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Abstract: Chronic use of anabolic adrogenic steroids (AAS) has been known to cause serious adverse effects. While the 

effects of AASs on cardiovascular system are well known, toxicity on other organs has received less attention. A dose-

related nephrotoxic effect has been proposed and a wide variety of morpho-functional damages have been observed, but , 

the exact pathophysiological mechanism of action is still not well known. In the present minireview, we highlight the 

remaining issues through an analysis of the pertinent literature. As with HSPs toxic agents their overexpression could be 

considered a protective reaction against AAS abuse however, comprehensive studies concerning the whole range of 

Hsps/chaperones expressions in all organs after long term use of AAS are needed.  
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INTRODUCTION 

 Anabolic-androgenic steroids (AAS) are used as 
ergogenic aids by athlete and non-athletes to enhance 
performance by increasing muscular development and 
strength [1,2]. Their use began in 1950s with muscular 
exercise athletes and bodybuilders. Since then, structural and 
pharmacokinetic properties have been reviewed extensively. 
The mechanism of action of all AAS is similar to all other 
steroid hormones in that they bind, in target tissues, to an 
intracellular protein, known as androgen receptor, to form an 
androgen receptor complex in the cell nucleus. This steroid-
receptor complex binds to palindromic DNA sequences, and 
specifically, to hormone response elements (HRE). This 
process initiates gene transcription and the consequent 
synthesis of mRNA from DNA in the cell nucleus, and 
synthesis of chaperone proteins. In addition, 
supraphysiologic doses of nandrolone decanoate enhance the 
production of the inflammatory cytokines interleukin-1beta 
(IL-1 ) and tumor necrosis factor-  (TNF- ) in human 
peripheral blood lymphocytes cultures in vitro [3]. Chronic 
use of AASs has been known to cause serious adverse effects 
(virilization, feminization, liver disorders, neuropsychiatric 
disorders, adverse blood lipid profiles, cardiovascular 
complications) [4,5]. Damages to renal structures and 
function have received less attention.  

AAS AND KYDNEYS 

 A dose-related nephrotoxic effect of AAS has been 
proposed and a wide variety of renal morpho-functional 
damages have been observed; however the exact  
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pathophysiological mechanism of action is still not 
completely known.  

 Athletes who practice weightlifting or body building 
often experience an elevation in serum creatinine as a result 
of an increase in mass of skeletal muscle, as well as 
increased nitrogen and uric acid in blood and urine. Diets 
high in protein are often associated with AAS use and cause 
marked changes in renal hemodynamics, both acutely and 
chronically. Protein ingestion seems to cause an increase in 
renal blood flow and glomerular filtration rate by a variety of 
mechanisms. In all cases, improvements in renal conditions 
have been observed in patients after discontinuation of 
anabolic steroids [6,7].  

 Renal abnormalities related to the use of anabolic 
steroids in supra-physiologic dose are still not well 
described. Although the potential effects of AASs on renal 
function have not been well characterized in humans, several 
studies suggest that androgens may exert a direct toxic effect 
on glomerular cells, leading to mesangial matrix 
accumulation and podocyte depletion independent of 
structural functional adaptations.  

 Few animal model studies have been conducted in order 
to evaluate the impact of AAS supraphysiological doses on 
kidneys, and human studies still fail to clearly establish a 
direct cause-effect relationship between AAS abuse and 
renal injury [8,9,10]. 

 Men are known to be at an overall increased risk for renal 
disease compared to women and prognosis in men is worse 
for various types of chronic kidney diseases; the basis for 
these sex-related differences are under investigation, and 
there is mounting evidence that androgen may play a central 
role in both normal and diseased kidney function and that 
estrogens are protective [11].  
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 Acute kidney injury (AKI) associated with anabolic 
steroid use is rare and only a few case are reported in the 
medical literature and the pathophysiology as well as clinical 
presentation are still not well known [12,13]. 
Rhabdomyolysis has also been linked to the possible 
pathophysiology of anabolic steroid abuse-induced acute 
kidney injury [14]. 

 Focal segmental glomerulosclerosis (FSGS) has been 
associated with AAS long term use. The pattern of 
glomerular injury observed, involved scarring of the 
glomerules mediated by elevated glomerular filtration rate 
(hyperfiltration), glomerular pressure and other adaptive 
structural-functional responses within the kidneys [11]. It has 
been also reported that non-obese individuals with increased 
body mass index owing to elevated muscle mass are 
susceptible to developing secondary FSGS [15]. 

 Severe nephritic alterations with nephrosclerosis, 
obstructive lesions of preglomerular vessels, 
glomerulosclerosis and diffuse tubule interstitial damages, in 
body builders abusing high doses of Deca-Durabolin have 
also been described [16] 

 Cholestasis and hyperbilirubinemia induced by the use of 
AAS has been proposed as a possible cause of acute renal 
failure in some cases [19,20,21]. Disorders in the liver, the 
major site for detoxification of steroids and other xenobiotics 
can hinder its performance and hence worsen the renal 
conditions due to elevated level of circulating toxins. 

 A case of severe nephritic syndrome with diffuse 
membrano-proliferative glomerulonephritis in an athlete who 
took creatine and AAS for prolonged periods has been 
reported [13]. 

 Experimental model on rats proposed by Zeier et al. 
documented abnormal histological changes in the kidneys in 
the form of glomerular atrophy and dilatation of distal 
tubules after steroid abuse [10] while other authors reported 
abnormal dilatations of the proximal and distal convoluted 
tubules [8]. 

 In our experimental model with trained mice treated with 
high doses of AAS, we observed focal cytoplasmic 
vacuolization of epithelial cells combined with the of 
presence of a PAS positive “double contour” membrane, as 
observed in case of type I membranoproliferative-
glomerulonephritis or IgA nephropathy. 

 In regard to the mechanism of action, it has been 
proposed that the toxic effects induced by abusing anabolic 
drugs for long period on the target organs develop through 
the accumulation of certain toxic metabolites of testosterone 
(17alfa-19nortestosterone and 17alfa-testosterone) [22]. 

 Furthermore it has been reported that some types of 
anabolic steroids are able to induce massive necrosis and 
damages in the target organs in the form of chromatin 
condensation, DNA strand breakage and cytoplasmic 
shrinkage [23]. 

 Other investigators believe that abusing anabolic 
androgenic drugs cause cellular damages in the target organs 
such as the kidneys by damaging the DNA structure or 

mitochondria. Finally, a genetic correlation between use of 
anabolic androgenic steroids and renal disorders has been 
proposed [24,25,26]. 

HEAT SHOCK PROTEINS: AN OVERVIEW 

 Cells are exposed during their life to a number of 
stressors: chemical, physical, mechanical, biological, etc, 
from which they defend through a class of molecules, highly 
conserved during evolution, called Heat shock proteins 
(HSPs). These are classified in several groups, depending on 
their molecular weight (i.e. Hsp90: 90kDa; Hsp70: 70 kDa, 
etc), and each of these groups includes a number of different 
molecules. Moreover, they are ubiquitous in cells and 
tissues, being present in all compartments (nucleus, cytosol, 
reticulum, mitochondria, membrane, etc) as well as in 
intercellular milieu. Indeed, HSPs may be released actively 
from the cell, by conventional and unconventional 
mechanisms, thus reaching also the bloodstream. Outside 
cells, HSPs may be involved in modulating paracrine effects, 
as well as in eliciting immune responses by both direct and 
indirect mechanisms that include their recognition of 
membrane receptors present on cellular surfaces [27,28]. 

 Many HSPs are able to protect cells from protein 
denaturation, defolding and precipitation; at the same time, 
they are involved in assessing the correct folding of nascent 
polypeptides and in protein traffic inside the cell. For these 
reasons, many HSPs belong also to the family of “molecular 
chaperones”. In particular, there is a functional system, 
called “chaperoning system”, that includes all chaperones of 
our body and that has a role in human cell and tissue 
homeostasis from embryo/foetal life through adult to old 
age, thus being involved in the mechanisms of cell 
senescence. Hence, chaperonology is nowadays an emerging 
area of science and the importance of this field of research 
lies in the fact that defective chaperones can contribute to the 
pathogenesis of a number of diseases, now referred as 
chaperonopathies. Particularly, chaperonopathies can be 
genetic or acquired, and both are quite common in humans 
[29].  

 Some sources of stress that induce their overexpression 
may also provoke a series of post-translational modifications 
that underlie their localisation in non-canonical cell 
compartments, as well as their extrusion outside cells. 
Finally, empirical evidence suggests that the appearance of 
defective chaperones may cause the initiation and 
progression of age-associated pathological manifestations 
affecting cellular processes, called “chaperonopathies of 
aging”. 

 Hence, despite their protective roles in cells and tissues 
and their importance for cell survival, molecular chaperones 
are also involved in the pathogenesis of a number of 
disorders. A new challenge nowadays is to understand in 
which pathologies they are active players rather than 
innocent bystanders [30,31]. 

 The nephrotoxicity of many agents is well known 
(intravenous contrast agents, nephrotoxic antibiotics, heavy 
metals, or a variety of chemotherapeutic agents). The 
mechanisms of cytotoxicity appear to differ for these insults 
and include: direct toxic effects to renal epithelial cells, 
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vasoconstriction leading to significant cellular ischemia, 
damage to mitochondria, protein denaturation, renal 
epithelial cell apoptosis and necrosis. Several studies also 
demonstrated that molecular chaperones increase 
cytoresistance to nephrotoxic injury. 

 The ability of Hsp72 to regulate cisplatin-induced 

apoptosis is well described [32,33,34]. An increase in Hsp70 

content may alter the prognosis for renal cell carcinomas 

[35], perhaps by altering the sensitivity of cancer cells to 

chemotherapeutic drugs [36]. 

 Exposure to gentamicin, a nephrotoxic antibiotic known 

to cause acute tubular necrosis, induces the expression of 

renal molecular chaperones. Increased expression of Hsp47 

and Hsp73 was observed in rat kidneys after subcutaneous 

injection of gentamicin. Accumulation of Hsp47 was 

maximal at day 3, and developed several days after the 

appearance of acute tubular necrosis. In contrast, Hsp73 

accumulated rapidly within lysosomes of damaged proximal 

tubular epithelial cells after gentamicin exposure, suggesting 

that this chaperone may facilitate lysosomal protein 

degradation [37].  

 Heavy metals such as mercuric or cadmium chloride 

cause marked toxicity to renal cells and also induce the 

synthesis of molecular chaperones. Although heavy metals 

cause protein denaturation, a potent stimulus for chaperone 

induction, it has been also observed as a response to either 

mitochondrial injury or the protein-damaging effects of 

hydrogen peroxide, and molecular chaperones. An increase 

in the de novo synthesis of both Hsp72 and Hsp90 was 

observed in slices of rat kidney after heavy metal exposure 

[38]. 

 Stress proteins may be an important component of 

resistance to glomerular injury and, infact, the presence of 

constitutive and inducible stress proteins has been 

demonstrated in animal kidneys with experimental 

glomerulonephritis [39,40,41].  

 Mesangial cell proliferation is an important precursor of 

glomerular dysfunction. It has been proposed that mesangial 

cells produce only a trivial amount of Hsp70 under basal 

status but a marked increase in response to certain disease 

status such as puromycin aminonucleoside-induced 

nephrosis. It has been demonstrated that mesangial cells play 

a major role in the production of HSPs in response to certain 

stress.  

 In the presence of oxidative injury of mesangial cell, the 

protective role of Hsp70 include: prevention from protein 

degradation membrane lipid peroxidation or calcium 

intrusion from the extracellular milieu, maintenance of ATP 

levels, induction of classic scavengers such as superoxide 

dismutase (SOD) glutathione, inhibition of any of the 

multiple steps involved in oxidative injury-mediated cell 

death such as uncoupling of oxidative phosphorilation, a 

decrease in calcium ATPase activation, activation of 

phospholipase A2 or maintenance of a normal cellular 

structure [42]. 

 

HEAT SHOCK PROTEINS AND AAS NEPHROTO-

XICITY 

 AASs related nephrotoxicity has been only recently 
investigated [11]. FSGS has been proposed as a peculiar 
damage to kidneys after long term use of anabolic 
androgenic steroids. Herlitz et al. indicated post-adaptive 
FSGS secondary to muscular hypertrophy in athletes abusing 
AASs (and creatine) as the mechanism for nephrotoxicity. 
Postadaptive forms of FSGS are usually due to structural-
functional adaptations driven by increased hemodynamic 
stress on the glomerulus. Animal models suggest that 
podocyte depletion plays a key role in postadaptive models 
of FSGS [43]. Increased body mass requires an increase in 
glomerular filtration. In an attempt to meet these demands, 
individual glomeruli adapt to hyperfiltration through 
hypertrophy. Podocytes are terminally differentiated cells 
that cannot proliferate, and in conjunction with 
compensatory glomerular hypertrophy, podocyte 
connections to the glomerular basement membrane (GBM) 
become mechanically strained. If these conditions persist, 
the podocytes eventually detach from the GBM, leading to 
development of a segmental scar [44]. Chronic 
hyperfiltration due to a high-protein diet may accelerate 
progression to glomerulosclerosis. Anyway, the clinical 
features and biopsy findings in Herlitz in cohorts , with 
relatively high incidence of full nephrotic syndrome, 
presence of collapsing or cellular lesions of FSGS, advanced 
fibrosis and glomerulosclerosis and the high degree of foot 
process effacement, implicate androgens direct 
nephrotoxicity , leading to mesangial matrix accumulation 
and podocyte depletion independent of structural functional 
adaptations. It has been supposed that androgens may 
increase androgen receptor expression on glomerular and 
mesangial cells as well as mRNA levels of the profibrotic 
cytokine TGF- 1thus providing a potent proapoptotic 
stimulus to podocytes and promoting FSGS [45, 46]. 
Androgens are also known to induce oxidative stress and 
upregulate components of the renin-angiotensin system [47, 
48] (Fig. 1).

 It is well know that environmental stress leads to 
proteotoxic damage. Damaged, misfolded proteins bind to 
chaperones, and liberate the heat shock factor (HSF) from its 
chaperone complexes. HSF is activated and transcription of 
chaperone genes takes place [49, 50]. Susceptibility to 
various proteotoxic damages is mainly increased due to 
dysfunction of mitochondrial oxidation. Our experimental 
studies have confirmed overexpression on mesangial cells of 
Hsp90, Hsp70 and Hsp 27 with intensive perinuclear 
reaction, in trained mice treated with high doses of AAS.  

CONCLUSION AND PERSPECTIVES 

 Abusing high doses of an anabolic androgenic drug for 
long periods can cause wide spread peculiar histological 
modifications of the normal kidneys structure which may 
lead to serious renal disorders such as renal failure in late 
stages. Despite this, the molecular mechanism of AAS direct 
toxic effect on kidney is still not completely understood. A 
great contribution could be provided in the future if the 
mechanisms explaining the meaning for HSPs  
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overexpression after acute and chronic administration of 
AAS could be elucidated. The correlation between AAS-
induced kidney alterations and HSPs over expression which 
we have reported, is consistent with empirical data, and more 
investigations are needed to determine if these molecules 
may have role in preventing and or treatment of 
complications related to toxic insults induced by AAS. 

ABBREVIATIONS 

AAS = Anabolic androgenic steroid abuse 

FSGS = Focal segmental glomerulosclerosis 

GBM = Glomerular basement membrane  

Hsp = Heat shock protein 

HSF = Heat Shock Factor 

RAS = Renin angiotensin system 
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Fig. (1). AAS-related nephrotoxicity (FSGS). Postadaptive and direct renal damage. [FSGS. Focal segmental glomerulosclerosis. GBM. 

Glomerular basement membrane. RAS. Rennin-angiotensin system]. 



450    Mini-Reviews in Medicinal Chemistry, 2011, Vol. 11, No. 5 D’Errico et al. 

[14] Hageloch, W.; Appell, H.J.; Weicker, H. Rabdomyolisis in a 

bodybuilder using anabolic steroids. Sportverletz Sportschaden., 
1988, 2(3), 122-125. 

[15] Schwimmer, J.A.; Markowitz, G.S.; Valeri, A.M.; Imbriano, L.J.; 
Alvis, R.; D'Agati, V.D. Secondary focal segmental 

glomerulosclerosis in non-obese patients with increased muscle 
mass. Clin. Nephrol., 2003, 60(4), 233-241. 

[16] Hartung, R.; Gerth, J.; Funfstuck, R.; Stein, G. End stage renal 
disease in a bodybuilder: a multifactorial process or simply doping? 

J. Nephrol. Dial. Transplant., 2001, 16, 163-165. 
[17] Braseth, N.R.; Allison, E.J. Jr.; Gough, J.E. Exertional 

rhabdomyolysis in a body builder abusing anabolic androgenic 
steroids. Eur. J. Emerg. Med., 2001, 8(2), 155–157. 

[18] Clarkson, P.M. Exertional rhabdomyolysis and acute renal failure 
in marathon runners. Sports Med., 2007, 37(4-5), 361–363. 

[19] Krishnan, P.V.; Feng, Z.Z.; Gordon, S.C. Prolonged intrahepatic 
cholestasis and renal failure secondary to anabolic androgenic 

steroid-enriched dietary supplements. J. Clin. Gastroenterol., 2009, 
43(7), 672-675. 

[20] Yoshida, E.M.; Karim, M.A.; Shaikh, J.F.; Soos, J.G.; Erb, S.R. At 
what price, glory? Severe cholestasis and acute renal failure in an 

atlete abusing stanozol. Can. Med. Assoc. J., 1994, 151(6), 791-
793. 

[21] Habscheid, W.; Abele, U.; Dahm, H.H. Severe cholestasis with 
kidney failure form anabolic steroids in body builder. J. Dtsch. 

Med. Wochensclar., 1999, 124, 1029. 
[22] Welder, A.; Robertson, J.; Melchert, R. Toxic effects of anabolic 

androgenic steroids in primary rat hepatic cell culture. J. 
Pharmacol. Toxicol. Methods., 1995, 33, 187-195. 

[23] Wu, F.; Eckardstein, A.V. Androgens and coronary artery disease. 
Endocrinol. Rev., 1997, 24, 183-217. 

[24] Draisci, R.; Palleschi, L.; Ferretti, E.; Cammarata, P. Quantitation 
of anabolic hormones and their metabolites in bovine serum and 

urine by liquid chromatography trandem mass spectrometry. J. 
Chematogap. Analysis, 2000, 99, 1293. 

[25] Zaugg, M.; Jamali, N.; Lucchinerri, E.; Shafiq, S.; Siddiqi, M. 
Anabolic androgenic steroids induce apoptotic cell death in adult 

rat ventricular myocites. J. Cellular Physiol., 2001, 187, 90-95. 
[26] Behrendt, H.; Boffin, H. Myocardial cell lesions caused by an 

anabolic drug abuse. Cell. Tissue Res., 2004, 181, 423-426. 
[27] Macario, A.J.; Conway de Macario, E. Sick chaperones, cellular 

stress, and disease. N Engl J Med., 2005, 6(14), 1489-1501.  
[28] Macario, A.J.; Conway de Macario, E. Molecular chaperones: 

multiple functions, pathologies, and potential applications. Front 
Biosci., 2007, 1(12), 2588-2600. 

[29] Pomara, C.; D’Errico, S.; Zummo, C.; Cappello, F.; Li Volti, G. 
MDMA administration and heat shock protein response: foreseeing 

a molecular link. Curr. Pharm. Biotchnol., 2010, 11(5), 496-499. 
[30] Macario, A.J.; Conway de Macario, E. Chaperonopathies by defect, 

excess, or mistake. Ann N Y Acad Sci., 2007, 1113, 178-191.  
[31] Macario, A.J.; Cappello, F.; Zummo, G.; Conway de Macario, E. 

Chaperonopathies of senescence and the scrambling of interactions 
between the chaperoning and the immune systems. Ann N Y Acad 

Sci., 2010, 1197, 85-93. 
[32] Volloch, V.; Gabai, V.L.; Rits, S.; Force, T.; Sherman, M.Y. 

HSP72 can protect cells from heat-induced apoptosis by 
accelerating the inactivation of stress kinase JNK. Cell. Stress 

Chaperones, 2000, 5, 139–147. 
[33] Wang, Y.; Knowlton, A.A.; Christensen, T.G.; Shih, T.; Borkan, 

S.C. Prior heat stress inhibits apoptosis in adenosine triphosphate-
depleted renal tubular cells. Kidney Int., 1999, 55, 2224–2235. 

[34] Meriin, A.B.; Yaglom, J.A.; Gabai, V.L.; Zon, L.; Ganiatsas, S. 

Protein-damaging stresses activate c-Jun N-terminal kinase via 
inhibition of its dephosphorylation: a novel pathway controlled by 

HSP72. Mol. Cell. Biol., 1999, 19, 2547–2555.  
[35] Santarosa, M.; Favaro, D.; Quaia, M.; Galligioni, E. Expression of 

heat shock protein 72 in renal cell carcinoma: possible role and 
prognostic implications in cancer patients. Eur. J. Cancer, 1997, 

33, 873–877. 
[36] Abe, T.; Gotoh, S.; Higashi, K. Higher induction of heat shock 

protein 72 by heat stress in cisplatin-resistant than in cisplatin-
sensitive cancer cells. Biochim. Biophys. Acta., 1999, 1445, 123–

133.  
[37] Cheng, M.; Razzaque, M.S.; Nazneen, A.; Taguchi, T. Expression 

of the heat shock protein 47 in gentamicin-treated rat kidneys. Int. 
J. Exp. Pathol., 1998, 79, 125–132.  

[38] Goering, P.L.; Fisher, B.R.; Chaudhary, P.P.; Dick, C.A. 
Relationship between stress protein induction in rat kidney by 

mercuric chloride and nephrotoxicity. Toxicol. Appl. Pharmacol., 
1992, 113, 184–191.  

[39] Pieper, M.; Rupprecht, H.D.; Bruch, K.M.; De Heer, E.; 
Schocklmann, H.O. Requirement of heat shock protein 90 in 

mesangial cell mitogenesis. Kidney Int., 2000, 58, 2377–2389. 
[40] Smoyer, W.E.; Gupta, A.; Mundel, P.; Ballew, J.D.; Welsh, M.J. 

Altered expression of glomerular heat shock protein 27 in 
experimental nephrotic syndrome. J. Clin. Invest., 1996, 97, 2697–

2704. 
[41] Sunamoto, M.; Kuze, K.; Tsuji, H.; Ohishi, N.; Yagi, K. Antisense 

oligonucleotides against collagen-binding stress protein HSP47 
suppress collagen accumulation in experimental 

glomerulonephritis. Lab. Invest., 1998, 78, 967–972. 
[42] Chen, H.C.; Guh, J.Y.; Tsai, J.H.; Lai, Y.H. Induction of heat 

shock protein 70 protects mesangial cells against oxidative injury. 
Kidney Int., 1999, 56, 1270-1273.  

[43] D’Agati, V.D. Podocyte injury in focal segmental 
glomeruloscelrosis: lessons from animal models (a play in five 

acts). Kidney Int., 2008, 73, 399-406.  
[44] Kriz, W.; Gretz, N.; Lemley, K.V. Progression of glomerular 

diseases: Is the podocyte the culprit? Kydney Int., 1998, 54, 687-
697. 

[45] Elliot, S.J.; Berho, M.; Korach, K.; Doublier, S.; Lupia, E.; Striker, 
G.E.; Karl, M. Gender-specific effects of endogenous testosterone: 

female -estrogen receptor-deficient C57BI/6J mice develop 
glomerulosclerosis, Kidney Int., 2007, 72, 464-472.  

[46] Schiffer, M.; Bitzer, M.; Roberts, I.; Kopp, J.; Dijke, P.; Mundel, 
P.; Bottinger, E. Apoptosis in podocytes induced by TGF-B and 

Smad7, J. Clin. Invest., 2001, 108, 807-816.  
[47] Iliescu, R.; Cucchiarelli, V.E.; Yanes, L.L.; Iles, J.W.; Reckelhoff, 

J.F. Impact of androgen-induced oxidative stress of hypertension in 
male SHR. Am. J. Physiol. Regul. Integr. Comp. Physiol., 2007, 

292, R731-R735.  
[48] McGuire, B.B.; Watson, R.W.; Perez-Barrioncanal, F.; Fitzpatrick, 

J.M.; Docherty, N.G. Gender differences in the rennin angiotensin 
and nitric oxide systems: relevance in the normal and diseased 

kidney. Kidney Blood Press. Res., 2007, 30, 67-80. 
[49] Soti, C.; Csermely, P. Aging and molecular chaperones. Exp. 

Gerontol., 2003, 38, 1037-1040. 
[50] Morimoto, R.I. Dynamic remodeling of transcription complexes by 

molecular chaperones. Cell., 2002, 110, 281-284. 

 

 

 

Received: December 14, 2010 Revised: January 17, 2011  Accepted: February 07, 2011 

 

 

 

PMID: 21443506 

 




