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There is an intriguing connection between renal diseases and 
hearing disorders. The incidence of sensorineural hearing loss 
among patients with chronic renal failure is considerably higher 
than in the general population. The incidence is about 46–77% 
according to different studies, ranging from mild to severe 
hearing loss [1,2]. The etiology of this phenomenon is not fully 
known. The present review summarizes new developments in the 
understanding of the mechanisms underlying the link between 
hearing loss and renal disorders.

Claudins (tight junction proteins)
For cells to become functional they need good and efficient 
interactions with their neighboring cells. These interactions could 
be achieved by means of solutes passing through these cells, 
known as the trans-cellular pathway, or passing between cells, 
which would then be called the para-cellular pathway. For the 
latter pathway to work efficiently, these cells need potent tight 
junctions. Tight junctions are one mode of cell-cell adhesion 
in epithelial and endothelial cellular sheets. They have three 
principal functions: they are responsible for regulation of the 
para-cellular pathway, maintaining cell polarity, and a platform 
for trafficking and signaling protein complexes [3-5].

It was recently shown that tight junctions play an important 
role in other processes, including cell division and differentiation, 
wound healing, immune reactions, medications transport, and 
cancer [6-9].

Claudins are tight junction proteins that play an important 
role in the para-cellular transport of ions. The claudin super-
family consists of at least 24 homologous proteins in humans. 
These proteins have both structural and functional roles in 
tight junctions. Both claudins and occludins are principal tight 
junctional constituents that have similar topologies with four 
alpha-helical trans-membrane segments, and all exhibit well-
conserved extracytoplasmic cysteines that either are known to, 
or can potentially form, disulfide bridges [10]. Claudins are 
located in both epithelial and endothelial cells in all tight junc-
tion-bearing tissues. In addition to claudins, occludins and ZO 
proteins, several other proteins can be found associated with 
tight junctions. Treatment of an epithelium with the protease 

trypsin destroys the tight junctions, supporting the notion that 
proteins are essential structural components of these junctions. 
Each tight junction sealing strand is composed of a long row 
of trans-membrane adhesion proteins embedded in each of the 
two interacting plasma membranes. The extracellular domains 
of these proteins join directly to one another to occlude the 
intercellular space [Figure 1].

Defects in claudins are causatively associated with a variety 
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Figure 1. Current model of a tight junction. This drawing shows 
how the sealing strands hold adjacent plasma membranes together. 
The strands are composed of transmembrane protein complexes that 
make contact across the intercellular space and create a seal.

Reviews



815  •  Vol 9  •  November 2007 Kidney-Ear Axis

of human diseases, demonstrating that claudins 
play important roles in human physiology [Table 1]. 
In conditions where the cell adhesion function con-
tributed by tight junctions is essential, as in altered 
para-cellular transport, in proliferative diseases and 
during morphogenesis, the claudin superfamily of 
homologous proteins provides the molecular basis for 
the uniqueness of tight junctions and emerges as a 
new target for intervention [11]. Several claudins are 
found in kidney epithelial cells in the nephron [Figure 
2]. For example, claudin-16 is required for Mg2+ to be 
reabsorbed from the urine into the blood. A mutation 
in the gene encoding this claudin results in excessive 
loss of Mg2+ in the urine [Table 1]. In the inner ear, 
tight junctions are directly involved in maintaining 
the electrochemical potential gradient between the 
endolymph and perilymph.

Kidney-ear syndromes
Congenital ear and renal anomalies may occur as isolated 
malformations or one of several syndromes described in the 
literature. Clinical diagnosis is often difficult due to the broad 
clinical spectrum and overlap with other syndromes. Here we will 
discuss most known syndromes among them. 

There is an intriguing connection between renal anomalies 
and deafness. For example, deletion of ATP6B, of pendrin, and 
of Kcc4, the K-Cl co-transporter present in intercalated cells, 
can cause deafness. One of the supporting cells of the sensory 
epithelium in the vestibular epithelium has many similarities to 
the intercalated cell, and it serves to control the acidic pH of the 
endolymph. Remarkably, deletion of Foxi1 depletes the epithelium 
of these cells, causing deafness [12].

Alport syndrome 
Named after Dr. Cecil A. Alport in 1927, this is an inherited 
disorder of the basement membranes of the kidney, eye and ear. 
People who inherit defective genes for the “collagen” proteins 
in these basement membranes may develop progressive loss 

of renal function, deafness and abnormalities of the eye. It is 
characterized by hematuria (may be detectable by 1 year of age 
in about 15% of cases, and by 6 years of age in about 70% 
of cases), proteinuria, chronic progressive glomerulonephritis 
with gradual progression to end-stage renal disease, inner ear 
disorders (sensorineural hearing loss), and can also affect the 
eye (anterior lenticonus, posterior subcapsular cataract, posterior 
polymorphous dystrophy and retinal flecks). 

Alport syndrome is caused by mutations in COL4A3, COL4A4, 
and COL4A5, collagen biosynthesis genes. Mutations in any 
of these genes prevent the proper production or assembly of 
the type IV collagen network, which is an important structural 
component of basement membranes in the kidney, inner ear, 
and eye. It is inherited by both X-linked and autosomal recessive 
patterns. About 85% of Alport syndrome cases have the classical 
X-linked pattern of inheritance [13].

Branchio-otorenal syndrome 
BOR syndrome is an autosomal dominant disorder characterized 
by sensorineural, conductive or mixed hearing loss, structural 
defects of the outer, middle and inner ear, branchial fistulas or 
cysts, and renal abnormalities ranging from mild hypoplasia to 
complete absence. Reduced penetrance and variable expressivity 
has been observed. BOR syndrome results from mutations in the 
EYA1 gene on chromosome 8 [14].

Townes-Brocks syndrome 

First described in 1972 by Townes and Brocks, this syndrome is 
an autosomal dominant disorder. It is characterized by external 
ear anomalies (microtia or large ears, satyr ear, lop ear, pre-
auricular tabs or pits, thickened superior helix, external auditory 
atresia), sensorineural hearing loss, pre-axial polydactyly and 
triphalangeal thumbs, imperforate anus, and renal and urogenital 

BOR = bronchio-otoretinal

Table 1. Genetic diseases of tight junction proteins

Gene Disease Pathology/Mechanism

Cldn-1 Ichthyosis and sclerosing cholangeitis Affects skin and bile ducts

Cldn-14 Non-syndromic deafness.  

DFNB29
Cochlear hair cell degeneration

Cldn-16

Human HHNC Defective renal Mg2+ reabsorption

Bovine Interstitial nephritis

PMP22 Peripheral polyneuropathies Demyelination

HNPP Gene deletion

Charcot-Marie-Tooth type 1A Gene duplication

Dejerine-Sottas syndrome Mutations

ZO-2 Familial hypercholanemia Defective PDZ-claudin binding

HHNC = hypomagnesemia hypercalciuria with nephrccalcinosis, HNPP = hereditary 
neuropathy with liability to pressure palsies.

Figure 2. Expression of the different claudins along the nephron segments
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malformations (hypoplastic kidney, ureterovesical reflux, posterior 
urethral valve, meatal stenosis, hypospadias, bifid scrotum and 
rectovaginal fistula). The term REAR syndrome (renal-ear-anal-
radial) has also been used to describe this condition. Intelligence 
is usually normal, although mild to moderate mental retardation 
has been reported. The gene for Townes-Brocks syndrome was 
mapped to 16q12.1 [15]. 

Pendred syndrome
The syndrome is named after Dr. Vaughan Pendred (1869-1946), 
the English general practitioner who first described the syndrome 
in 1896. It is inherited as an autosomal recessive condition that 
consists of severe to profound bilateral congenital sensorineural 
deafness, abnormality of the bony labyrinth in the inner ear, 
and defective incorporation of iodine into thyroid hormone, 
resulting in goiter (enlargement of the thyroid gland). Pendred 
syndrome is the result of a defect in the production of the thy-
roid hormone. The systems affected are the inner ear (deafness 
at birth, defect in vestibular function, and malformation of the 
cochlea); hormonal (normal blood level of thyroid hormones due 
to compensated hypothyroidism); neck (swelling in the front of 
the neck due to goiter); intelligence (mental retardation due to 
the congenital thyroid defect); and cancer risk (possible increased 
risk of thyroid carcinoma). 

Mutations in the solute carrier family 26, member 4 (SLC26A4) 
gene (also referred to as the PDS gene) cause Pendred syndrome 
[16]. The gene is located on the long arm of chromosome 7 
(7q31). Mutations in the same gene also cause enlarged ves-
tibular aqueduct syndrome, another congenital cause of deaf-
ness. The fact that SLC26A4 mutations are identified in only 
50% of probands from multiplex families (i.e., more than one 
affected child) suspected on clinical findings of having Pendred 
syndrome/DFNB4 suggests genetic heterogeneity for the condi-
tion. To date, no other genes or loci have been identified. The 
SLC26A4 gene encodes a 780 amino acid protein called pendrin. 
This protein belongs to a superfamily of Cl-/anion exchangers 
and is expressed in the inner ear, the thyroid gland and the 
kidney. This protein transports negatively charged particles, par-
ticularly chloride and iodide, into and out of cells. Although the 
exact function of pendrin is not fully understood, it is important 
for the normal functions of the inner ear, thyroid and kidney. 
Recently pendrin was localized to the apical side of non-type 
A intercalated cells of the cortical collecting duct, and reduced 
bicarbonate secretion was demonstrated in a pendrin knockout 
mouse model. Mutations in the SLC26A4 gene alter the structure 
or function of pendrin, which disrupts the transport of negatively 
charged particles. 

Impaired pendrin activity in the thyroid and inner ear is  

responsible for the characteristic signs and symptoms of Pendred 
syndrome. Pendred syndrome accounts for as much as 10% of  
hereditary deafness. Approximately 75% of individuals with 
Pendred syndrome will develop a goiter in their lifetime. About 
40% of individuals with Pendred syndrome will show some ves-
tibular weakness when their balance system is tested.

Nephro- and ototoxicity
A number of drugs have been associated with nephro- and 
ototoxicity. The best known are listed in Table 2. Of these many 
drugs some are both nephrotoxic and ototoxic. There appears 
to be a hereditary predisposition to ototoxic reactions. Various 
medications may cause nephrotoxicity. The nephrotoxic effect of 
most drugs is more profound in patients who already have renal 
impairment. We will discuss here some of the drugs that are 
both nephro- and ototoxic.

Furosemide
Like other loop diuretics, furosemide acts by inhibiting the thick 
ascending loop of Henle apical Na-K-2Cl co-transporter, NKCC2. 
It causes profound natriuresis and calciuresis [17]. The Na-K-2Cl 
co-transport system also exists in the marginal and dark cells 
of the stria vascularis, which are responsible for endolymph 

Table 2. List of nephro- and ototoxic drugs.

Drug Nephrotoxicity Ototoxicity Both

Furosemide + + +

Cisplatin + + +

Aminoglycoside antibiotics (e.g., gentamicin) + + +

NSAIDs (e.g., aspirin, ibuprofen, diclofenac) + + +

Erythromycin + + +

Nicotine - + –

Beta-blockers + – –

Angiotensin-converting enzyme inhibitors + – –

Ciclosporin + – –

Amphotericin B + – –

Radiocontrast media + – –

Lithium salts + – –

Cyclophosphamide + – –

Sulphonamides + – –

Methotrexate + – –

Aciclovir + – –

Polyethylene glycol + – –

Beta-lactam antibiotics + – –

Vancomycin + – –

Rifampicin + – –

Ciprofloxacin + – –

Ranitidine + – –

Cimetidine + – –

Thiazides + – –

Phenytoin + – –

Fluoride + – –

Demeclocycline + – –

Foscarnet + – –

The kidney-ear axis has been poorly 
investigated and the etiology of this 
phenomenon is not fully known
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secretion. Furosemide also has inhibitory activity on carbonic 
anhydrase. Used in the treatment of congestive heart failure and 
edema (associated with heart failure, hepatic cirrhosis, renal 
impairment, nephrotic syndrome and hypertension). It is also 
sometimes used in the management of severe hypercalcemia in 
combination with adequate rehydration. Although disputed, it is 
considered ototoxic usually with large parenteral doses and rapid 
administration and in renal impairment [18].

Cisplatin
Cis-dichlorodiaminoplatin (also known as CDDP) is a platinum-
based chemotherapy drug used to treat various types of cancers, 
including sarcomas, some carcinomas (e.g., small cell lung 
cancer and ovarian cancer), lymphomas and germ cell tumors. 
It was the first member of its class, which now also includes 
carboplatin and oxaliplatin. Its use in these and other types 
of tumors is narrowed by onset of chemoresistance and severe 
undesired side effects, such as nephrotoxicity and ototoxicity, 
whose mechanisms of action are only partially understood. The 
dose of cisplatin must be reduced when the patient’s creatinine 
clearance is reduced. Adequate hydration and diuresis is used 
to prevent renal damage. The nephrotoxicity of platinum-class 
drugs seems to be related to reactive oxygen species and in 
animal models can be ameliorated by free-radical scavenging 
agents. This is a dose-limiting toxicity. Unfortunately, there is 
at present no effective treatment to prevent ototoxicity, which 
may be severe. Audiometric analysis may be necessary to assess 
the severity of the damage. The ototoxicity of cisplatin may be 
related to its ability to bind to melanin in the stria vascularis 
of the inner ear or the generation of reactive oxygen species. 
Previati et al. [19] investigated the effects of cisplatin on a cell 
line (OC-k3) developed from organs of Corti of transgenic mice. 
They observed at 48 hours that cell death due to cisplatin was 
time and concentration dependent. The cell death displayed 
some morphological hallmarks of apoptosis, including nuclear 
fragmentation into several large nuclear fragments, surrounded by 
a rearranged and thickened actin cytoskeleton. No DNA laddering 
was detected, suggesting absence of endonuclease activity, or 

annexin V positivity, suggesting absence of phosphatidylserine 
externalization.

Aminoglycoside antibiotics
For aminoglycosides, the renal proximal tubule cell is susceptible 
due to high concentration achieved and slow clearance with direct 
effects on phosphoinositide binding and mitochondrial bioener-
getics. Pathogenesis appears to involve iron-induced free-radical 
formation, since iron chelators prevent nephrotoxicity. Analogous 
effects of aminoglycosides on the inner and outer hair cells have 
been observed [20]. The ototoxicity of aminoglycosides, like in 
cisplatin, may be related to their ability to bind to melanin in 
the stria vascularis of the inner ear or the generation of reactive 
oxygen species.

Erythromycin
Erythromycin and some other macrolide antibiotics can induce 
temporary deafness, which resolves upon withdrawal of the drug. 
Erythromycin is known to exacerbate cyclosporine nephrotoxicity. 
This has been attributed to the potential of erythromycin to 
reduce the hepatic microsomal metabolism and clearance of 
cyclosporine. The decline in renal function observed in patients 
co-administered these drugs may be due in part to additive 
renovascular toxicity. Yet, it was shown that erythromycin alone 
may cause nephrotoxicity [21].

Conclusions
It seems that there is a close connection between renal dis-
eases and hearing disorders. This link might be explained by 
the fact that several proteins exist in both renal and ear tissues. 
Therefore, it is tempting to assume that genetic or acquired 
defects in these proteins concomitantly impair the function of 
both organs.

Although we have summarized both established and newly 
described mechanisms underlying the pathology of kidney-ear 
disorders and syndromes, it seems that the nature of the kidney-
ear axis is far from being understood and still needs further 
investigation. Today, a variety of new genetic techniques are 
available and might be of great benefit in mapping novel genes 
expressed exclusively in both tissues, and when mutated cause 
kidney-ear disorders. The data presented here suggest the impor-
tance of the clinical and basic evaluation of syndromes sharing 
both kidney and ear disorders due to genetic or pharmacological 
etiologies.

References
1. Bazzi C, Venturini C, Pagani C, Arrigo G, D’Amico G. Hearing 

loss in short and long-term haemodialyzed patients. Nephrol Dial 
Transpl 1995;10:1865–8.

2. Ozturan O, Lam S. The effect of hemodialysis on hearing using 
pure-tone audiometry and distortion-product otoacoustic emis-
sions. ORL J Otorhinolaryngol Relat Spec 1998;60:306–13.

3. Anderson JM. Molecular structure of tight junctions and their 
role in epithelial transport. News Physiol Sci 2001;16:126–30.

4. Tsukita S, Furuse M, Itoh M. Multifunctional strands in tight 
junctions. Nat Rev Mol Cell Biol 2001;2:285–93.

There seems to be a close connection 
between renal diseases and hearing 
disorders. This link might be explained 
by the presence of several proteins in 
both renal and ear tissues. Therefore, 
it is tempting to assume that genetic 
or acquired defects in these proteins 
concomitantly impair the function of 
both organs.

Reviews



A.H. Abbasi et al.   •  Vol 9  •  November 2007818

5. Cereijido M, Valdes J, Shoshani L, Contreras RG. Role of tight 
junctions in establishing and maintaining cell polarity. Annu Rev 
Physiol 1998;60:161–77.

6. Rescigno M, Urbano M, Valzasina B, et al. Dendritic cells express 
tight junction proteins and penetrate gut epithelial monolayers 
to sample bacteria. Nat Immunol 2001;2:361–7.

7. Vermeer PD, Einwalter LA, Moninger TO, et al. Segregation of re-
ceptor and ligand regulates activation of epithelial growth factor 
receptor. Nature 2003;422:322–6.

8. Gonzalez-Mariscal L, Nava P, Hernandez S. Critical role of tight 
junctions in drug delivery across epithelial and endothelial cell 
layers. J Membr Biol 2005;207:55–68.

9. Morin PJ. Claudin proteins in human cancer: promising new tar-
gets for diagnosis and therapy. Cancer Res 2005;65:9603–6.

10. Hua VB, Chang AB, Tchieu JH, Kumar NM, Nielsen PA, Saier 
MH Jr. Sequence and phylogenetic analyses of 4 TMS junctional 
proteins of animals: connexins, innexins, claudins and occludins. 
J Membr Biol 2003;194:59–76.

11. Heiskala M, Peterson PA, Yang Y. The roles of claudin superfam-
ily proteins in paracellular transport. Traffic 2001;2:93–8.

12. Hulander M, Kiernan AE, Blomqvist SR, et al. Lack of pendrin 
expression leads to deafness and expansion of the endolymphatic 
compartment in inner ears of Foxi1 null mutant mice. Development 
2003;130:2013–25.

13. Kashtan CE, Michael AF. Alport syndrome. Kidney Int 1996;50: 
1445–63.

14. Fraser FC, Ling D, Clogg D, Nogrady B. Genetic aspects of the 
BOR syndrome – branchial fistulas, ear pits, hearing loss, and 
renal anomalies. Am J Med Genet 1978;2:241–52. 

15. Powell CM, Michaelis RC. Townes-Brocks syndrome. J Med Genet 
1999;36:89–93.

16. Campbell C, Cucci RA, Prasad S, et al. Pendred syndrome, 
DFNB4, and PDS/SLC26A4 identification of eight novel mutations 
and possible genotype-phenotype correlations. Hum Mutat 2001;17: 
403–11.

17. Edwards BR, Baer PG, Sutton RA, Dirks JH. Micropuncture study 
of diuretic effects on sodium and calcium reabsorption in the 
dog nephron. J Clin Invest 1973;52:2418–27.

18. Rais-Bahrami K, Majd M, Veszelovszky E, Short B. Use of furose-
mide and hearing loss in neonatal intensive care survivors. Am J 
Perinatol 2004;21:329–32.

19. Previati M, Lanzoni I, Astolfi L, et al. Cisplatin cytotoxicity in 
organ of corti-derived immortalized cells. J Cell Biochem 2007 
[Published Online: 22 Jan 2007]

20. Humes HD. Insights into ototoxicity. Analogies to nephrotoxicity. 
Ann N Y Acad Sci 1999;28:884:15–18.

21. McCormack AJ, Snipes RG, Dillon JJ, Yang JJ, Finn WF. Primary 
renovascular effects of erythromycin in the rat: relationship to 
cyclosporine nephrotoxicity. Ren Fail 1990;12:241–8.

Correspondence: Dr. A.H. Abbasi, Dept. of Physiology and Bio-
physics, Rappaport Faculty of Medicine, Technion-Israel Institute of 
Technology, P.O. Box 9649, Bat Galim, Haifa 31096, Israel.
Phone: (972-4) 829-5267
Fax: (972-4) 829-5267
email: aabbasi@tx.technion.ac.il

To assess the effects of interventions to promote walking in 
individuals and populations, Ogilvie et al searched 25 electronic 
databases, websites, reference lists and existing systematic re-
views, and contacted experts. The researchers included 19 
randomized controlled trials and 29 non-randomized controlled 
studies. They found that interventions tailored to people’s needs, 
targeted at the most sedentary or at those most motivated to 
change, and delivered either at the level of the individual (brief 
advice, supported use of pedometers, telecommunications) or 
household (individualized marketing) or through groups, can 
encourage people to walk more, although the sustainability, 
generalizability, and clinical benefits of many of these approaches 

are uncertain. Evidence for the effectiveness of interventions 
applied to workplaces, schools, communities or areas typically 
depends on isolated studies or subgroup analysis. The authors 
conclude that the most successful interventions could increase 
walking among targeted participants by up to 30–60 minutes a 
week on average, at least in the short term. From a perspective 
of improving population health, much of the research currently 
provides evidence of efficacy rather than effectiveness. Nevertheless, 
interventions to promote walking could contribute substantially 
towards increasing the activity levels of the most sedentary.

Br Med J 2007;334:1204
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Interventions to promote walking

Although invertebrates are known to sense and show behavioral 
responses to concentrations of CO

2
 similar to those in the earth’s 

atmosphere, it has been unclear whether the mammalian olfac-
tory system can also sense such amounts of CO

2
. Hu and team 

describe a set of olfactory neurons that appear to allow detection 

of concentrations of CO
2
 about 70% greater than those in air. The 

neurons express carbonic anhydrase II, which catabolizes CO
2
 and 

appears to be required as part of the sensing mechanism.
Science 2007;317:953
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Capsu le

Smell the CO2
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