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Renal activation of the complement system has been described in patients with diabetic
nephropathy (DN), although its pathological relevance is still ill-defined. Here, we studied
whether glomerular C3a, generated by uncontrolled complement activation, promotes podocyte
damage, leading to proteinuria and renal injury in mice with type 2 diabetes. BTBR ob/ob mice
exhibited podocyte loss, albuminuria, and glomerular injury accompanied by C3 deposits and
increased C3a and C3a receptor (C3aR) levels. Decreased glomerular nephrin and a-actinin4
expression, coupled with integrin-linked kinase induction, were also observed. Treatment of DN
mice with a C3aR antagonist enhanced podocyte density and preserved their phenotype, limiting
proteinuria and glomerular injury. Mechanistically, ultrastructural and functional mitochondrial
alterations, accompanied by downregulation of antioxidant superoxide dismutase 2 (S0D2) and
increased protein oxidation, occurred in podocytes and were normalized by C3aR blockade. In
cultured podocytes, C3a induced cAMP-dependent mitochondrial fragmentation. Alterations of
mitochondrial membrane potential, SOD2 expression, and energetic metabolism were also found
in response to C3a. Notably, C3a-induced podocyte motility was inhibited by SS-31, a peptide with
mitochondrial protective effects. These data indicate that C3a blockade represents a potentially
novel therapeutic strategy in DN for preserving podocyte integrity through the maintenance of
mitochondrial functions.

Introduction
Diabetic nephropathy (DN) is one of the main complications of diabetes and is considered the single
strongest predictor of mortality (1, 2). Renal involvement occurs in about 30% of diabetic patients, which
accounts for more than 40% of new cases of end-stage renal disease (3, 4). The mainstays of current ther-
apy for DN are controlling hyperglycemia and blood pressure and inhibiting the renin angiotensin system,
but imperfect renoprotection may occur if pharmacological intervention is begun at an advanced phase of
disease (5, 6). Thus, novel approaches that target pathogenic pathways other than the renin angiotensin
system are needed for diabetic patients who remain at risk of poor renal outcomes. There is compelling evi-
dence from clinical studies that shows that the complement system is activated during progressive nephrop-
athy in diabetes (7, 8). Glomerular C3 deposits were observed in kidney biopsies (9), and increased levels
of the complement-active fragments Bb, C4d, C3a and C5a, and soluble C5b-9 were detected in the urine
of patients with DN, compared with those in diabetics without renal involvement (8). Moreover, a tight
correlation was demonstrated between urinary C3a levels and the severity of glomerular lesions, suggesting
that C3a may have a pathogenic role in DN (8). Congruent with these data, the observation that C3a and
its receptor C3aR increased in the glomeruli of diabetic rats and that treatment with a C3aR antagonist par-
tially reduced the endothelial-myofibroblast transition and glomerulosclerotic lesions (10), points to C3a as
a crucial trigger of endothelial dysfunction in the progression of DN. Whether the glomerular engagement
of the C3a/C3aR axis can occur in the neighboring podocytes, impairing their functional integrity and
contributing to the development of proteinuria, has not been addressed in DN.

A growing body of evidence suggests that in DN injury to podocytes is a major cause of albuminuria
and disease progression toward glomerulosclerosis (11-13). In the diabetic milieu, podocytes under-
go phenotypic changes and acquire promigratory and fibrotic features, resulting in their detachment
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from the glomerular basement membrane (GBM), with the consequent development of proteinuria (12,
14-16). Several studies have recognized that there is a close link between podocyte injury and alterations
of the mitochondrial functional integrity in DN (17-21). Indeed, changes in mitochondrial dynamics,
toward excessive mitochondrial fission and fragmentation, have been shown to impair mitochondrial
energy production and to increase oxidative stress in the podocytes of diabetic db/db mice (17). In these
mice, conditional podocyte-specific deletion of the fission protein dynamin-related protein 1 (Drpl)
markedly improved podocyte mitochondrial fitness and slowed the progression of DN (17). The finding
that increased mitochondrial oxidative stress was observed in glomerular cells, including podocytes, in
diabetic mice further emphasizes the effect that mitochondrial dysfunction has on podocyte injury in DN
(18). Since recent work has identified a causal interconnection between the activation of the complement
system and derangement of mitochondrial homeostasis in different cellular systems (22-24), a new par-
adigm is emerging, in which abnormal glomerular complement activation could drive toward podocyte
injury through its harmful effect on mitochondrial functions in DN.

Based on all of these considerations, here we sought to investigate in a mouse model of type 2 DN
whether (a) glomerular complement activation and modulation of the C3a/C3aR axis occur in podocytes;
(b) glomerular C3a was instrumental to podocyte dysfunction associated with the development of albumin-
uria and glomerular damage, by studying the effect of a C3aR antagonist treatment; and (c) the blockade
of C3aR limited podocyte injury by preserving mitochondrial structural and functional integrity. Further-
more, to prove that C3a has a detrimental role in mitochondrial dysfunction, cultured human podocytes
challenged with C3a were also examined.

Results

Complement activation and consequent C3a generation occur in glomeruli of mice with DN. To study the role
of the complement system in the development of glomerular damage in DN, we used black and tan,
brachyuric (BTBR) 0b/0b leptin-deficient mice, a model of type 2 DN characterized by obesity, hyper-
glycemia, and dyslipidemia (Table 1). Marked staining of C3 was observed in the glomerular tuft of
BTBR 0b/0b mice at 14 weeks of age compared with WT mice, as assessed by confocal microscopy
(Figure 1A). Glomerular C3 activation was accompanied by the generation of C3a — the complement
active fragment known to be produced by the C3 cleavage (25) — in diabetic BTBR 0b/0b mice, whereas
no C3a staining was found in WT mice (Figure 1B). As shown in Figure 1B, C3a staining was observed
in the glomerular vascular tuft and in podocytes of DN mice. Data that showed that increased C3 and
C3a staining was also observed in the liver and spleen reflected a systemic complement activation (Sup-
plemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jei.insight.131849DS1). The expression of C3aR, which is known to be present on different renal cells,
including podocytes (26-29), was then evaluated. Immunofluorescence analysis in the renal tissue of
control mice revealed weak glomerular C3aR protein expression (Figure 1C) that increased markedly
in BTBR 0b/0b mice, specifically in podocytes, as revealed by quantification of costaining of C3aR and
nestin (Figure 1C). Notably, the increased glomerular expression of C3aR was not a feature specific to
BTBR 0b/0b mice but was also observed in another model of diabetes induced by streptozotocin (Supple-
mental Figure 2). In concomitance with the abnormal glomerular complement activation, mice with DN
exhibited elevated urinary albumin levels that increased progressively over time (Figure 2A), associated
with a significant reduction in both the number of WT1-positive podocytes and their density at 14 weeks
of age (Figure 2B). Histological analysis showed increased mesangial matrix expansion and mesangioly-
sis in DN mice compared with controls (Supplemental Figure 3A) as well as enhanced accumulation of
Mac-2—positive monocytes/macrophages in the glomeruli (Supplemental Figure 3B).

C3aR antagonist treatment limits podocyte dysfunction and loss in diabetic mice. The functional role of the
glomerular C3a/C3aR axis was then investigated by evaluating in DN mice the effects of C3aR antag-
onist treatment starting at 9 weeks of age, when albuminuria was already present. The blockade of C3a
with SB290157 markedly limited the progressive rise in albuminuria in diabetic mice to the extent that a
60% reduction was observed at 14 weeks of age compared with that in vehicle-treated mice (Figure 2A).
Notably, inhibition of C3aR significantly limited (P < 0.01) podocyte loss and enhanced podocyte density,
without affecting glomerular hypertrophy, compared with mice given vehicle (Figure 2B). The protective
effect of the C3aR antagonist on podocyte depletion was also confirmed through the quantification of
podocytes labeled with another specific marker, nestin (Supplemental Figure 4). Moreover, treatment with
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Table 1. Systemic and laboratory parameters in BTBR WT and BTBR ob/ob mice at 14 weeks of age

Groups

BTBR WT

BTBR ob/ob + vehicle

BTBR ob/ob + C3aR antagonist

Body weight (g) Blood glucose (mg/dl) Plasma cholesterol (mg/dl)  Plasma triglycerides (mg/dl)

34414 1357 17 £1 135+3
481+2.9% 596 + 44 130+ 44 238 + 26*
53.9+0.8" 588 +10* 135+ 54 190 + M4

Data are expressed as mean + SEM (WT, n = 5; BTBR ob/ob + vehicle, n = 8; BTBR ob/ob + (3aR antagonist, n = 8). P < 0.01vs. BTBR WT.

SB290157 limited the expansion of the mesangial matrix substantially, decreased mesangiolysis slightly
(Supplemental Figure 3A), and reduced the glomerular infiltration of Mac-2—positive monocytes/macro-
phages observed in DN mice (Supplemental Figure 3B).

To discern whether C3a promoted podocyte phenotypic alterations in DN, we assessed the expression
of nephrin, a critical component of the slit diaphragm whose expression is instrumental to the maintenance
of the glomerular filtration barrier. A significant reduction (P < 0.01) in nephrin protein expression was
observed in podocytes from BTBR 0b/0b mice given vehicle, which exhibited heterogeneous expression
with a punctate pattern or loss in focal areas, compared with the typical linear staining observed in podo-
cytes of WT mice (Figure 3A). Treatment with the C3aR antagonist preserved nephrin expression and
partially restored its linear distribution (Figure 3A). Since podocyte dysfunction and detachment are often
associated with changes in cell adhesion to the GBM and in motility (30), we characterized the expression
of a-actinind, a specific podocyte protein associated with F-actin and integrins (31). In BTBR 0b/0b mice,
the expression of a-actinin4, which was markedly lower compared with that of WT mice (Figure 3B), was
restored by the C3aR antagonist (Figure 3B). We further evaluated the expression of integrin-linked kinase
(ILK), an intracellular signaling molecule, associated with focal adhesion kinase proteins, that regulates
podocyte/matrix interaction (32). The results showed faint glomerular staining of ILK in WT mice that
increased markedly in BTBR 0b/0b mice treated with vehicle (Figure 3C). Notably, blocking C3aR normal-
ized ILK expression to control levels (Figure 3C). Altogether, these data suggest that C3a has a key role in
glomerular damage and podocyte dysregulation in DN.

We did not observe any effects from SB290157 on body weight, blood glucose, or cholesterol in DN
mice, whereas triglyceride levels were numerically reduced without reaching statistical significance, com-
pared with those in vehicle-treated DN mice (Table 1).

C3a inhibition reduces mitochondrial dysfunction and oxidative stress in podocytes of diabetic mice. Since a num-
ber of studies have described a causal link between complement activation and mitochondrial functions in
diverse cellular systems (22-24), we investigated whether glomerular C3a was instrumental to mitochondri-
al damage in injured podocytes in DN mice. Consistent with previous studies (17-21), through ultrastruc-
tural analysis we found that BTBR 0b/0b mice exhibited structural mitochondrial alterations in podocytes,
characterized by swelling of the mitochondrial matrix associated with cristae disarrangement, in contrast
with WT mice that had intact, elongated mitochondria (Figure 4A). Notably, C3a blockade with SB290157
treatment almost normalized mitochondrial abnormalities in podocytes of DN mice (Figure 4A). In addi-
tion, a marked decrease in the glomerular mitochondrial mass was also found through quantification of the
mitochondrial marker voltage-dependent anion channel (VDAC), whose expression was restored by C3aR
antagonist (Figure 4B). Alterations in mitochondrial structure and mass were accompanied by changes in
glomerular mitochondrial energy metabolism, as revealed by the downregulation of ATP5I (Figure 4C),
a subunit of the ATP synthase, reflecting a reduction in oxidative phosphorylation and ATP production.
Again, the treatment with C3aR antagonist significantly increased ATP5I expression (P < 0.05, Figure 4C).

Given that damaged mitochondria contribute to the generation of ROS (33), we then assessed the
effects of C3a inhibition on the expression of the mitochondrial antioxidant enzyme superoxide dismutase
2 (SOD2) and on ROS generation by studying nitrotyrosine staining, a marker of protein oxidation that is
dependent on peroxynitrite (34). As shown in Figure 4, D and E, in DN mice the glomerular expression
of SOD2 was significantly lower (P < 0.01) and was associated with an increased level of nitrotyrosine
compared with WT mice, especially at the podocyte level (arrowhead). The inhibition of the C3a/C3aR
axis through the use of SB290157 enhanced podocyte SOD2 expression and reduced nitrotyrosine level to
control values (Figure 4, D and E).
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C3a induces mitochondrial dysfunction in cultured podocytes. To provide evidence that C3a directly
affects mitochondrial integrity, cultured human podocytes exposed to C3a were examined. Human
podocytes constitutively exhibited a filamentous network of elongated mitochondria in the whole
cytoplasm, as revealed by MitoTracker staining of the organelles (Figure 5A). Upon exposure to C3a,
massive mitochondrial fragmentation occurred at 6 hours (Figure 5A), along with a remarkable redis-
tribution of these small and round organelles to the perinuclear region of podocytes (Figure 5A).
Through the Mitochondrial Network Analysis (MiNA) tool (35), a reduction in mitochondrial net-
works and area, associated with a decrease in individual mitochondria, was observed in podocytes
exposed to C3a (Figure 5B and Supplemental Figure 5A). Then, we studied the expression of Drpl, a
cytosolic protein that, once translocated to the outer mitochondrial membrane, tips the balance toward
mitochondrial fission and fragmentation (36). Western blot analysis showed that Drpl accumulated
markedly in mitochondria isolated from C3a-treated podocytes compared with control cells (Figure
5C), suggesting that mitochondrial fission is directly induced by C3a.

It has been established that mitochondrial fission and fragmentation are intimately linked with altered
redox homeostasis and dissipation of the membrane potential, thus affecting the energy metabolism of
the organelles (17, 36, 37). Consistent with this, we observed that the expression of the mitochondrial
antioxidant enzyme SOD2 significantly decreased (P < 0.01) at 6 hours in C3a-treated podocytes (Figure
5D), possibly reflecting increased oxidative stress. In this setting, the effect of SB290157 on the recovery of
SOD?2 expression (Supplemental Figure 5B) confirms that C3a acts through its specific receptor in cultured
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Figure 2. C3aR antagonist reduces albuminuria
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podocytes. Mitochondrial polarization was then analyzed by studying JC-1 staining, a dye that shifts its
emission spectrum from red to green in a mitochondrial membrane potential-dependent manner. Control
podocytes exhibited red-stained intact mitochondria, whereas C3a exposure for 6 hours caused a red-to-
green shift in JC-1, reflecting a cytoplasmic distribution of the fluorescent probe (Figure 5E). The quan-
tification of JC-1 staining revealed an 85% reduction in the red/green area, meaning there was a massive
mitochondrial depolarization in C3a-treated podocytes compared with control cells (Figure 5E).

Since energy production in podocytes is regulated by a complex balance between mitochondrial res-
piration and glycolysis (38, 39), we studied the contribution of these two complementary systems in our
experimental setting. First, we demonstrated that C3a markedly reduced the total ATP content in podo-
cytes at 15 hours, compared with control cells (Figure 6A). Then, we detected a marked decrease in the
mitochondrial activity of citrate synthase, the pace-making enzyme in the first step of the TCA cycle (Fig-
ure 6B), as well as a downregulation of ATP5I in C3a-treated podocytes (Figure 6C). On the other hand, in
cultured podocytes, C3a did not modify the expression of phosphofructokinase (PFK; Figure 6D) and the
activity of lactate dehydrogenase (LDH; Figure 6E), 2 pivotal enzymes of the glycolytic pathway.

The proof that C3a-dependent mitochondrial damage affects podocyte behavior was provided by test-
ing the effect of SS-31, a mitochondrial protective targeted peptide (40). This agent normalized the frag-
mentation and the distribution of mitochondria (C3a+SS-31, 26.9% * 0.2% versus C3a, 43.9% * 3.9% of
cells with altered mitochondrial pattern, P < 0.01) as well as SOD2 downregulation (C3a+SS-31, 8993 +
605 fluorescent area/cell versus C3a, 4945 + 365 fluorescent area/cell, P < 0.01) in C3a-treated podocytes.
Notably, using a scratch-healing assay, it was observed that podocyte motility increased over time following
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Figure 3. C3aR antagonist limits podocyte dysfunction in BTBR ob/ob mice. Representative images and quantification of nephrin (A), a-actinin4 (B), and
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exposure to C3a (Figure 6F) and was inhibited by SS-31. These data suggest that mitochondrial dysfunc-
tion, in response to C3a, is instrumental to changes of podocyte phenotype in terms of their motility and
adhesive properties to the matrix.

C3a induces mitochondrial fragmentation by affecting cAMP levels in cultured podocytes. It is known that the bind-
ing of C3a to the G protein—coupled receptor C3aR induces a remarkable reduction in intracellular cAMP
levels in immune cells (41). Moreover, cAMP activators have been described as counteracting mitochondrial
fission and apoptosis in adriamycin-injured podocytes (42). Based on these findings, we focused on the role
of cAMP signaling in C3a-induced mitochondrial fragmentation, an upstream event leading to changes in
mitochondrial polarization, bioenergetics, and oxidative state (36). First, we observed a significant decrease (P
< 0.05) in intracellular cAMP content in podocytes exposed to C3a for 3 hours, as compared with unstimu-
lated cells, as assessed by cAMP direct immunoassay (Figure 7A). Then, we evaluated whether mitochondrial
structural alterations induced by C3a could be limited by forskolin, an inducer of intracellular cAMP levels.
Podocyte mitochondria labeling with MitoTracker revealed that mitochondrial fragmentation in response to
C3a at 6 hours was reduced significantly by the addition of forskolin (P < 0.01, Figure 7B), suggesting that
C3a actually induces mitochondrial damage through the modulation of cAMP signaling in podocytes.

Discussion

In this study, we elected to use the BTBR 0b/0b leptin-deficient mice, a well-characterized model of type 2 DN
that recapitulates the structural and functional changes of human DN, consisting of sustained hyperglycemia,
glomerular hypertrophy, mesangial matrix expansion, podocyte loss, and elevated levels of albuminuria (43).
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(blue) Scale bars: 20 um. Results are expressed as mean + SEM (n = 3), and unpaired Student’s t test was used. **P < 0.01. (E) Representative images and
quantification of mitochondrial membrane potential in podocytes exposed for 6 hours to control medium or C3a. Mitochondrial potential was evaluated by
staining with JC-1, a dye sensitive to mitochondrial membrane potential changes that shifts the emission spectrum from red (mitochondrial distribution,
JC-1mit) to green (cytoplasmic distribution, JC-1 cyt). Nuclei were counterstained with Hoechst (blue). Mitochondrial membrane potential was evaluated

as the ratio between red and green fluorescent areas and normalized for total cells/field. Scale bars: 20 um. Results are expressed as mean + SEM (n = 4),
and unpaired Student’s t test was used. **P < 0.01.
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Migrated podocytes/field

Here, we demonstrated in BTBR 0b/0b mice that (a) increased glomerular staining for C3a and C3aR, upon
C3 activation, were associated with podocyte detachment and albuminuria; (b) C3a inhibition by treatment
with a C3aR antagonist limited podocyte phenotypic alterations and loss as well as urinary albumin excretion
and glomerular injury; and (c) C3a blockade normalized the ultrastructural and functional mitochondrial
abnormalities in the podocytes and decreased oxidative stress. In cultured podocytes, C3a had a direct detri-
mental effect on mitochondrial structural and functional integrity by affecting cAMP levels.

Previous studies have shown that systemic as well as renal complement activation occurred in patients
with overt DN (8, 9, 44). Moreover, glomerular C3aR upregulation already occurred in the early phase of
the disease, suggesting that C3a may contribute to the development of DN (10). In line with these clinical
observations, our findings of systemic complement activation and increased glomerular C3 and C3a staining,
together with the upregulation of C3aR in podocytes of BTBR 0b/0b mice, support the hypothesis that the
C3a/C3aR axis might be part of an unexplored mechanism of podocyte injury in DN. In concomitance with
the presence of abnormal glomerular C3a, we found a reduction in podocyte number and density in BTBR
ob/ob mice, associated with nephrin and o-actinin4 downregulation, which are consistent with previous find-
ings in human DN showing that downregulation of slit diaphragm and cytoskeletal proteins was closely
related to the progression of glomerulopathy and proteinuria (12, 14, 45). A large body of evidence shows
that phenotypic changes in podocytes strongly correlate with their detaching from the GBM, contributing to
glomerular dysfunction during DN progression (11, 46, 47). One of the important hallmarks of the dysfunc-
tional podocytes in the diabetic milieu is the aberrant activation of the integrin/ILK signaling pathways (15,
16, 48), known to regulate podocyte detachment as well as the Wnt/B-catenin signaling pathway (16) and
Snail overexpression (12), which directly contribute to podocytopathy (32). Here, we found a marked glo-
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Figure 7. C3a promotes mitochondrial fragmentation by affecting cAMP signaling in cultured podocytes. (A) Detec-

tion of intracellular cAMP levels in human podocytes exposed to control medium or C3a (1 uM) for 3 hours. Results are
expressed as mean + SEM (n = 4), and unpaired Student'’s t test was used. *P < 0.05. (B) Quantification of mitochondrial
alterations in podocytes exposed to control medium, C3a (1 uM, 6 hours), in the presence or absence of the cAMP activator
forskolin (25 uM), evaluated by MitoTracker staining. Scale bars: 20 uM. The percentage of podocytes with an altered
mitochondrial pattern, in terms of fragmentation and perinuclear redistribution, on total cells per field was quantified.
Results are expressed as mean + SEM (n = 4), and ANOVA with Tukey multiple-comparisons test was used. **P < 0.01.

merular ILK overexpression, particularly at podocyte level, in the renal tissue of BTBR 0b/0b mice, implying
that the interaction between podocyte transmembrane integrins and GBM components was altered in this
model. That podocyte dysfunction in DN was functionally linked to glomerular C3a engagement was demon-
strated by the treatment of BTBR 0b/0b mice with a C3aR antagonist, which had favorable outcomes in
terms of reduced podocyte loss, glomerular changes, and urinary albumin excretion. Little is currently known
about the renoprotective effects of C3a inhibitors in progressive nephropathy. In this regard, only two reports
described the effects of C3a blockade in rats with type 1 and 2 diabetes induced by streptozotocin alone or in
combination with high-fat diet (10, 49). These studies showed that inhibition of C3a limited endothelial-mes-
enchymal transition, an early hallmark of DN (50), and glomerular fibrosis, with very low improvements in
renal function and urinary albumin excretion (10, 49). To the best of our knowledge, the present study is the
first to demonstrate that treatment with a C3aR antagonist exerted a robust renoprotection and counteracted
podocyte phenotypic alterations by preserving nephrin and a-actinin4 expression and limiting glomerular
ILK activation in experimental DN. These data follow up on our previous findings in a mouse model of pro-
tein overload proteinuria, where we demonstrated that glomerular activation of the complement system via
the alternative pathway was instrumental to podocyte depletion and proteinuria (29).

Recent observations indicate that podocyte injury in diabetes is related to mitochondrial damage and
oxidative stress (18, 33, 51, 52). To gain insight into the intracellular mechanisms triggered by C3a, different
experimental approaches have been used to verify whether C3a blockade counteracted the dysregulation of
the mitochondrial homeostasis occurring in damaged podocytes of BTBR 0b/0b mice. First, we observed
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that mitochondrial ultrastructural alterations accompanied by the maladaptive oxidative stress response of
these organelles were preserved when C3aR was inhibited. Furthermore, treatment with the C3aR antagonist
normalized the expression of VDAC and ATP synthase, two functional indicators of mitochondrial mass and
energy production (53, 54), in glomeruli of diabetic mice. All these findings are corroborated by in vitro data
showing that C3a directly impaired mitochondrial function in human cultured podocytes through the engage-
ment of its specific receptor. A massive fragmentation of the mitochondrial network was found in podocytes
challenged with C3a, due to the enhanced recruitment of the fission protein Drp1 to the mitochondrial mem-
branes. It is known that mitochondrial fission and fragmentation are associated with alterations in the redox
status and bioenergetics of the organelles (37, 55, 56). In line with these findings, we showed that C3a induced
a remarkable decrease in antioxidant defenses and dissipation of mitochondrial membrane potential, leading
to reduced mitochondrial ATP production. Actually, a reduced activity of the two major mitochondrial met-
abolic routes, the TCA cycle and the oxidative phosphorylation, was found in response to C3a, which was
accountable for the impairment of the podocyte energetic metabolism. On the other hand, our data that show
that C3a reduced total podocyte ATP content without affecting the glycolytic pathway point to the mitochon-
drial metabolism as the principal target of the detrimental effect of C3a on the podocyte energetic profile. The
hypothesis that disturbances in mitochondrial functions in response to C3a affect podocyte adhesive proper-
ties was demonstrated by in vitro findings that enhanced podocyte motility induced by C3a was normalized
by the protective mitochondrial-targeted peptide SS-31. Altogether, these findings support the paradigm that
the beneficial effects of C3a blockade are the result of multiple and complex actions, starting with the main-
tenance of mitochondrial functional integrity and redox state in podocytes, a prerequisite for counteracting
their detachment from the GBM in response to C3a activation in DN mice.

In search of molecular mechanisms through which C3a causes mitochondrial dysfunction, we focused
our attention on the cAMP signaling known to be regulated by the activation of G protein—coupled receptors,
including C3aR (41, 57). A number of studies have described that cCAMP had a role in the maintenance of
podocyte functional integrity (58, 59) and that activating the cAMP signaling limited podocyte mitochon-
drial fission and apoptosis in response to adriamycin (42). Consistent with this, here we demonstrated that
the engagement of the C3a/C3aR axis on podocytes led to decreased intracellular cAMP levels and that
the activator of cAMP, forskolin, counteracted mitochondrial fragmentation, the upstream event leading to
alterations in mitochondrial functions. This protective effect of forskolin could be explained by the ability of
cAMP to activate AMPK (60), a key regulator of mitochondrial dynamics and biogenesis (61). These data,
together with the evidence that Drpl was recruited in mitochondria in response to C3a, support the idea that
there is a detrimental link between C3a and cAMP signaling in triggering mitochondrial damage in podocytes.

In conclusion, this study provides the concept that the glomerular complement activation and the
consequent C3a generation trigger podocyte dysfunction and loss in DN, events that are intrinsically cou-
pled with mitochondrial dysfunction. The translational relevance of these findings rests on the remark-
able renoprotective effect of C3a blockade, a potential new therapeutic approach that could be used for
clinical management of DN. Growing evidence highlights the favorable effects of drugs intercepting C3
in preclinical models and in patients with C3 glomerulopathy (62). However, systemic C3 inhibition
often raised the concern that a complete shutdown of C3 activity could increase susceptibility to bacte-
rial infections. Thus, C3a blockade could offer the advantage of avoiding this adverse effect, providing
unprecedented opportunities for long-term systemic intervention.

Methods

In vivo studies

Animals. Male BTBR Lep®’** and BTBR WT mice were obtained from The Jackson Laboratory and were kept
in a specific pathogen—free facility with constant temperature on a 12:12-hour light/dark cycle with free access
to standard diet and water. At 9 weeks of age, when BTBR 0b/0b mice had already developed albuminuria and
glomerular damage, animals were randomly allocated to the following groups: group 1 (n = 8), BTBR 0b/0b
mice given vehicle (saline with DMSO 12.5%) by intraperitoneal injection twice a day until 14 weeks of age and
group 2 (n = 8), BTBR 0b/0b mice given the C3aR antagonist SB290157 (Cayman, Chemical) at a dose of 2.5
mg/kg by intraperitoneal injection twice a day until 14 weeks of age. Five male BTBR WT mice (group 3) were
followed for the same length of time as controls. Mice were euthanized through CO, inhalation at 14 weeks of
age, and their kidneys were collected and processed for analysis. Before sacrifice, mice were housed in meta-
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bolic cages for 24-hour urine collection for albuminuria assessment. Blood samples were collected for glucose,
cholesterol, and triglycerides levels measurements. The experimenters were not blind to the treatment, but they
were blind for measurement of experimental outcomes. The dose of SB290157 was established on the basis of
its effect on the circulating neutrophil count in mice injected with C3a (60 pg/kg), as previously described (63).

Male C57BL/6 mice with an initial body weight of 25-30 g received saline or a single intraperitoneal
injection of streptozotocin (200 mg/kg body wt; MilliporeSigma) to induce diabetes. Diabetes was con-
firmed 2 days later based on glucose levels in tail blood. Kidney specimens were observed 4 months after
injection of streptozotocin or saline.

Immunohistochemical analyses. For immunofluorescence analysis, OCT-frozen kidney, liver, and spleen
sections (3-pum thick) were fixed with cold acetone and incubated with 1% BSA to block nonspecific sites.
For C3, sections were incubated with FITC-conjugated goat anti-mouse C3 (1:200; 55500, Cappel). C3
staining was quantified in 15-20 glomeruli randomly selected from each section using ImageJ 1.40g soft-
ware (NIH), and data were expressed as a percentage of positive staining on total glomerular area. For C3a,
a rabbit anti-C3a antibody (1:100; CAU28002, Biomatik), followed by Cy3-conjugated anti-rabbit second-
ary antibody (1:100; 711165152, Jackson Immunoresearch Laboratories), was used.

For WT-1, nestin, nephrin, and ILK stainings, OCT-frozen kidney sections were fixed with cold ace-
tone and incubated with 1% BSA. For nephrin staining, the antigen retrieval with citrate buffer was per-
formed before BSA incubation. The sections were then incubated with the following primary antibodies:
rabbit anti-WT-1 (1:400; sc192, Santa Cruz Biotechnology); rat anti-nestin (1:150; ab81462, Abcam); goat
anti-nephrin (1:100; sc19000, Santa Cruz Biotechnology); rabbit anti-ILK (1:400; ab76468, Abcam); this
was followed by FITC- or Cy3-conjugated secondary antibodies (1:100; 711165152, 705165003, Jackson
Immunoresearch Laboratories; F6258, MilliporeSigma). The o-actinin4 staining was performed in perio-
date lysine paraformaldehyde—fixed renal samples (3-um thick) incubated with 1% BSA followed by rabbit
anti-o-actinin4 antibody (1:300; TA307264 Origene Technologies) and Cy3-conjugated secondary antibody
(1:100; 711165152, Jackson ImmunoResearch Laboratories). The quantification of WT-1—positive cells
was assessed as described in the Supplemental Methods. Nestin-, a-actinin4—, and ILK-positive stainings
were quantified in 15-20 glomeruli/section using ImageJ 1.40g software, and data were expressed as a
percentage of positive staining on total glomerular area. Nephrin expression was evaluated in 15-20 glo-
merular cross sections given a score between 0 and 3 (0, no staining; 1, weak staining along the capillary
tuft; 2, moderate staining along the capillary tuft; 3, linear and intense staining along the capillary tuft).

For C3aR expression, double staining was performed with rabbit anti-C3aR antibody (1:100;
LS-C382362, Lifespan BioSciences Inc.) and Cy3-conjugated secondary antibody (1:100; 711165152, Jack-
son Immunoresearch Laboratories), followed by rat anti-nestin (1:150; ab81462, Abcam) and FITC-con-
jugated secondary antibodies (1:100; F6258, MilliporeSigma). Quantification of the C3aR/nestin toward
staining was performed in 15-20 glomeruli/section using ImageJ 1.40g software, and data were expressed
as a percentage of the C3aR/nestin costaining area (yellow) on the total glomerular C3aR area (red).

Nuclei and cell membranes were counterstained with DAPI and rhodamine- or FITC-WGA-lectin,
respectively. Negative controls were obtained by omitting the primary antibodies on adjacent sections.
Samples were examined under confocal inverted laser microscopy (LSM 510 Meta, Zeiss).

For immunoperoxidase analysis, formalin-fixed, 3-um paraffin-embedded kidney sections were incubated
with mouse anti-C3a/C3a des Arg (1:100; ab37230, Abcam) antibody, rabbit anti-nitrotyrosine (1:100; 06-284
Millipore, Merck Life Science S.rl.) antibody, mouse anti-VDAC (1:250; ab186321, Abcam) antibody, rab-
bit anti-ATP5T (1:200; HPA035010, MilliporeSigma) antibody, rabbit anti-SOD?2 (1:200; HPA001814, Milli-
poreSigma) antibody, and rat anti-Mac-2 (1:600; MF48000 Molecular Probe, Thermo Fisher Scientific) anti-
body. The samples were then incubated with rabbit on rodent HRP-Polymer (RMR622G, Biocare Medical),
mouse-on-mouse HPR-polymer (MM20G, Biocare Medical) or rat-on-mouse HPR polymer (TR517, Biocare
Medical). The staining was visualized by the addition of the betazoid 3,3'diaminobenzidine chromogen kit
solutions (BDB2004H, Biocare Medical). Slides were finally counterstained with hematoxylin and observed
through light microscopy (ApoTome, Axio Imager Z2, Zeiss). Negative controls were obtained by omitting
the primary antibody on adjacent sections. Nitrotyrosine expression was evaluated in 15-20 glomerular cross
sections and given a score between 0 and 3 (0, no staining; 1, faint; 2, moderate; 3, intense). The VDAC-,
ATPS5I-, and SOD2-positive stainings were quantified in 15-20 glomeruli/section with ImageJ 1.40g soft-
ware, and data were expressed as a percentage of positive staining on total glomerular area. Mac-2—positive
monocytes/macrophages were counted in 35—40 glomerular cross sections (X400).
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In vitro studies

Cell culture and incubations. For in vitro experiments, we used the conditionally immortalized human podocyte
cell line (provided by P. Mathieson and M.A. Saleem, Children’s Renal Unit and Academic Renal Unit, Uni-
versity of Bristol, Southmead Hospital, Bristol, United Kingdom). The methods for podocyte culture, immor-
talization, and differentiation were based on previously described protocols (64). Briefly, cells were cultured
under growth-permissive conditions at 33°C in RPMI 1640 medium (21875034, Thermo Fisher Scientific)
supplemented with 10% FBS (10270106, Thermo Fisher Scientific), 1% ITS 100x (insulin, transferrin, and
sodium selenite) (41400045, Thermo Fisher Scientific), and 1% Pen-Strep (100 U/ml penicillin plus 0.1 mg/
ml streptomycin) (15140122, Thermo Fisher Scientific). To induce differentiation, podocytes were grown on
rat collagen type I and maintained in nonpermissive conditions at 37°C for at least 12 days. One hour before
and during the experiments, podocytes were maintained in control medium (RPMI 1640 medium with 1%
FBS). Podocytes were then incubated with exogenous 1 uM C3a (A118, Complement Technology) or control
medium for 6 or 15 hours. In selected experiments, podocytes were treated with 1 pM SB290157, 5 uM SS-31
(736992-21, BOC Sciences), or 25 uM forskolin (F6886, MilliporeSigma), added 1 hour before and during
incubation with C3a. Preliminary experiments showed that these concentrations did not affect podocyte via-
bility, as evaluated through viable cell count using trypan blue dye exclusion (data not shown).

Mitochondrial morphology and membrane potential detection. The fluorescent MitoTracker CmxROS
probe (M7512, Molecular Probes, Invitrogen), which covalently binds to mitochondrial proteins by
reacting with free thiol groups of cysteine residues regardless of membrane potential, and JC-1 (T3168,
Molecular Probes, Invitrogen), a mitochondrial membrane potential sensor, were used to monitor
mitochondrial morphology and membrane potential, respectively. Briefly, in the last 30 minutes of the
stimuli, MitoTracker (250 nM) or JC-1 (5 uM) was added to podocytes plated on type I collagen—coat-
ed glass coverslips. At the end of incubations, living cells were rinsed twice in PBS 1x and examined
under confocal inverted laser microscopy (LSM 510 Meta). Nuclei were counterstained with NucBlue
Live ReadyProbes (Hoechst, R37605, Thermo Fisher Scientific). The percentage of podocytes with
an altered mitochondrial pattern, in terms of fragmentation and perinuclear redistribution, on total
cells per field was assessed by staining with MitoTracker in 15 random fields per sample. Mitochon-
drial morphology was evaluated in 15 random fields per sample using the MiNA tool set (35) in the
Fiji software and normalized for the number of Hoechst-positive cells. The quantification of JC-1 red
and green areas was performed in 15 random fields per sample by using ImageJ 1.40g software, and
mitochondrial polarization was expressed as the ratio between red and green fluorescent areas and
normalized for the number of Hoechst-positive cells.

Statistics

The sample size for the in vivo studies was estimated to be at least 4 mice per group to enable the detection
of a mean of paired difference in albuminuria of 30 pg/d with an estimated standard deviation of 10 (o =
0.05, paired  test, 2-tailed test) with an 80% power, based on our previous published data (65). For in vitro
experiments, the sample size was estimated to be at least 3 independent experiments to enable the detection
of a mean of paired difference in migrated podocytes of 23 cell number/field with an estimated standard
deviation of 7 (o = 0.05, paired  test, 2-tailed test) with an 80% power, based on our previous published
data (64). Sample/animals were randomly allocated to the experimental groups, and no inclusion/exclu-
sion criteria were used. Quantification analyses were performed in a single-blind fashion.

Data are expressed as mean = SEM. Statistical analysis was performed with GraphPad Prism Soft-
ware. Comparisons were made using the 2-tailed unpaired Student’s ¢ test or 1-way ANOVA with Tukey
post hoc test, as appropriate. Statistical significance was defined as P < 0.05. See figure legends for details
on the number of biological replicates (#) used.

Study approval

All procedure involving animals were performed in accordance with institutional guidelines of Istituto di
Ricerche Farmacologiche Mario Negri IRCCS, in compliance with national (D.L. no. 26, March 3, 2014)
and international laws and policies (directive 2010/63/UE on the protection of animals used for scientific
purposes) and were approved by the Institutional Animal Care and Use Committees of the Istituto di
Ricerche Farmacologiche Mario Negri IRCCS.
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