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Introduction

Obesity-related glomerulopathy is a slow and pro-
gressive impairment of renal function, usually 
occurring over a period of months or years (1). The 
role of obesity as a relevant risk factor for kidney 
disease has been increasingly recognized, and obe-
sity-associated glomerulopathy is now considered 
as “an emerging epidemic” (2). In a recent meta-
analysis, Wang et al. reported that, in industrialized 
countries, overweight and obesity account for 
approximately 13.8% and 24.9% of kidney disease 
observed in men and women, respectively, with an 
even higher estimate in the United States (24.2% 
and 33.9%, respectively) (3).

Kidney function can be negatively impacted by 
obesity through several mechanisms, either direct 
or indirect, the latter resulting from obesity-associ-
ated complications (hypertension, diabetes melli-
tus, hyperlipidemia). Several lines of evidence have 
demonstrated a link between obesity and endothe-
lial dysfunction, a condition associated with unop-
posed vasoconstriction (4–8) and a proatherosclerotic 

phenotype (9), in which inflammatory mechanisms 
are known to play a central role (10). In addition, 
our group has shown the contribution of gut-derived 
hormones in the modulation of vascular function in 
obesity and metabolic syndrome (11–15).

Endothelial dysfunction is the likely link whereby 
obesity may directly promote kidney damage through 
a mechanism of hyperfiltration. The “theory of 
hyperfiltration” (16,17) is based on the observation 
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that an impaired function and the structural adapta-
tions of the kidney can be a consequence of a reduced 
number of performing nephrons. It must be pointed 
out that this theory may not apply to all clinical situ-
ations, as a significant number of patients showing 
severe reduction of renal mass do not develop kidney 
disease. A number of mechanisms have been postu-
lated to account for the link between obesity and kid-
ney disease where the adipocytokines, hormone-like 
peptides with multiple biological actions, appear to 
play a critical role.

The hyperfiltration theory

Brenner et al. first showed that unilateral nephrec-
tomy can lead to proteinuria, glomerulosclerosis in 
the contralateral kidney, and progressive renal fail-
ure in rats (16,17). The theory of hyperfiltration is 
based on the hypothesis that a decline in the number 
of healthy nephrons leads to functional and struc-
tural adaptations, which eventually cause further 
nephron loss and impairment of residual kidney 
function in a self-perpetuating cycle. Following 
renal ablation, residual glomeruli undergo hemody-
namic adaptations, including vasodilation of affer-
ent glomerular arterioles, vasoconstriction of 
efferent glomerular arterioles, and increased filtra-
tion fraction and glomerular transcapillary hydraulic 
pressure. The compensatory glomerular hyperfiltra-
tion, which contributes to preserve glomerular filtra-
tion rate (GFR), is accompanied by glomerular 
volume expansion and an increase in the matrix 
components as well as the number of endothelial 
and mesangial cells. However, adult podocytes are 
unable to proliferate, leaving gaps in the glomerular 
basement membrane (GBM) and predisposing to 
the development of proteinuria (18). However, it 
must be pointed out that a significant number of 
patients (>80%) with bilateral renal carcinomas who 
underwent renal parenchyma reduction did not show 
these features during the follow-up (19). The same 
discrepancy has also been described in renal agene-
sis, where a substantial percentage of cases show 
regular renal function without proteinuria.

Role of leptin

Besides its classical function as an energy depot, 
adipose tissue controls several pathophysiological 
processes through the production of several media-
tors including adipocytokines, clotting factors, and 

complement products (19). Among adipokines, lep-
tin, a class 1 cytokine, appears to play a broad spec-
trum of actions in different organ settings, including 
the kidneys. Most biological effects of leptin are 
mediated by Ob–Rb receptors. In the brain, these 
receptors are highly expressed in the hypothalamus, 
where they regulate the balance between appetite 
and caloric intake by activating the expression of 
proopiomelanocortin (POMC). In turn, POMC leads 
to the production of α-melanocyte-stimulating hor-
mone (MSH), which binds to melanocortin receptor 
3 and melanocortin receptor 4 (MC3/MC4-R) 
thereby reducing appetite and increasing energy 
expenditure (20–22).

In lean individuals, fasting decreases leptin con-
centration whereas hyperalimentation increases its 
levels. In contrast, in obese patients this physiolog-
ical mechanism is impaired and even in the pres-
ence of high leptin levels there is blunted decline 
of appetite or increase in energy consumption (23). 
This observation suggests a resistance to leptin at 
the level of the hypothalamus and of metabolic 
organs. The organ-selectivity of leptin resistance 
can be possibly explained by potential defects in 
the leptin transfer at the level of the blood-brain 
barrier (24) and by a possible reduced activation of 
the signaling transduction pathways involved. 
Interestingly, this resistance appears to be organ-
specific and may not involve the autonomic nerv-
ous system (ANS) and the kidneys. Thus, the 
increased risk of developing an obesity-associated 
glomerulosclerosis has been related to increased 
serum leptin concentration. Of note, leptin can also 
increase the production of the extracellular matrix 
(ECM) and participate in the pathogenesis of dia-
betic nephropathy, consistent with the observed 
association between higher urine leptin levels and 
increased albuminuria in Pima Indians (25).

Leptin and albuminuria

Kidney cells mainly express the shorter isoform of 
Ob–Ra receptor, although the Ob–Rb isoform is 
also present to a lesser extent (26). Short-term expo-
sure to leptin is able to induce the synthesis of trans-
forming growth factor-α1 (TGF-α1), leading to the 
proliferation of renal glomerular endothelial cells 
(27). Moreover, long-term infusion with the cytokine 
has been shown to upregulate glomerular expression 
of type I and type IV collagen in mesangial and glo-
merular endothelial cells, with ECM deposition, 
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glomerulosclerosis, and a significant increase in uri-
nary protein excretion independent of blood pres-
sure increase (28). Interestingly, in a diet-induced 
obese mouse model, leptin-induced switch of 
mesangial cell to a fibrotic phenotype is mediated 
by thrombospondin 1 (TSP1) (29). TSP1 is expressed 
by mesangial, endothelial, and tubular cells as well 
as podocytes in the kidney, where it plays a critical 
role in the development of the diabetic kidney dis-
ease through the induction of the pro-fibrogenic 
transforming growth factor-β (TGF- β) (30,31). The 
critical role of TSP1 in the switch to a fibrotic cell 
phenotype has been demonstrated for the leptin-
mediated induction of TGF-β1, fibronectin, and col-
lagen type IV in TSP1-wild-type mesangial cells, 
while this stimulatory effect of leptin has not been 
described in TSP1-deficient mesangial cells (29).

Leptin and renal tubular damage

A critical feature of chronic kidney disease is the 
involvement of the interstitial tubule resulting in 
either cellular damage mediated by the protein 
reabsorption or direct damage of the tubular 
epithelium.

Long-term leptin treatment induces apoptosis 
in rat renal tubular cells (NRK-52E) in vitro (32) 
through an increase in the expression of cycloox-
ygenase 2 (COX-2)-mediated prostaglandin E2 
(PGE2). It must be pointed out that while pro-
longed treatment with leptin has been associated 
with apoptosis of tubular cells, a short exposure 
to the hormone has been described as protective 
to gentamicin-induced apoptosis, suggesting a 
dichotomous scenario dependent on the time-
length of cell exposure to leptin (33). In particu-
lar, in opossum renal tubular cells, 2-h exposure 
to leptin is able to reduce protein synthesis rate 
(34), likely through m-TOR (the mammalian tar-
get of rapamycin)-dependent mechanisms. 
However, this effect has been observed only in 
the presence of low glucose levels, suggesting 
that other mechanisms may be involved in the 
presence of hyperglycemia.

Leptin and transactivation of ErbB receptor 
family

An emerging mechanism linking hyperleptinemia 
and kidney damage involves the transactivation of 
the ErbB receptor family. These receptors are part 

of the tyrosine kinase subclass I (RTK) superfam-
ily, which includes epidermal growth factor (EGF) 
receptors (EGFR) HER1 (ErbB1), HER2/neu 
(ErbB2), HER3 (ErbB3), and HER4 (ErbB4) (35).

The binding of specific ligands to ErbB recep-
tors induces conformational changes and the crea-
tion of different receptor homo- or heterodimers, 
which in turn activate selective signaling path-
ways. Several ErbB receptors ligands have been 
identified including EGF, TGF-α, and the heparin-
binding EGF-like growth factor (HB-EGF). 
Inactive transmembrane ErbB precursor ligands 
require the proteolytic cleavage of their ectodo-
main in order to be activated and released as mature 
soluble ligands. Although ADAM metalloprotease 
family members are the primarily responsible for 
cleavage (36), ErbB ligand cleavage can also be 
performed by several matrix metalloproteinases 
(37). G-protein coupled receptor (GPCR)-binding 
proteins such as angiotensin II (Ang II), which 
binds to the angiotensin type 1 receptor (AT1), can 
contribute to the ADAM-dependent EGFR ligand 
shedding. In particular, the ADAM-mediated acti-
vation of EGFR, induced by GPCR, has been 
defined as transactivation (38).

Depending on the tissue, different ADAMs may 
be involved in EGF receptor transactivation. In the 
kidney, ADAM17 has been implicated in the trans-
activation mediated by Ang II (39). The binding of 
different Erb-B ligands and the combination of 
Erb-B homo- and heterodimer receptors can acti-
vate distinct downstream pathways, including the 
mitogen activated protein kinase (MAPK) and the 
phosphatidylinosithol-3kinase (PI3K) signaling 
pathways (35), which are able to control cellular 
behavior by transducing cell signals to the nucleus, 
then influencing the activity of transcription fac-
tors. Based on these assumptions, Beltowski et al. 
have demonstrated the ability of high levels of lep-
tin to transactivate the EGF receptor and activate 
the receptor Erb-B2 (40). Increased PI3K activity 
has been observed in the aortic media of adult male 
Wistar rats exposed to increasing doses of leptin 
for 10 days, which was markedly attenuated by the 
EGFR inhibitor AG1478 and by the ErbB2 recep-
tor inhibitor AG825. These observations demon-
strated that both EGFR and ErbB2 contribute to the 
activation of PI3K signaling pathway by leptin.

Leptin has also been shown to increase tyrosine 
phosphorylation of ErbB2, which is abolished 
either by AG1478 or AG825.
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The ability of hyperleptinemia to transactivate 
ErbB receptors could be considered as an additional 
mechanism of fibrogenesis induction. Indeed, 
although constitutive EGFR expression has been 
observed in glomeruli, tubules, and interstitium of 
most normal human kidneys, EGFR increase has 
been detected in several forms of glomerulonephri-
tis and in allograft nephropathy (41–43).

In particular, EGFR expression has been 
described in glomerular fibrotic lesions, while 
tubular EGFR levels have been found to correlate 
with the extent of interstitial fibrosis. HB-EGF is 
absent in normal kidneys while it is strongly 
expressed in the glomerular mesangium of patients 
with glomerulonephritis. Also, mesangial HB-EGF 
correlates with proliferation, and in a model of cul-
tured mesangial cells recombinant HB-EGF is able 
to induce proliferation and synthesis of type I and 
III collagen (44). Ang II-induced EGFR transacti-
vation has been shown to activate renal TGF-β 
signaling pathway, which demonstrates a link 
between two main effectors of fibrosis (45). Further 
investigation is needed to explore this potential 
pathophysiological role of hyperleptinemia.

Role of adiponectin

Adipocytokine abnormalities in obesity extend 
beyond leptin the role and include a reduced 
expression of adiponectin, a 30 kDa protein mainly 
secreted by adipocytes. In humans, plasma adi-
ponectin is expressed as multimeric forms, from 
trimers to high molecular weight oligomers con-
taining 12- to 18-mers at concentrations in the 
range of 5–30 μg/mL (46). Interestingly, a recom-
binant fragment of adiponectin containing the 
C-terminal globular head domain is able to interact 
with cellular adiponectin receptors, mimicking 
several activities of the full-length, oligomeric 
form of the protein. Both full-length forms of adi-
ponectin (gAd and fAd, respectively) bind to 
AdipoR1 and AdipoR2 receptors, activating the 
5′-AMP-activated protein kinase (AMPK) signal-
ing and, possibly other intracellular pathways 
(47,48). AdipoR1 is widely expressed by different 
types of tissues, being particularly abundant in the 
liver and skeletal muscle (49). AdipoR2 expression 
is usually considered to be more restricted mainly 
to liver and muscle. Receptor subtypes are 
expressed in podocytes (50). The ligand-binding 
sites are slightly different for adipoR1 and R2: adi-
poR1 has higher affinity for globular adiponectin, 

while adipoR2 has intermediate affinity for both 
globular and full-length adiponectin (51).

Hypoadiponectinemia and microalbuminuria

A correlation between hypoadiponectinemia and 
microalbuminuria has been described in subjects 
with high blood pressure as well as in Japanese and 
African-American obese patients (52,53).

Adiponectin deficiency is associated to microal-
buminuria and alteration of podocyte pediculi 
expression in the presence of a normal endothe-
lium in knockout mice (54) and treatment with the 
protein restores normal albuminuria and regular 
podocyte foot processes.

In the absence of adiponectin, mice podocytes 
display foot fusion processes and appear to be 
reduced in the number. Podocyte damage secondary 
to the absence of adiponectin has been possibly 
related to the reduced activity of AMPK (see above). 
This observation has proved a role for podocytes in 
the initial development of albuminuria, which in 
contrast seems to be independent of the tubular 
uptake of albumin. The binding of adiponectin to the 
AdipoR1 receptor expressed by podocytes and other 
renal cell types leads to a reduction of the Nox4-
isoform of NAPDH oxidase through the AMPK 
pathway. Thus low levels of adiponectin can lead to 
unbalanced Nox activity in the kidney, potentially 
causing an overall increase in reactive oxygen spe-
cies (ROS) and vascular injury.

In particular, it has been shown that high levels 
of adiponectin can contrast the generation of ROS 
induced by high glucose levels in human glomeru-
lar mesangial cells, partly through the stimulation 
of the AMPK signaling pathway (55). A marked 
renal damage progression has been described in 
patients with hypoadiponectinemy by Kacso et al. 
(56), in a study performed on 86 type 2 diabetic 
patients, with a GFR >30 mL/min. A possible pro-
tective role of adiponectin on podocytes has been 
proposed by Rutkowski et al. (57). These authors 
have created a strain of guinea pigs characterized 
by the potential expression of the mutant protein 
FKBP, which, if present in a dimeric form, is able to 
induce caspase 8-mediated podocyte apoptosis. 
Dimerization of FKBP is induced by the adminis-
tration of the specific agent AP20187. The induc-
tion of caspase 8-mediated apoptosis is described 
by the acronym ATTAC (apoptosis through targeted 
activation of caspase 8): apoptosis appears to be 
dependent on the dose of the dimerising agent and 
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is self-limited in time. The POD-ATTAC strain is 
characterized by inducible podocyte reduction, 
whose extent depends on the dose of the dimerising 
agent FKBP. This model can achieve various 
degrees of histological impairment, from minimal 
change detectable only by electron microscopy to 
damage mimicking focal segmental glomeruloscle-
rosis (FSGS) with consequent changes in GFR and 
albuminuria. Using low or intermediate doses of 
FKBP it is then possible to induce reversible podo-
cyte damage, with the potential for structural and 
functional recovery.

The role of adiponectin in podocyte loss and 
renal function has been investigated by crossing 
adiponectin knock out and adiponectin-overex-
pressing adipo Tg mice (58) with the POD-ATTAC 
(POD) mice, with the generation of adiponectin 
KO POD-ATTAC (POD-KO) and adipo Tg POD-
ATTAC (POD-Tg) mice. POD-Tg POD-KO mice 
exhibited a rapid loss of podocytes after treatment 
with FKBP; however, the lack of adiponectin did 
not increase the extent of podocyte ablation as 
compared with POD mice exposed to the same 
treatment. POD-KO podocytes showed lower 
recovery capacity as compared with POD mice, 
with glomeruli appearing from normal to FSGS. 
While adiponectin overexpression has been shown 
to be highly cytoprotective in ATTAC mouse mod-
els, 15 PODTg mice showed podocyte impairment 
at 7 days. However, a clear recovery has been 
observed from day 28 to day 60 in the glomerular 
area of adiponectin-overexpressing POD POD-Tg 
mice, along with decreased albumin excretion.

Adiponectin and renal tubular cells

Adiponectin appears to exert protective effects not 
only on podocytes, but also on tubular cells. The 
presence of adiponectin receptors on human renal 
tubular cells has been demonstrated by Fang et al. 
(59), starting from the assumption that renin angio-
tensin system (RAS) activation and increased Ang II 
could contribute to the development and progression 
of the kidney disease and that one of the mechanisms 
responsible would be an increase in oxidative stress 
due to the activation of Ang II-mediated NADPH 
oxidase (60). Adiponectin has then been shown to 
mitigate the effect of Ang II on NADPH oxidase 
through a mechanism Adipo R1-mediated. The role 
of Ang II-induced activation of NF-κB, a key media-
tor of the cellular inflammatory response, has been 
demonstrated in renal tubular cells by gene expres-
sion reporter systems, along with the production of 
fibronectin, an extracellular matrix protein which 
accumulates in kidney injury. Both Ang II-mediated 
NF-κB activation and fibronectin production have 
been shown to be attenuated by adiponectin.

Role of alpha-2-Heremans Schmid 
glycoprotein (fetuin-A)

Alpha-2-Heremans Schmid glycoprotein (AHSG), 
also known as fetuin-A, is a 64-kDa circulating 
glycoprotein initially isolated from fetal bovine 
serum. Human AHSG, a member of the cystatin 
superfamily of cysteine protease inhibitors (61,62), 
is synthesized by hepatocytes and present in all 
extracellular fluids (63). AHSG induces insulin 

Figure 1.  The Hyperfiltration Model.
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resistance in the skeletal muscle and the liver by 
inhibiting insulin receptor tyrosine kinase and 
downregulating insulin signal transduction (64,65). 
Lack of fetuin-A in null mice has been associated 
with increased skeletal muscle glycogen content 
and resistance to weight gain in the presence of a 
high-fat diet (66,67). High levels of fetuin-A have 
been associated with obesity and insulin resistance 
in humans with chronic kidney disease (CKD) 
(68). Fetuin-A suppresses adiponectin mRNA in 
cultured human adipocytes and reduces serum adi-
ponectin levels in wild-type mice (69). This effect 

appears to be specific to adiponectin, as fetuin-A 
treatment does not affect mRNA levels of leptin 
and resistin. Collectively, these observations dem-
onstrate a role for fetuin- A in the inhibition of adi-
ponectin production by the adipose tissue.

Role of visfatin

Visfatin was originally identified as PBEF (pre-
B-cell colony-enhancing factor) and has been 
associated to a variety of inflammatory states 
(70–72). Visfatin induces the expression of the 

Figure 2.  Kidney Damage Mechanisms.
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inflammatory mediators TNF-α, IL-1β, and IL-6 
(73), of profibrotic molecules such as TGF-β1 
and type I collagen, and of the antifibrinolytic 
plasminogen activator inhibitor-1 (74). Visfatin is 
secreted by the adipocytes of visceral fat in the 
presence of hyperglycemia and exerts several 
insulin-like actions (75). Interestingly, visfatin 
increases mRNA levels of rennin, angiotensino-
gen (AGT), angiotensin-converting enzyme 
(ACE), AT1, and AT2 in rat mesangial cells in a 
dose-dependent manner. These observations sug-
gest that the negative effects of visfatin on the 
kidney are possibly mediated by Ang II through 
the involvement of AT1.

Conclusions

As stated by The World Health Organization in 
1997, “…obesity’s impact is so diverse and 
extreme that it should now be regarded as one of 
the greatest neglected public health problems of 
our time with an impact on health which may well 
prove to be as great as that of smoking”. There is 
a growing understanding of the role of adipose 
tissue, particularly in the visceral depot, in obe-
sity-induced chronic kidney damage. An abnor-
mal regulation of adipocytokines appears to 
mediate at least in part this detrimental effect of 
obesity on renal function. On the one side, 
increased leptin levels have been linked to both 
glomerular damage (by inducing glomeruloscle-
rosis and increasing production of collagen by 
podocytes and mesangial cells) and tubulointer-
stitial injury (by promoting apoptosis of tubular 
cells). On the other hand, reduced level of adi-
ponectin, which exerts protective effects on 
podocites through anti-apoptotic and antifibrotic 
mechanisms, has been associated with podocyte 
damage mediated by ROS. While it is well estab-
lished that obesity represents the leading risk fac-
tor for hypertension, metabolic syndrome, and 
type 2 diabetes mellitus, the awareness that obe-
sity is associated with direct kidney damage inde-
pendently of hypertension and diabetes is still not 
widespread. Further studies are necessary to 
improve our knowledge of the mechanisms link-
ing obesity-related adipose tissue dysfunction and 
renal damage, to identify potential targets for 
intervention in order to prevent kidney injury and 
decrease the cardiovascular risk associated with 
chronic kidney disease.
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