA) is a long-term autoimmune-inflammatory disease where, instead of the immune system defending the body, it attacks synovial fluid-membranes normally found in the wrist, hand, or joints of the feet. RA, like other inflammatory diseases, is characterised by stiffness, swelling, and warmness and pain of the joints which, if left untreated long-term, may result in severe inflammation, deformity, and several functional disabilities [78,79]. Severe inflammation is said to attract numerous immune cytokines, chemokine, lymphocytes, and other immune components to the area of the infection (normally in the joints), causing redness, warmness, and painful discomfort, which are the symptoms, observed in rheumatoid arthritis infection. To date, the exact cause of RA is poorly understood and there is no pronounced cure. However, RA has been reported to arise as a result of family history or genetics (people that are genetically predisposed to RA) and other predisposing factors, such as environmental effects, educational background, and low socio-economic status, as well as unhealthy lifestyles, such as smoking and lack of exercise [78,80,81,82].



In spite of all the efforts in treatment, different medications and improvement in lifestyle with added exercise and healthier nutrition, RA remains one of the leading inflammatory autoimmune diseases worldwide. According to statistical reports, 24.5 million people were effected by RA in 2015, with a rate of 100,000 people every year [78]. RA, which occurs more in middle-aged females than in males, and has shown 10% mortality increase between 1990 and 2013, making it one of the prevalent health concerns according to the National Institute of Health (NIH).



In response to RA infection which is characterized by severe inflammation, biological systems always increase the synthesis of heat shock proteins especially Hsp70, the most inducible protein upon stress. Hsp70 exerts its anti-apoptotic activities by inhibiting pro/inflammatory signals or factors that lead to apoptosis, inflammatory pathways, such as activation of caspases, JNK (Jun N-terminal) signalling pathway, the release of cytochrome c, and the formation of apoptosome, which is the hallmark of apoptosis and inflammation progression [34]. More so, it is not surprising that Hsp70 is, therefore, up-regulated in the synovial membrane during rheumatoid arthritis fibroblast-like synoviocyte (RA-FLSs) infection to modulate the effects of T-cells, as well as to control inflammation via inhibition of pro-inflammation signals [83]. Surprisingly, Kang and colleagues reported that repression of Hsp70 by siRNA in an in vitro experiment decreased inflammation by protecting RA-FLSs from nitric oxide mediated-programmed cell death, although the actual function of Hsp70 in the RA in vivo experiment is still not yet clear [84]. This observation suggests the pro-apoptotic and negative roles of Hsp70 in the pathogenesis of RA FLSs infection; thus, inhibition of Hsp70 expression in RA could be one of the mechanisms of controlling severe inflammation observed in rheumatoid arthritis. In addition, van Room and co-workers showed that T-cells taken from RA patients were able to react with human or self-Hsp60 and inhibit the activation of TNF-α (a pro-inflammatory factor) through the activation of Th2 cytokine regulator, whereas there were no regulatory effects observed in Hsp65 isolated from Mycobacterium tuberculosis [85,86]. Consistent with this finding, several studies have shown that T-cell response to self-Hsp70 and Hsp60 through production of interleukin-4 and interleukin-10 regulatory cytokines suppresses arthritis diseases in many animal models. These observations suggest that cross-reactivity of HSPs with T-cells could be one of the ways of controlling human inflammatory diseases, like RA, under stressed physiological states [86,87]. Taken together, the self-Hsp60 reactivity observed in Lewis rats and adjuvant arthritis [88] makes it easy to speculate that human Hsp60 and mycobacterial Hsp60 could be used as potential vaccines against autoimmune inflammatory diseases since they are capable of eliciting immune responses.




4.3. Asthma


Asthma is a multigenic and multifactorial bronchial chronic inflammatory disorder characterised by airway obstruction, bronchospasm and remodelling of the bronchial wall, thus resulting in thickness of airflow walls and difficulties in breathing [89]. The symptoms of asthma, which can be caused by genetic or environmental factors (allergens and air pollutions), or both, range from chest tightness and wheezing sounds when breathing, down to shortness of breath; all these symptoms may vary in individuals. The various associations of different cellular networks, such as smooth muscle, macrophages, fibroblasts, eosinophil and epithelial cells may result in airway remodelling and inflammation [90]. This process of remodelling promotes further thickening of bronchial walls and narrowing the airflow, leading to the breathing difficulties commonly observed in the pathogenesis of asthmatic patients [91].



Statistics have shown that asthma affects 358 million people worldwide which has, so far, resulted in 397,100 deaths in 2015 alone, as compared to the 183 million people who were affected in 1990 [92,93]. According to the Global Initiative for Asthma (GINA), South Africa remains the fourth leading country, globally, and the first on the African continent with the highest mortality resulting from asthma attacks [94]. Furthermore, an estimated 3.9 million South Africans were affected by asthma in 2012, accounting for 1.5% of deaths in this country every year [95]. Taking into account the cytoprotective roles of HSPs in response to cellular insults, several authors have reported the over-expression of Hsp70 in asthmatic patients [96,97]. Surprisingly, recent studies have suggested that intracellular synthesis of Hsp70 chaperones in airways and alveolar sacs of asthma patients correlate with the deleterious effects and severity of the disease, probably by forming part of the inflammatory complex, where it may up-regulate THP-1 synthesis by inducing CD23 expression in the Th2 environment [98,99,100]. Nevertheless, initial studies have proposed its autoprotective activities in response to asthma and lung complications by inhibiting TNF-α mediated-inflammation [96,101]. In support of this finding, many studies have conclusively stated with evidence that the interaction between anti-Hsp70 and anti-Hsp60 correlates with progression, poor prognosis, and severity observed in asthmatic patients, as previously suggested by Shingai and colleagues in a patient with autoimmune liver disease [102] and Mycobacterium Hsp65 in chronic human atherosclerosis [103]. Interestingly, serum Hsp70 circulation is said to increase in pregnant asthmatic patients and this elevated Hsp70 level correlates with foetal and maternal complications such as low birth weight in infants, pre-eclampsia and preterm delivery, and these result in an almost 35% increased death rate in asthmatic pregnant women [104]. Other factors such as smoking and maternal obesity, on the other hand, have also been reported to promote perinatal death [105].



The exact mechanism of Hsp70 activity during asthma development remains to be seen, although evidence has it that Hsp70 mostly targets T-cells and humoral immunity in response to infectious agents, and this may provide a link between T-lymphocyte cross-reactivity-induced autoimmunity and immune responses to infectious diseases [106]. Another possible explanation is the ability of Hsp70 to interact with antigen presenting cells (APCs) and amplify its activities, which plays a crucial role in the modulation and initiation of asthmatic attacks in chronic asthma patients [96,104]. Additional studies have shown the up-regulation of Hsp90 and Hsp72 in response to ROS-induced asthma attacks in young children. Even though the exact functions of Hsp90 and Hsp72 remain unknown, it has been suggested that the elevated levels of these heat shock proteins could be to refold denatured proteins that may result from ROS induced-oxidative stress [107], thereby preventing protein aggregates, cellular deteriorations, and further complications. Tong and Luo showed that elevated Hsp70 levels in peripheral blood mononuclear cells (PBMCs) suggest Hsp involvement in the pathogenesis of asthma infection [108]. Through these observations we, therefore, propose that enhancing Hsp inhibitors in asthmatic patients could reduce the severity in this disease and will become another interesting aspect in the management of asthma and other lung inflammatory diseases, nonetheless more research is needed in this area of study.




4.4. Cancer


Cancer is a term given to the group of diseases characterized by the abnormal invasion and proliferation of cells as a result of uncontrolled cell divisions or mutated tumour suppressor genes [109]. Cancer remains one of the major sources of global morbidity and mortality and persists as the leading cause of death in individuals below 85 years old in the United States despite recent improvements in treatment modalities [53,110]. This exponential increase in cancer cases could be due to increasing prevalence in related factors, such as obesity, unhealthy life styles (smoking, lack of physical activity and imbalance diet), as well as genetic predisposition [31].



Hanahan and Weiberg proposed that the mechanisms by which cancerous cells survive in the human body are by increased resistance to anti-proliferative signals and apoptosis induced-suicidal or abnormal cell death [111]. Interestingly, several studies have reported that this resistance to apoptosis and antiproliferative signals observed in cancerous cells are actually induced in the presence of HSPs, which favour the refolding of denatured peptides through Hop (Hsp70/Hsp90 organizing protein) chaperoning related activities instead of peptide degradation [112,113]. Previous studies have shown that HSPs inhibit both pro-inflammatory and pro-apoptotic caspases, by binding and blocking their activation, thus increasing cancer cell survival [114]. Overexpression of Hsp27 in prostrate, ovarian and bladder cancers have been shown to correlate with down-regulation of p53 induced-stimulation of the p21 gene and up-regulation of matrix metalloproteins (MMPs), proteins that are known to pave the way for cancer cell migration, invasion, proliferation, and metastasis, thereby inhibiting p53 mediated senescence, apoptosis and cell cycle arrest [115]. These observations are simple indications of the roles of Hsp27 in prognosis, angiogenesis, proliferation, as well as metastasis of cancer cells.



In line with this, Hsp27 has been reported to promote epithelial-to-mesenchymal transition (EMT) in prostate cancer patients. EMT is an important event that occurs during organ morphogenesis and embryogenesis, characterized by the actin cytoskeleton remodelling, loss of apico-basolateral polarity and cell-cell junction dissolving, thus resulting in proliferation and mobility of cancer cells [116]. Down-regulation of Hsp27 using OGX-427 (an antisense therapy) decreases cancer cell invasion, migration, phosphorylation of LL-6-dependent STAT3 (a major mediator of EMP in many cancer types) and nuclear translocation, as well as matrix metalloproteinase, thereby reversing EMT activity. This observation suggests that Hsp27 is needed for interleukin LL-6 to induce EMP possibly through the modulation of the STAT3 signalling pathway [117].



Similarly, overexpression of Hsp70 corresponds with an increased proliferation of malignant cells and knockdown of Hsp70 experiments in various malignant tumours have been shown to increase the susceptibility of cancer cells to certain chemotherapy agents, suggesting the negative roles of Hsp70 in the invasiveness and proliferation of cancerous cells [118]. In addition, Hsp70 also acts as a cancerous cell-surviving factor by inhibiting TNF-α mediated-apoptotic cell death, thus promoting carcinogenesis and cancer cell oncogenic potential through the mechanism of escape immunology [115]. Furthermore, studies have reported that either Hsp90 or Hsp70 can bind and block the activation of apoptotic protease activating factor 1 (Apaf-1) and indirectly inhibit pro-caspase activation, apoptosis, as well as enhance abnormal cell survival [119]. Nevertheless, Hsp60 has been reported to show pro-carcinogenic activity through the inhibition of dusterin in neuroblastoma cells, cyclophilin D mediated-mitochondrial cell death, and promotion of cell survival via nuclear factor-kB activation [120,121].



Conversely, previous in vivo experiments by Chalmin and colleagues showed that the down-regulation of Hsp70 correlates with cancer cell survival due to the reduced immune killing of cancer cells [122]. Consistent with this finding is that Hsp40 homolog-DNAJA3 has been shown to inhibit squamous cell carcinoma invasion, migration, growth, recurrence and proliferation in both in vivo and in vitro experiments [115], possibly through induction of mitochondrial apoptosis, as previously observed in MCF-7 breast cancer cells [123]. These findings suggest that Hsp70 could suppress tumour cells when co-expressed with DNAJA3 in the absence of other molecular chaperones, like Hsp90, via CHIP (C-terminal HSP70 interacting protein)-mediated protein degradation.





5. Association between Heat Shock Proteins, Oxidative Stress, Apoptosis, Human Inflammatory Diseases (HIDs), and Cancer


Although accumulated levels of ROS have been proposed to cause deleterious effects to biomolecules, such as lipids, carbohydrates, proteins, and nucleic acids, ROS at moderate levels of unknown concentrations have been documented to play significant roles, such as acting as secondary messengers in signal transduction, immune defence, antibacterial infections in the phagosome, as well as ROS-induced programmed cell death in cancer cells [52,54]. Biological systems employ antioxidants (reduced glutathione, catalase, superoxide dismutase) to nullify the negative effects of free radicals, as well as to prevent ROS-mediated cellular damages and functional impairments. However, this antioxidant system can be supressed under severe cellular stress conditions as a result of elevated ROS levels, resulting in oxidative stress and amplification of inflammatory reactions, as well as activation of immune system cascades, a proposed central stage in progression and pathogenesis of several HIDs [53,124,125].



Inflammation is said to be part of the first line of the innate immunity complex that responds to cellular damage caused by infectious agents or xenobiotics [53]. Onset of stress has been established to attract several inflammatory cells, such as cytokines, macrophages, and chemokines, at the site of damaged cells, which is a process mediated upon toll-like receptor (TLRs) activation. The aim of this TLR mediated-inflammatory response is to eliminate detrimental cells and promote cellular repair via the mechanism of apoptosis. However, long-term un-regulated inflammatory reaction may lead to excessive and amplified apoptosis, resulting in chronic inflammation characterized by massive tissue and cellular destruction, commonly seen in many chronic and neurodegenerative diseases [62,126].



The roles of ROS induced-apoptosis in inflammatory reactions can be viewed as a double-edged sword. ROS-induced apoptosis under normal cellular conditions performs beneficial roles in suicidal killing of cells via mitochondrial apoptosis, but the abnormal stimulation of this mechanism under stressful conditions could result in excessively amplified intrinsic apoptosis, leading to the massive cellular destructions observed in the aetiology of several HIDs [127,128]. In line with this, elevated levels of ROS in the airways of asthmatic and ARDS patients suggests their roles in the pathogenesis and progression of HIDs by inducing severe inflammation [129,130]. HSPs, on the other hand, are mostly induced upon heat stress and, therefore, it is not surprising that HSPs are highly expressed in the inflamed area, possibly to refold denatured peptides caused by ROS-induced reperfusion injury on the inflammation sites identified in rheumatoid arthritis [131]. Heat is also one of the major characteristics of inflammation, and excessive inflammation leads to HIDs. Although some HSPs perform pro-inflammatory/apoptotic functions, most HSPs are known for their anti-apoptotic/inflammatory potential, including the inhibition of pro-inflammatory/apoptotic factors or pathway capabilities such as through the nuclear factor (NF-kB), activation of caspases and c-Jun NH2-terminal kinase pathway [132]. Suppression of HSP expression levels, therefore, leads to worse inflammation cases, which can be linked to the severe inflammation seen in several HIDs.




6. Future Direction in the Use of HSPs as Therapeutic Candidates


From this point, it can be proposed that carefully regulation of inflammatory responses, induction of apoptosis and endogenous generation of ROS would definitely help in the management or treatment of HIDs. In many studies, HSPs have been reported to play crucial roles in the pathogenesis of HIDs and cancer due to their modulating effects in inflammation cascades that lead to the endogenous generation of ROS and apoptosis [27,34,133], possibly via their chaperoning activities of refolding misfolded proteins, or via inhibition of pro-inflammatory cytokines under pathological conditions. Under stressful conditions, HSPs has been suggested to play a prominent role by binding to the lipid rafts inside lipid membranes, thus maintaining lipid membrane stability, physical orderliness, as well as preventing lipid membrane functional impairments. Altered membrane functionality has been associated with cancer, neurodegenerative diseases, and diabetes, suggesting the possible role of HSPs as therapeutic targets in the management of these diseases [134].



Up–regulation of HSPs in cancerous cells has been well documented and has been associated with poor prognosis, proliferation, cell differentiation, invasion, progression, and metastasis [135,136]. Among others, Hsp90, Hsp70, and Hsp27 in particular, have been reported by many studies to increase tumour cell survival via inhibition of pro-inflammatory cytokines and ROS-mediated apoptosis [119,136,137]. Chauhan and co-workers demonstrated that Hsp27 can promote the survival of malignant tumours by conferring resistance to the inflammatory drug dexamethasone (a drug for treating HIDs such as rheumatoid arthritis, skin inflammation, and cancer) in myeloma cell lines via the inhibition of SMAC (mitochondrial release of second mitochondrial-derived activator of caspases) and cytochrome c, both of which are masters of intrinsic apoptosis mediators [138].



Hsp27 can also act as an anti-apoptotic factor by promoting the activities of nuclear factor-kB (NF-kB) while blocking apoptosis pathways mediated by NF-kB inhibitor (IkBα), thereby promoting cancer cell proliferation and survival [135]. Hsp27 involvement in cancer could be through phosphorylation at three-serine residues mediated by MAPKAPK2 (mitogen-activated protein kinase activated protein kinase). This phosphorylation enables the Hsp27 to form oligomers up to 100 kDa, making it ideal in preventing protein aggregation by refolding denatured peptides in an ATP-independent manner [119]. Similarly, Hsp70 and Hsp90 function in cancer cell survival has been previously elucidated. Work by Nylandsted and colleagues showed that selective inhibition of Hsp70 in breast cancer lines increased the susceptibility of cancer to chemotherapy and sensitized them to caspase-mediated apoptotic death [139]. Hsp90 is known to play a crucial role in cancer cell survival and has been reported as a drug target in many cancer types. Inhibition of Hsp90 in leukaemia, colorectal, breast, lung, melanoma, and bladder cancer correlates with decreased invasion, motility, and prognosis of cancer, as well as an increase in the susceptibility of cancer cells to therapy [115]. This may be possible via the inhibition of signalling pathways that confer resistance to chemotherapy. In view of this, Zuninga and Shonhai previously postulated that Hsp70 and Hsp90 are the most druggable HSPs due to the fact that most Hsp inhibitors either mimic or target their ATPase activity [140]. This could be via the inhibition of Hsp70/Hsp90 organizing protein (Hop), which favours the refolding of aberrant peptides while blocking CHIP-mediated peptide degradation. Interestingly, subset studies have shown that physical exercise induces Hsp expression [141,142,143], and is one of the ways of managing HIDs and cancer. Furthermore, one can then speculate that one of the health benefits of exercise is to induce Hsp expression, which is known for its cellular cytoprotective activities, probably by forming part of the immune protective system against infection.



The onset of stress increases ROS generation, as well as inflammatory reactions. The generated ROS and inflammation activates the immune response and induces apoptosis, which aims at fighting off the infectious agent. However, if this mechanism is not well stimulated, it could degenerate to chronic inflammation. Interestingly, heat shock factor-1 (HSF-1) is also upregulated during this stage of infection. HSF-1 increases the synthesis of protective HSPs, which stops inflammatory reactions and massive cellular destruction through apoptosis, as well as further ROS generation, possibly via inhibition of pro-inflammatory factors and activation of the immune system, thus preventing chronic inflammation, HIDs, and cancer progression, as proposed in Figure 1.



HSPs have been reported to perform beneficial cytoprotective effects when induced prior to inflammation and deleterious effects after propagation of pro-inflammation reactions [132]. We, therefore, proposed that induction of HSPs prior to inflammation and carefully regulation of ROS, inflammation and apoptosis through the induction of HSPs as well as the inhibition of HSPs in cancer and certain HIDs (asthma and ARDS) and enhancement of HSP activities in RA may, and will, serve as future study references as proposed in the model (Figure 1), which highlights the possible roles of HSPs in HIDs and cancer.




7. Conclusions


The search for new drugs for the treatment of HIDs and cancer continues, and new studies are now focused on discovering drugs that will have minimal side effects. Recently, HSPs have attracted a great deal of research interest because of their ever-present occurrence in a variety of human diseases, including HID-tested patients, even though their action in some HIDs is still unclear. From our perspective as proposed in the model (Figure 1). We, therefore, suggest that targeting HSPs in HIDs will serve as good potential candidates towards the treatment and management of many HIDs, as well as early detection of these diseases.
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Figure 1. Model proposing the roles of heat shock proteins in HIDs and cancer. The above model represents the proposed roles that heat shock proteins play in human inflammatory diseases and cancer. (1) the onset of the stress signal; (2) stress activates inflammatory reactions which aims at repairing the damage caused by the stress; (3) generation of ROS from the infected area; (4) activation of the heat shock factor-1 (HSF-1), which increases the synthesis of the cytoprotective heat shock proteins; (5) activation of heat shock proteins; (6) stress, as well as inflammation and heat shock proteins, activate the immune response and form part of the innate immune response (7); cytoprotective heat shock proteins inhibit further generation of ROS, as well as inflammation, thus blocking excessive ROS and inflammation mediated-apoptosis via the inhibition of pro-inflammatory and pro-apoptotic factors; (9) excessive apoptosis mediated by ROS; (8) accumulated level of ROS leading to oxidative stress; (10) immune response, inflammatory reaction, accumulated ROS level and excessive apoptosis mediated by ROS as a result of antioxidant suppression, leading to oxidative stress and chronic inflammation marked with massive cellular and tissue destruction; and (11) long-term uncontrolled chronic inflammation degenerates to HIDs and cancer. 






Figure 1. Model proposing the roles of heat shock proteins in HIDs and cancer. The above model represents the proposed roles that heat shock proteins play in human inflammatory diseases and cancer. (1) the onset of the stress signal; (2) stress activates inflammatory reactions which aims at repairing the damage caused by the stress; (3) generation of ROS from the infected area; (4) activation of the heat shock factor-1 (HSF-1), which increases the synthesis of the cytoprotective heat shock proteins; (5) activation of heat shock proteins; (6) stress, as well as inflammation and heat shock proteins, activate the immune response and form part of the innate immune response (7); cytoprotective heat shock proteins inhibit further generation of ROS, as well as inflammation, thus blocking excessive ROS and inflammation mediated-apoptosis via the inhibition of pro-inflammatory and pro-apoptotic factors; (9) excessive apoptosis mediated by ROS; (8) accumulated level of ROS leading to oxidative stress; (10) immune response, inflammatory reaction, accumulated ROS level and excessive apoptosis mediated by ROS as a result of antioxidant suppression, leading to oxidative stress and chronic inflammation marked with massive cellular and tissue destruction; and (11) long-term uncontrolled chronic inflammation degenerates to HIDs and cancer.



[image: Pharmaceuticals 11 00002 g001]







[image: Table] 





Table 1. Classification of heat shock protein families.
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	Classification
	Location
	Cellular Function
	Reference





	Hsp10
	Mitochondria
	Serves as biomarker in endometrial cancer and helps protein folding
	[19,20]



	Hsp27
	Cytosol, endoplasmic reticulum & nucleus
	Facilitates refolding of denatured proteins (chaperoning activity) and serves as a biomarker in many cellular diseases such as cancer
	[21]



	Hsp40
	cytosol
	Assists HSP70 in protein folding (co-chaperoning with HSP70)
	[22]



	HSP60
	Cytoplasm & mitochondria
	Assists in protein folding, prevents protein aggregation and assembling of unfolding proteins via the formation of the hetero-oligomeric complex
	[23]



	Hsp70
	Cytoplasm & nucleus
	Aids protein assembling, protein folding, degradation of improperly folded peptides and translocation of organelles
	[5]



	Hsp90
	Cytoplasm
	Assists in protein folding, refolding and degradation. It also facilitates signal transduction and important roles in cancer and sarcomere formation as well as in myosin folding
	[5,24]



	Hsp100
	Cytoplasm
	Complexes with other HSPs to refold aggregated or misfolded proteins
	[25]



	Hsp110
	Cytosol & nucleus
	Helps immune response and complexes with HSP70 to promote protein refolding and cell survival under stress
	[26]
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