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Abstract Albuminuria is both a characteristic hallmark
and a known risk factor for progressive glomerular dis-
ease. Although the molecular basis for a potential causa-
tive role for albuminuria in progressive chronic kidney
disease remains poorly understood, there have been sev-
eral recent advances in our understanding of the role of
albumin, and its molecular modifications, in the develop-
ment and progression of glomerular disease. This review
discusses recent findings related to the ability of albumin
and its associated factors to directly induce podocyte and
glomerular injury. Additional recent studies confirming
the abili ty and mechanisms by which podocytes
endocytose albumin are also discussed. Lastly, we present
several known molecular modifications in the albumin
molecule itself, as well as substances bound to it, which
may be important and potentially clinically relevant me-
diators of albumin-induced glomerular injury. These re-
cent findings may create entirely new opportunities to
develop novel future therapies directed at albumin that
could potentially help reduce podocyte and renal tubular
injury and slow the progression of chronic glomerular
disease.
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Introduction

Proteinuria, which reflects primarily urinary albumin, is well
recognized not only as a marker but also a risk factor for pro-
gressive glomerular disease [14, 40]. In the normal state, only
small amounts of albumin are able to cross the glomerular filtra-
tion barrier, and the filtered albumin is reabsorbed very efficient-
ly by the renal tubular cells, resulting in negligible albuminuria
[11, 34]. However, following injury to the glomerular filtration
barrier, as occurs during glomerular disease, significantly greater
amounts of albumin cross the barrier and enter the urinary space.
Historically, this was recognized clinically simply as proteinuria.
Over the last two decades, however, we have learned that such
proteinuria was associated more proximally in the nephron with
dramatically increased albumin uptake in renal tubular cells.
Importantly, this albumin uptake was found to stimulate tubular
cell toxicity, including stimulation of signaling pathways leading
to the release of inflammatory, vasoactive, and fibrotic sub-
stances that cumulatively induced tubulointerstitial dysfunction
and fibrosis, which if persistent, could lead to progressive renal
disease [45, 46]. More recently, we have also begun to recognize
that not only renal tubular cells, but also podocytes, are targets of
injury resulting from leakage of albumin across a damaged glo-
merular filtration barrier [4]. This review focuses on our growing
understanding of albumin-induced podocyte injury that also ac-
companies clinical proteinuria during glomerular disease (see
Fig. 1). We also discuss our evolving appreciation that albumin
can undergo multiple biomolecular modifications, and that
albumin-induced podocyte toxicity results not only from the
quantity of albumin delivered to podocytes, but also from the
biomolecular characteristics of the albumin molecule itself.
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Finally, we discuss briefly how this knowledge might be able to
be used to improve the treatment of glomerular disease in the
future.

Albumin overload and glomerular injury

Albumin overload in animals has been an extensively studied
model to elucidate the structural, pathological, and molecular
changes in renal diseases [9, 25, 27, 47]. Tubulointerstitial
injury has been an area of extensive focus in such animal
models, while a few studies have also reported molecular
changes in podocytes, in addition to structural and patholog-
ical changes [4, 9, 25, 47, 58, 71]. Albumin overload results in
tubulointerstitial injury by eliciting a pro-inflammatory re-
sponse, macrophage and lymphocyte infiltration, tubular atro-
phy, and interstitial fibrosis [7, 25–27]. While immune cell
infiltration is not observed in the glomeruli, there are increases
in IgG, IgM, C3, and C5 antigens, as well as glomerular en-
largement and podocyte effacement and detachment from the
GBM [9, 25, 47, 71]. Molecular changes in the glomeruli
upon albumin overload include TNF-α and IL-1β induction
in mice and increased osteopontin expression in rats [26, 58].
In our own work, we have reported the induction of COX-2,

the pro-inflammatory genes MCP-1 and CXCL1, and the
small heat shock protein HSP25 in the glomeruli of rats sub-
jected to albumin overload [4]. Thus, exposure to excessive
amounts of albumin is clearly able to induce pro-inflammatory
and pro-fibrotic changes in both the glomerular and
tubulointerstitial compartments of the kidney.

Albumin deficiency and glomerular injury

On the other end of the spectrum, albumin deficiency resulting
from a spontaneous mutation in Nagase analbuminemic rats
(NAR) has been investigated in a few models of glomerular
injury, with varying results [2, 32, 33, 54, 55, 59]. The exis-
tence of such analbuminemic rats was first recognized in the
1970s byDr. Nagase in hypercholesterolemic Sprague Dawley
rats (SDR) [54, 55]. While these rats lack albumin, they exhibit
compensatory increases in other plasma proteins, as well as
cholesterol and triglycerides. Following induction of puromy-
cin aminonucleoside (PAN) nephrosis, while NAR did not
exhibit proteinuria, the extent of podocyte foot process abnor-
mality was found to be similar to SDR [2]. In a subtotal ¾
nephrectomy injury model, while proteinuria in NAR was sig-
nificantly lower than that of SDR, NAR showed a higher fre-
quency of glomerular lesions than SDR [48]. In an age-related
glomerulosclerosis study, comparisons were made between
NAR and SDR at 3 and 18 months of age. These studies
revealed that NAR, unlike SDR, did not develop age-related
glomerulosclerosis, which was attributed to be due to lower
glomerular pressure and volume, and lower plasma triglyceride
levels [32]. In an Adriamycin-induced nephropathy model,
both NAR and SDR developed the same degree of focal
glomerulosclerosis [59]. More recently, the role of albumin in
injuring kidney cells has been underscored in Alport syndrome
using an albumin knock-out model in mice [42]. Lack of albu-
min inCol4a3−/−Alb−/−mice resulted in improved kidney out-
come compared toCol4a3−/−mice. In addition, these albumin-
deficient mice also were found to have improved survival,
reduced transforming growth factor-β1signaling, as well as
reduced tubulointerstitial, glomerular, and podocyte pathology.
Together these studies provide additional, albeit indirect, sup-
port for a potentially important role for albumin during glomer-
ular disease.

Albumin handling by podocytes

The appearance of albumin in the urine (i.e., albuminuria) is
regulated by several factors. The first level of regulation is the
amount of albumin filtered from the glomerular capillary lu-
men through the glomerular filtration barrier (which is com-
posed of glomerular endothelial cells, GBM, podocytes, and
podocyte slit diaphragms). Once albumin enters the urinary
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Fig. 1 Schematic of the causal role of albumin in progressive
glomerular disease. Following injury to the glomerular filtration
barrier, as occurs during glomerular disease, significantly greater
amounts of albumin cross the filtration barrier and enter the urinary
space. Prolonged exposure of podocytes to increased concentrations of
albumin, including potentially toxic factors bound to it, leads to
progressive podocyte loss, resulting in progressive glomerular disease,
and ultimately in chronic kidney disease (CKD) and end-stage kidney
disease (ESKD).
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space, a second level of regulation is the extent to which it is
actively reabsorbed by renal tubular cells. In this regard, prox-
imal tubule cells (PTCs) have been reported to very effectively
reabsorb physiologic amounts of albumin in the urinary space
[69], with albumin only reaching the urine (i.e., albuminuria)
once the renal tubular capacity for albumin reabsorption has
been exceeded. In this setting, however, it has been known for
some time that exposure of PTCs to excessive amounts of
albumin results in the activation of several molecular signal-
ing pathways, and production of chemoattractants, pro-
fibrotic agents, and matrix proteins, which can ultimately re-
sult in interstitial inflammation and fibrosis [13].

Only more recently have we begun to appreciate that
podocytes, like PTCs, can also reabsorb the albumin that en-
ters the urinary space during glomerular disease. Podocytes
have been found to have a variety of responses to albumin
exposure, including endocytosis [23, 28], macropinocytosis
[19], increased TGF-β and p38 MAPK signaling, and loss
of synaptopodin [1, 76]. Podocyte exposure to albumin has
also been reported to induce apoptosis in association with
CD2AP downregulation and endoplasmic stress [37],
TRPC6-mediated increases in intracellular Ca(2+) [18], in-
creased MMP-2 and MMP-9 expression [29], modulation of
the endothelin-1 gene with actin cytoskeletal reorganization
[51], and induction of genes encoding COX-2 and pro-
inflammatory and stress proteins [4, 58]. In our own work,
we observed loss of cell viability, actin cytoskeleton rear-
rangement and significant inductions of COX-2, B7–1,
MCP-1, CXCL1, HSP25, and HSP70i in podocytes exposed
to normal serum concentrations of albumin [4]. We also ob-
served albumin concentration-dependent COX-2 induction,
suggesting that even subtle increases in albumin concentra-
tions in the urinary space can result in increased COX-2 ex-
pression in podocytes. Thus, the ability of albumin to stimu-
late these various signaling and injury response pathways in
podocytes suggests a variety of potential molecular mecha-
nisms by which albumin may directly injure podocytes fol-
lowing injury to the glomerular filtration barrier.

Mechanism of albumin endocytosis by podocytes

As noted above, in the normal state, the components of the
glomerular filtration barrier (glomerular endothelial cells,
GBM, podocytes, and slit diaphragms) all act together to
largely prevent the passage of large serum macromolecules
into the urinary space. In addition, cellular endocytic mecha-
nisms normally control the lipid and protein composition of
cells, and act as gateways to extracellular components, thus
playing an important role in many human disease processes
[24]. In the setting of glomerular disease, endocytosis of plas-
ma proteins leading to glomerular vacuolization in focal seg-
mental glomerulosclerosis (FSGS) has long been reported as a

prognostic marker of kidney disease progression [77].
Additionally, rodent models of nephrotic syndrome (NS) in-
jury have reported the presence of albumin-containing vesi-
cles in podocytes [43]. In recent years many endocytic portals
have been recognized in podocytes. These portals provide a
mechanism for the clearance and trafficking of proteins in the
normal state. However, they may also serve as a mechanism
for the uptake of the excess albumin presented to podocytes
during glomerular disease, which may induce direct podocyte
injury (see Fig. 2).

Endocytosis is often reported to occur via both clathrin-
dependent and independent pathways, and both of these path-
ways have been demonstrated to function in podocytes [39,
66]. Podocytes utilize clathrin-mediated pathways to internal-
ize a variety of proteins, during both development and normal
physiologic maintenance, as well as disease states [66].
Notably, the critical slit diaphragm protein, nephrin, has been
reported to be internalized via clathrin- as well as raft-
mediated endocytosis in podocytes [60]. Furthermore, a
strong link has been demonstrated between clathrin-
mediated endocytosis in podocytes and actin cytoskeleton ar-
rangement [65, 66, 75], which is critical to the proper func-
tioning of podocytes.

More recently, it has been demonstrated that podocytes
endocytose albumin primarily via the caveolae-mediated path-
way, rather than the clathrin-mediated pathway [23, 61]. Once
internalized, a portion of the albumin gets degraded by lyso-
somes and a portion of it presumably gets transcytosed via the
neonatal Fc receptor (FcRN). Moreover, most of the caveolae-
mediated endocytosis takes place in the basal domain, rather
than in the apical domain, as has been demonstrated by the use
of confocal imaging and total internal reflection fluorescence
microscopy [23].

FcRN, a known IgG and albumin transport receptor, is a
well-studied receptor involved in PTC albumin uptake, and
has also been shown to be expressed in podocytes [5, 36, 44,
63]. Its role was first identified in the transport of IgG anti-
bodies from the mother to the fetus or neonate, and in
protecting IgG from intracellular catabolism [63]. More re-
cently, due to its well-recognized interaction with albumin,
FcRN has emerged as a new target to design albumin-based
therapeutics [63]. In the context of podocytes, it has been
reported that mice deficient in FcRN demonstrated delayed
IgG clearance from the GBM and potentiated the pathogenic-
ity of nephrotoxic sera [5].

Even more recently, a new portal of endocytosis
known as macropinocytosis has been recognized to
function in podocytes [6, 19]. Macropinocytosis leads
to the internalization of extracellular fluids and large
molecules in a very efficient manner [24]. Podocytes
uptake albumin by macropinocytosis, the rate of which
is greatly increased by the free fatty acids (FFA) bound
to albumin [19]. Moreover, this pathway is stimulated
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by FFA-binding G-protein-coupled receptors (GPCRs)
and Gβ/Gγ subunits, which in turn activate the Rho
GTPases, RAC1, and CDC42, leading to cytoskeletal
disruption and podocyte injury [19].

In summary, endocytosis of albumin by podocytes utilizing
the different portals described above may serve as both a
mechanism of clearance and trafficking of albumin in the
healthy state, but also as a potentially important molecular
mechanism of podocyte injury during glomerular disease.

Albuminmodifications in glomerular and podocyte injury

The albumin protein is organized into three domains, I,
II, and III, each divided into two subdomains, with 17
intramolecular disulfide bonds, and a free Cys34 residue
[8]. The structure of albumin allows it to bind and
transport diverse molecules in the plasma, including fat-
ty acids, metal ions, hormones, drugs, etc. Due to the
molecular characteristics noted above, albumin is also
very susceptible to a wide variety of modifications in-
duced by pH and other biophysical compounds.

Lipidated albumin

When albumin was first crystallized in 1941 by Kendall, the
crystals were found to contain a small amount of FFA [67]. It
was later shown that albumin is in fact a transport vehicle for
FFA in blood [67]. Thus, it is this FFA-bound or lipidated
form of albumin that is encountered by PTCs and podocytes
once albumin crosses the glomerular filtration barrier. It has
been long observed that the FFA carried on albumin may be
the prime contributors of tubulointerstitial injury in the albu-
min overload model of renal injury, and several studies have
also reported the lipotoxic roles of saturated fatty acids in
proximal tubular injury [41, 49, 62, 70, 78]. More importantly,
several different FFAs bound to albumin have also been
shown to inc rease podocy te in ju ry [4 , 6 , 19] .
Macropinocytosis of albumin by podocytes has been shown
to be enhanced with lipidated albumin via the stimulation of
lipid-binding GPCRs [6, 19]. Moreover, mice fed a high-fat
diet developed elevated levels of FFA, and were found to have
increased susceptibility to Adriamycin-induced proteinuria
compared to mice fed control chow [6, 19]. We have also
recently reported that lipidated albumin induces significantly
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Fig. 2 Schematic of recognized albumin endocytic portals in
podocytes. The components of the glomerular filtration barrier
(glomerular endothelial cells, GBM, podocytes, and slit diaphragms) all
act together to prevent the passage of cells and larger serum
macromolecules, including albumin, into the urinary space. The
endocytic portals in podocytes internalize protein molecules in the
normal state, and uptake increased amounts of albumin that leaks across
the filtration barrier during glomerular disease. While the role of clathrin-
mediated endocytosis in podocytes has been well described during

development, maintenance and disease, its role in specific uptake of
albumin in podocytes is unclear [39, 60, 65, 66, 75]. Albumin has been
reported to be internalized in podocytes by caveolae-mediated
endocytosis at the basal surface [23, 61]. Once internalized, part of the
albumin molecule gets transcytosed into the urinary space via the
neonatal Fc receptor (FcRN) [5]. More recently, macropinocytosis has
been recognized as another major endocytic portal for albumin in
podocytes [19]
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greater glomerular injury and proteinuria in vivo in a rat albu-
min overloadmodel, as well as greater podocyte injury in vitro
in cultured podocytes, compared to de-lipidated albumin [4].
Furthermore, the FFA content of the albumin retained in the
plasma in NS has been reported to be greater than the albumin
lost in the urine, which in combination with hypoalbuminemia
results in an increased plasma FFA/albumin ratio [20, 35].
These changes have been further reported to culminate in
increased angiopoietin like-4 (Angptl-4) expression and secre-
tion from peripheral organs, leading to hypertriglyceridemia
[20, 35].

Oxidized albumin

Increased reactive oxygen species (ROS) have been reported
to play an important role in the pathophysiology of many
diseases that result in inflammatory organ damage or neopla-
sia [15]. Since albumin is the most prevalent protein in the
plasma, it thus plays a key role in the antioxidant function
present in plasma. The oxido-redox potential of albumin
changes upon oxidation, and this modification thus represents
a chemical marker of oxidative stress. The ROS react primar-
ily with the free cysteine (Cys34) residue of albumin, which
drives the formation of sulfenic acid (SOH-Alb) → sulfinic
acid (SO2-H-Alb)→ sulfonic acid (SO3-H-Alb). Upon stable
oxidation to the sulfonic form, the properties of albumin are
altered and it becomes more prone to faster degradation. A
few reports have suggested an indirect association of ROS and
free radicals with FSGS [52, 53]. Importantly, massive oxida-
tion of plasma albumin has also been demonstrated in FSGS
patients, leading to its chemical modification. The finding of
in vivo oxidation of plasma albumin in patients with FSGS,
given its greatly increased risk for disease progression, adds
further evidence suggesting a potential role for modification
of the albumin molecule as an additional risk factor for pro-
gressive chronic kidney disease (CKD) in FSGS, and poten-
tially other glomerular diseases.

Cationic albumin

The cationic form of albumin (cBSA; cationic bovine serum
albumin) has been long used to induce immune complex glo-
merulonephritis (ICGN) in animal models to replicate human
membranous nephropathy [73, 74]. Membranous nephropa-
thy is characterized by in situ immune complex deposition in
the glomerular subepithelial space, GBM thickening, nephrot-
ic syndrome, and a predominantly type-2 immune response
[38]. Animal models of ICGN using cBSA injections have
also been widely reported in rats, mice, dogs, cats, and rabbits
[10, 12, 17, 56, 57, 72–74]. In addition, multiple children with
membranous nephropathy have also been found to have cir-
culating cBSA, which has been suggested to have imparted its
pathogenic role through binding to the anionic GBM, and

subsequent formation of immune complexes [22]. Moreover,
less anionic forms of albumin have also been reported to be
present in the urine of patients with NS [35].

Glycated albumin

Albumin is highly sensitive to glycation, as it is highly abun-
dant in plasma and it undergoes structural and functional
changes upon binding to reduced sugars [8]. In fact, due to
stable structural changes associated with glycation, it is
emerging as a new marker for diabetes, superseding HbA1C
[8, 21]. Interestingly, new findings are also implicating a caus-
al role of glycated albumin in promoting proteinuria and
glomerulosclerosis, in addition to its potential role as a bio-
marker [21]. In this context, it is notable that glycated albumin
has been found to penetrate the glomerular filtration barrier
deeper than non-glycated albumin, thus modifying the glo-
merular filtration properties [50]. This effect, however, was
not as a direct result of changes in the anionic charge distribu-
tion and density of the GBM by glycated albumin [50]. Thus,
glycation of albumin represents yet another molecular modi-
fication able to alter the physical and chemical characteristics
of albumin, which could also potentially alter its glomerular
permeability and toxicity.

Role of the glomerular filtration barrier in albumin
permeability

The glomerular filtration barrier (described above) functions
as a single entity that prevents leakage of large proteins from
the plasma. The various layers and cells comprising it each
play important unique roles and exhibit crosstalk in maintain-
ing the overall filtration barrier function (see Fig. 2). The
glomerular endothelium is characterized by fenestrations and
a surface glycocalyx, and is the most proximal barrier to the
filtration of albumin from the plasma [64]. Dysfunction in the
endothelium results in increased glomerular permeability in
disease, and crosstalk between the endothelial cells and
podocytes also regulates the ability of podocytes to handle
albumin. The GBM provides the second barrier to the filtra-
tion of albumin, and is a non-cellular layer between the endo-
thelium and the interdigitating foot processes of podocytes
[68]. It is composed of four types of extracellular matrix mac-
romolecules: laminin, collagen, agrin, and nidogen, which
together provide an interwoven meshwork imparting size
and charge-selective properties to the GBM. Human muta-
tions reported in Alport and Pierson syndromes, as well as
animal knock-out studies of specific GBM components, have
underscored the essential role of the GBM in regulating glo-
merular filtration [68]. The podocyte layer, complete with
their interdigitating distal foot processes and intercellular
connecting slit diaphragms (see Fig. 2), comprise the third
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and final barrier to the filtration of albumin from the plasma.
Finally, while not a recognized component of the glomerular
filtration barrier, the parietal epithelial cells lining Bowman’s
capsule are positioned between the filtration barrier and the
beginning of the proximal tubule. Interestingly, similar to
podocytes, these cells have also been reported to undergo
increased apoptosis via Erk1/2 signaling upon exposure to
albumin [16].

Albuminuria as a therapeutic target in glomerular
disease

There is controversy within the nephrology community about
whether albuminuria is or is not an appropriate therapeutic
target in patients with CKD [30, 31, 45, 46]. Additional studies
are clearly needed to better define the future clinical utility of
albuminuria as a therapeutic target in glomerular disease.
However, our improving understanding of the molecular and
cellular handling, and related toxicity, of albumin within both
the glomerulus and renal tubules during glomerular disease
will likely have an important future role in shaping these de-
terminations. There is growing evidence for a potentially clin-
ically important role for albumin, and its molecular modifica-
tions, in glomerular and podocyte injury. In addition, we now
recognize that the most widely utilized clinical therapy for
glomerular disease, glucocorticoids, as well as the PPARγ ag-
onist, pioglitazone (a potential future therapy for glomerular
disease) both inhibit albumin-induced podocyte signaling
pathways such as COX-2 [3, 4] (see Fig. 3). Finally, our
evolving appreciation that the toxicity of albumin itself is
variable, and could potentially be modified for future
therapeutic interventions, may also create novel opportunities
for potential new approaches to slow the progression of CKD
in chronic glomerular disease.

Summary

There have been several recent advances in our understanding
of the role of albumin, and its molecular modifications, in the
development and progression of glomerular disease. It has
become increasingly clear that albumin and its associated fac-
tors are able to directly induce both podocyte and glomerular
injury. Moreover, it appears that albumin-bound lipids have a
notable role in mediating this injury. In contrast, studies using
rodent models of albumin deficiency have reported reduced
proteinuria in albumin-deficient rats and mice following glo-
merular injury induction, compared to normal animals, further
suggesting a role for albumin in glomerular injury and pro-
teinuria. Additional recent studies have now also confirmed
that podocytes endocytose albumin, and do so utilizingmainly
the caveolae-mediated pathway and macropinocytosis.

Finally, it is also becoming clearer that modifications in the
albuminmolecule itself, as well as substances bound to it, may
be important regulators of albumin-induced glomerular injury.
These recent findings may create entirely new opportunities to
develop novel future therapies directed at albumin that could
potentially help reduce podocyte and renal tubular injury and
slow the progression of chronic glomerular disease.
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