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Abstract

Purpose of review: the present review focuses on AKI associated with glomerular diseases and

specifically the mechanisms of development of AKI in the wide spectrum of glomerulopathies.

Recent findings: the immune system and the kidneys are closely linked. In healthy subjects the kidneys
contribute to immune homeostasis, while components of the immune system mediate many acute forms
of kidney disease. Both crescentic and non-crescentic forms of acute glomerulonephritis (AGN) can

present as AKI. The diagnosis of glomerular pathologies underlying AKI requires a high degree of
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suspicion coupled with an algorithmic approach to laboratory investigations. Renal biopsy represents the
gold standard for the diagnosis of medical conditions of the kidney. The main clinical-biological
presentations of glomerular diseases are acute nephritic syndrome, nephrotic syndrome and rapidly
progressive glomerulonephritis. All these presentations can be worsened by AKI both in the onset and in
the clinical course. Heavy proteinuria and macroscopic hematuria can be directly involved in the

development of AKI.

Summary: AKI associated with glomerular diseases is not uncommon. Sometimes it represents an
emergency case. The understanding of the various mechanisms underlying kidney diseases is improving,

and may aid in their prevention and treatment
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Introduction

The classification of acute kidney injury (AKI) includes pre-renal AKI, acute post-renal obstructive
nephropathy and intrinsic acute kidney diseases [1]. Of these, only intrinsic AKI represents true kidney
disease, while pre-renal and post-renal AKI are the consequence of extra-renal pathological conditions
leading to decreased glomerular filtration rate (GFR). If these pre-and/or post-renal conditions persist,
they will eventually evolve to cellular damage, and hence intrinsic kidney disease. Intrinsic kidney
etiologies of AKI can be challenging to evaluate because of the wide variety of injuries that can occur to
the kidney. Tubules, glomeruli, interstitium, and intra-renal blood vessels are the four structures of the

kidney generally involved. The glomerulopathies account for 10% of AKI in adults [2].

The spectrum of glomerulopathies presenting as AKI varies depending on many factors, such as age, sex,

race and geographical area, as well as biopsy policies [2,3].

The immune system and the kidneys are closely linked. In healthy subjects the kidneys contribute to
immune homeostasis, while components of the immune system mediate many acute forms of kidney
disease. Both crescentic and non-crescentic forms of acute glomerulonephritis (AGN) can present as AKI.
The diagnosis of glomerular pathologies underlying AKI requires a high degree of suspicion coupled with
an algorithmic approach to laboratory investigations. Kidney biopsy currently represents the gold

standard for the diagnosis of medical conditions of the kidney.

AKI can be mediated both by pathogenic mechanisms and by clinical signs of damage such as proteinuria
and hematuria. The main clinical-biological presentations of glomerular diseases are acute nephritic

syndrome, nephrotic syndrome (NS) and rapidly progressive glomerulonephritis (RPGN) [Table IJ.

Hematuria and AKI

Gross hematuria promotes impairment of kidney function by different pathological mechanisms [4]. IgA



nephropathy (IgAN), the commonest primary glomerulonephritis (GN), is the most frequent cause of
glomerular hematuria [5]. Approximately half of patients may present with gross hematuria, while the
other half may present with microhematuria. Rapidly progressive glomerulonephritis, small size vessel
vasculitis, and acute glomerular inflammation, as observed in post-infectious GN or lupus, may also be
associated with glomerular hematuria. Hematuria is frequent in endocapillary and extracapillary GN, but
the real prevalence is mainly based on observational cohorts [6,7]. Data from the Spanish renal biopsy
registry [5] reported an unexpectedly high rate of hematuria (50%) among patients who were
traditionally considered not to have hematuria as a presentation sign, including minimal change disease
(MCD), membranous GN, or focal and segmental glomerulosclerosis, but the occurrence of gross
hematuria is extremely unfrequent. In the newly characterized C3 glomerulonephritis (C3GN),
hematuria—mainly microscopic—was also present in a high percentage of patients [8]. AKI can be due to
massive hematuria of glomerular origin. The damage to the tubular cells is caused by both the
intratubular obstruction of the blood casts and by processes of erythrophagocytosis by the tubular cells.
Thus, the duration of macrohematuria becomes a crucial phenomenon for the recovery of renal function
[9]. Red blood cells release hemoglobin (Hb) products, which are further taken up by tubular cells. Once
inside the cell, Hb dissociates, releasing the globins and the heme group, thereby inducing several
pathological effects, including oxidative stress, cell death, inflammation, and fibrosis [4]. Recently, Rubio-
Navarro et al showed that in addition to the tubular cells, podocytes may be the cellular target of Hb-
mediated kidney damage. Thus, Hb induces oxidative damage, podocyte dysfunction, and finally
apoptosis, and the detachment of the podocyte from the glomerular capillary [10]. The traffic of Hb
through the capillary wall can damage the podocyte, and may result in an alteration of the glomerular
filtration barrier. Erythrocyte injury following distortion through the leaks of the glomerular filtration
barrier promotes the release of microvesicles containing microRNA (miRNA). miRNA can be swallowed

by nearly all cells, and plays an important role in the regulation of oxidative stress and intercellular



communication by regulating gene expression. The more prevalent miRNA detected in the urine of I[gAN
patients with hematuria was mainly derived from urinary erythrocytes. Hematuria-associated miRNA
could change gene expression of parenchymal cells and promote the evolution of kidney disease [11]. The
role of miRNA in the pathogenesis of hematuria-associated AKI remains speculative and it will need to be

confirmed by further studies.

Nephrotic syndrome and AKI

Recent years have seen an increase in the incidence of AKI in NS. AKI is more commonly reported in
adults with idiopathic NS but it can potentially complicate all cases of nephrotic syndrome regardless of

the nephropathy that causes it [12].

AKI in NS is generally reversible and its pathogenesis is probably multifactorial. Several mechanisms have
been proposed over the year. Poorly identified factors that reversibly affect the glomerular capillary
framework in patients with NS, especially those with minimal change disease, lead to an increased
permeability of the glomerular basement membrane to serum albumin and reduce its permeability to
water and small molecules [13]. Until recent years most information on the epidemiology of AKI in NS
came from case reports. By examining 79 cases of AKI in 75 patients with minimal change disease and a
mean age of 58 years reported in the literature since 1966, Smith et al [14] showed that the average time
for occurrence of AKI was 29 + 5 days after the onset of nephrotic syndrome. In the 58 patients who
recovered renal function, AKI lasted for 7 weeks. While AKI was attributed to volume depletion, most
patients did not improve after correcting volume depletion, and 60% of cases showed histopathological
changes consistent with acute tubular necrosis (ATN). Conversely, in a more recent study on idiopathic
nephrotic syndrome, recovery of renal function occurred in the vast majority of 277 patients [12]. More
severe AKI was associated with longer time to remission and lower rates of complete remission. Severe

hypoalbuminemia, older age, and male gender were identified as risk factors on logistic regression



analysis. A more intense endothelin 1 immunoreactivity was detected in vessels, tubules, and glomeruli in
AKI compared to non-AKI group. Endothelin 1 acts on the kidney vasculature, inducing a decrease in
blood flow and GFR. Patients with NS and AKI could have suffered of transient episodes of circulatory
insufficiency at the onset of NS. On the other hand, tubular cells could have reabsorbed filtered proteins.
Consonant with this hypothesis is the observation that in the most severe cases of AKI a process of kidney
ischemia is operating especially in elderly and/or hypertensive patients with nephrosclerosis (an
“umbrella term” covering several microvascular lesions) that reduce the afferent arteriolar blood supply
to the glomerular tuft. These microvascular lesions along with inflammatory interstitial fibrosis and
tubular atrophy compromise tubule viability [15]. Thus the traditional underfill hypothesis with reduction

of the effective plasma flow is no longer believed to be responsible for reduced GFR.

A pathophysiologic mechanism that has been assumed as a dogma over several years ascribed sodium
retention and renal insufficiency in nephrotic syndrome to a state of hypovolemia. Actually, in steady-
state conditions, i.e., in the absence of excessive loop-diuretic treatment, blood volume is not reduced. In
nephrotic edema a new equilibrium is achieved between a lower plasma albumin concentration and higher
pressure in the interstitial fluid. In this setting interstitial fluid is taken up by the lymphatic system and
the increased lymph flow maintains plasma volume close to normal [16]. Other postulated pathogenic
mechanisms for AKI in NS have been no longer supported. Some clinical observations supported the
hypothesis that high urine hyperviscosity resulting from very high albumin concentrations may be a
cause of oliguria [17]. The so called nephrosarca theory suggested that interstitial edema in NS induced
tubular collapse. Ischemic tubular injury and tubular necrosis has been reported in certain series but the
underlying mechanism remains unclear [18]. Recently Fujigaki et al. examined the changes of tubular
cells in 37 adult patients with MCD [19]. Thirteen out of 37 (35.1%) had AKI and were found to have a

significant increase in some tubular injury markers (such as urinary N-acetyl-3-D-glucosaminidase and



urinary alphal-microglobulin). The immunohistochemical expression of vimentin, another marker of

tubular injury, was found to be significantly increased in the AKI group.

Rapid progressive glomerulonephritis and AKI

RPGN is an emergency setting. Early diagnosis and treatment improve prognosis, and, at the beginning of
therapy, creatinine is the best prognostic marker [20]. Classical examples of immune-related diseases
which present with RPGN are anti-glomerular basement membrane disease (anti-GBM disease) and,
ANCA-associated vasculitis (AAV). Anti-GBM disease is a form of crescentic glomerulonephritis
presenting with acute kidney abnormalities, and often with severe alveolar hemorrhage (Goodpasture’s
syndrome) . Circulating autoantibodies bind the NC1 domain of the collagen IV a3 chain. Potential triggers
for the unmasking of the autoantigen are still unknown, but once binding has occurred it leads to further
conformational changes perpetuating the antigen-antibody complex formation. The resulting linear
immune deposits along the glomerular basement membranes, typically composed of IgG and complement
components, damage the surrounding endothelial cells and podocytes leading to immune cell infiltration

[21].

AAV with kidney involvement present with hematuria, proteinuria and rapid impairment of filtration
function, and is characterized by damage of the glomerular vasculature. AAV runs a rapidly progressive
course which consonant with a crescentic glomerular morphology on kidney biopsy with severe

necrotizing destruction of the glomerular tufts [22].

The development of the pathological lesions in AAV is uncompletely defined. It may be initiated by
glomerular injury, which activates neutrophils leading to degranulation and expulsion of neutrophil
extracellular traps (NETs) as the first step of the tissue repair process. The extrusion of NETs into the

glomerular capillaries promotes the release the ANCA-associated antigens (including myeloperoxidase,



proteinase 3 and lysosome-associated membrane glycoprotein 2), which are subsequently bound by
circulating ANCA antibodies [23]. Furthermore, in vivo studies have shown that PR3-ANCA can activate
circulating neutrophils directly. Autoreactive T cells have also been implicated as important factors in the
pathogenesis of AAV [24]. Reactive oxygen species (ROS) released by activated neutrophils, autoantibody
binding to NETs and extensive activation of leukocytes cause local inflammation and complement
activation within glomerular capillaries. This vascular inflammation leads to focal necrosis with
destruction of the glomerular barrier, clinical appearance of hematuria and rapidly diminishing renal

function [25,26].

Macrophages are myeloid immune cells that are positioned throughout the body tissues and derive from
circulating monocytes. Upon activation, macrophages can turn either into classically activated (M1)
macrophages, which promote tissue injury, or alternatively activated (M2) macrophages, which promote
tissue repair [27]. Zhao et al [28], showed CD68+ and CD163+ macrophagesto be predominant at sites of
fibrinoid necrosis, exceeding the quantity of neutrophils and T cells. Furthermore, in AAV patients
normal-appearing glomeruli had significantly more CD68+ and CD163+ macrophages than controls. The
Authors hypothesized that M2 macrophages might be precursor steps in the evolution of fibrinoid
necrosis and subsequent crescent formation. Rousselle etal [29] found that monocytes were able to
promote crescent formation in a mouse model of AAV. These studies clearly suggest

macrophages/monocytes to be related to vasculitic kidney damage.

Complement deposition was found to be associated with cellular crescents as well [30,31] and could play
arole in AAV. During the development of segmental fibrinoid necrosis, interstitial monocytes and CD3+ T
cells infiltrated and then contributed to further kidney damage. The role of the complement system has
recently regained importance in the pathogenesis of kidney diseases. Atypical hemolytic uremic

syndrome and some forms of membranoproliferative glomerulonephritis are clearly secondary to genetic



abnormalities or circulating antibodies that impair the activity of the redundant regulatory proteins of
the complement alternative pathway (cAP) (e.g., complement Factor H, complement Factor B, MCP) [32].
Moreover, other forms of glomerulonephritis (e.g, lupus nephritis, cryoglobulinemic
glomerulonephritis)[33] are triggered by complement activation. Recently, AAV was recently added to
this list [34]. Studies performed in the past few years showed that most patients have at least focal
complement deposition at the sites of injury, and that complement glomerular deposition (particularly
C3) is associated with poorer renal function and prognosis. These findings were elicited in vivo studies
that used murine models of AAV, and showed activation of the terminal part of the complement cascade,
particularly of C5. The pathogenic relevance of the complement system in ANCA-associated necrotizing
crescentic glomerulonephritis is confirmed by immunohistochemical studies that demonstrate the
presence of glomerular and vascular immune deposits consisting of complement fragments. A dominant
role of the cAP in AAV is hypothesized based on the higher plasma levels of C3a and Bb in active AAV

cases than in quiescent ones [Table II].

Other mechanisms of AKI associated with glomerular diseases

The majority of immune-mediated kidney pathologies are due to mechanisms of dysregulated
autoimmunity (Fig.1), but some are the consequence of genetic defects in the complement cascade or
hematological malignancies, such as multiple myeloma or Hodgkin lymphoma. Kidney injury secondary to
loss of immune homeostasis is caused by three major mechanisms: circulating immune complex
deposition, dysregulation of the alternate complement pathway and deposition of monoclonal
immunoglobulins, although others are implicated, such as local elevation of cytokine concentration in
podocytopathies and autoantibodies targeting to systemic vasculature causing downstream ischemic

damage in thrombotic microangiopathies.

Immune complexes damage the glomerular endothelium, epithelium and mesangium by activating



circulating immune cells and kidney-intrinsic cells expressing Fc receptors. Activated cells secrete
cytokines and vasoactive substances to create a proinflammatory environment following immune
complex deposition. In addition, the complement cascade is activated via the classical pathway, the end-
point of the cascade being the formation of the membrane attack complex, which injures surrounding
cells, leading to further proinflammatory signaling. Examples of glomerulonephritis caused by
immunocomplex deposition are IgA nephropathy, Lupus nephritis, membranoproliferative

glomerulonephritis or infection-related glomerulonephritis [23].

Over-activity of the complement system leading to kidney damage can be due to genetic mutations in
complement regulatory components or autoimmune disease against components of the complement

system [35].

C3 deposits can form in the glomerulus (Fig.1), activating downstream inflammatory cascades and
promoting leukocyte infiltration. In dense deposit disease, small bandlike electron dense deposits of
complement form along the GBM, leading to GBM thickening and dysfunction. In addition to GBM
deposits, C3 glomerulopathies also show varying degrees of mesangial C3 deposits, leading to mesangial
cell proliferation and matrix expansion. An example of glomerulonephritis caused by C3 deposition is C3

glomerulopathies [36][Table II].

Injury of the kidney vascular tree can also be mediated by conditions related to the loss of immune
homeostasis. Hemolytic uremic syndrome (HUS), either the classical diarrhoea-associated type or
atypical non-diarrhoea-associated HUS can manifest with AKI. Similar-appearing HUS lesions can be
caused by thrombotic microangiopathies. Primary anti-phospholipid syndrome (APS) is an autoimmune
disease characterized by circulating anti-phospholipid antibodies (aPLs), recurrent venous or arterial
thrombosis and pregnancy-related problems. aPLs, which include lupus anti-coagulant (LA), anti-

cardiolipin (aCL) and antib2-glycoprotein I (anti-b2GPI), create a procoagulant state, which leads to



thrombosis in the presence of a further prothrombotic factor, such as oxidative stress, surgical
intervention or infection. Approximately 10% of patients with primary APS develop kidney involvement,

presenting in a small percentage of cases with AKI [37].

Finally, AKI can occur in patients with mixed cryoglobulinemia and nephritis as a consequence of

microvascular obliteration by cryoglobulins [38].

Conclusion

AKI associated with glomerular diseases is not uncommon. Sometimes it represents an emergency case.
The understanding of the various mechanisms underlying kidney diseases is increasing, and may aid in

their prevention and treatment.

Key points:

1. The classification of acute kidney injury (AKI) includes pre-renal AKI, acute post-renal obstructive
nephropathy and intrinsic acute kidney diseases (1). Of these, only intrinsic AKI represents true
kidney disease, while pre-renal and post-renal AKI are the consequence of extra-renal pathological
conditions leading to decreased glomerular filtration rate (GFR).

2. The diagnosis of glomerular pathologies underlying AKI requires a high degree of suspicion coupled
with an algorithmic approach to laboratory investigations. Kidney biopsy currently represents the
gold standard for the diagnosis of medical conditions of the kidney.

3. Gross hematuria and nephrotic syndrome promote impairment of renal function by different
pathological mechanisms.

4. RPGN is an emergency setting. Early diagnosis and treatment improve prognosis, and, at the

beginning of therapy, creatinine is the best prognostic marker (19). Classical examples of immune-



related diseases which present with RPGN are anti-glomerular basement membrane disease (anti-
GBM disease) and, ANCA-associated vasculitis (AAV)

5. The majority of immune-mediated kidney pathologies are due to mechanisms of dysregulated
autoimmunity, but some are the consequence of genetic defects in the complement cascade or

hematological malignancies, such as multiple myeloma or Hodgkin lymphoma.
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Fig. 1. Mechanisms of immune-related AKI. A) immune-complex deposits (mesangial,
subendothelial, subepithelial), B) C3 deposition, C) Immunoglobulin deposition, D) cell-

mediated immune damage. Non immune-related mechanisms are described in Table I.
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