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Fumarate modulates phospholipase A2 receptor
autoimmunity-induced podocyte injury in
membranous nephropathy
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Downstream mechanisms that lead to podocyte injury
following phospholipase A2 receptor (PLA2R)
autoimmunity remain elusive. To help define this we
compared urinary metabolomic profiles of patients with
PLA2R-associated membranous nephropathy (MN) at the
time of kidney biopsy with those of patients with minimal
change disease (MCD) and to healthy individuals. Among
the metabolites differentially expressed in patients with
PLA2R-associated MN compared to healthy individuals,
fumarate was the only significant differentially expressed
metabolite in PLA2R-associated MN compared to MCD
[fold-difference vs. healthy controls and vs. MCD: 1.76 and
1.60, respectively]. High urinary fumarate levels could
predict the composite outcome of PLA2R-associated MN.
Fumarate hydratase, which hydrolyzes fumarate,
colocalized with podocalyxin, and its expression was lower
in glomerular sections from patients with PLA2R-associated
MN than in those from healthy individuals, patients with
non-PLA2R-associated MN or MCD. Podocytes stimulated
with IgG purified from serum with a high anti-PLA2R titer
(MN-IgG) decreased expression of fumarate hydratase and
increased fumarate levels. These changes were coupled to
alterations in the expression of molecules involved in the
phenotypic profile of podocytes (WT1, ZO-1, Snail, and
fibronectin), an increase in albumin flux across the
podocyte layer and the production of reactive oxygen
species in podocytes. However, overexpression of fumarate
hydratase ameliorated these alterations. Furthermore,
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knockdown of fumarate hydratase exhibited synergistic
effects with MN-IgG treatment. Thus, fumarate may
promote changes in the phenotypic profiles of podocytes
after the development of PLA2R autoimmunity. These
findings suggest that fumarate could serve as a potential
target for the treatment of PLA2R-associated MN.
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P hospholipase A2 receptor (PLA2R)–associated mem-
branous nephropathy (MN) is an autoimmune disease
caused by autoantibodies against M-type PLA2R and is

the most common cause of nephrotic syndrome in adults.1

Given the exclusive and robust association of two loci,
PLA2R1 and HLA-DQA1, with the risk of the disease, PLA2R-
associated MN may undoubtedly be genetically determined,
unlike many other glomerular diseases with polygenic risk
factors.2-4 Previous studies have also demonstrated that anti-
PLA2R levels, which are profoundly influenced by high-risk
genotypes, predict responsiveness to immunosuppressive
treatment and renal outcomes in the majority of patients with
PLA2R-associated MN.5-8 However, the mechanisms by
which PLA2R autoimmunity mediates podocyte injury
remain unresolved.

Metabolomic profiles may reflect changes in both gene-
derived downstream effects and host adaptation to the envi-
ronment and involve the actual disease processes occurring in
cells or organisms.9,10 Thus, metabolomic techniques may
serve as tools for identifying a biochemical pathogenesis that
bridges the gap between genetic abnormalities and disease
phenotype.11 Metabolomics may be a valid method for
elucidating the pathogenic mechanisms of PLA2R-associated
1
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Table 1 | Baseline characteristics of the study subjects at the time of kidney biopsy

PLA2R-associated MN (n [ 59) MCD (n [ 73) Healthy control (n [ 82) P value

Age, yr, median (IQR) 57 (48–66) 51 (38–69) 40 (29–60) <0.001a

Male, n (%) 39 (66.1) 47 (64.4) 42 (51.2) 0.127b

Diabetes mellitus, n (%) 11 (18.6) 6 (8.2) 0 (0.0) <0.001b

Hypertension, n (%) 36 (61.0) 32 (43.8) 12 (14.6) <0.001b

Serum albumin, g/dl, median (IQR) 2.7 (2.2–3.2) 2.0 (1.8–2.4) 4.5 (4.3–4.7) <0.001a

Blood urea nitrogen, mg/dl, median (IQR) 13 (11–18) 16 (14–27) 12 (10–15) <0.001a

Serum creatinine, mg/dl, median (IQR) 0.81 (0.68–1.00) 0.90 (0.74–1.24) 0.79 (0.68–0.92) 0.011a

CKD-EPI eGFR, ml/min per 1.73 m2, median (IQR) 92.7 (78.5–104.3) 83.8 (58.7–105.6) 101.9 (89.3–117.2) <0.001a

PLA2R (RU/ml), median (IQR) 126 (21–221)

CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration Equation; eGFR, estimated glomerular filtration rate; IQR, interquartile range; MCD, minimal change disease; MN,
membranous nephropathy; PLA2R, phospholipase A2 receptor.
aKruskal-Wallis test for continuous variables.
bPearson’s c2 test for categorical variables.
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MN, inasmuch as this condition shows highly variable clinical
manifestations, despite the definite pathogenic role of anti-
PLA2R autoantibody.12,13

In the present study, we aimed to characterize the urinary
metabolomic profiles of PLA2R-associated MN, assess the
prognostic value of metabolites that could reflect disease ac-
tivity, and investigate the role of these metabolites in podocyte
biology via in vitro experiments mimicking the PLA2R-
associated MN milieu.

RESULTS
Baseline characteristics
The baseline characteristics of the study subjects at the time of
kidney biopsy are presented in Table 1. No subjects received
Table 2 | Urinary metabolites differentially expressed in the PLA
healthy control groups

Metabolitesa

PLA2R-associated MN, all (n [ 59

Fold difference vs.
control (n[ 82)

P
value

Fold differenc
MCD (n [ 7

Upregulated in MN vs. both healthy control and MCD
Fumarate 1.76 <0.001 1.60

Upregulated in MN vs. healthy control
Choline 1.93 <0.001 1.02
Mannitol 3.19 <0.001 0.97
Isoleucine 1.66 <0.001 0.95
Glucose 1.94 <0.001 1.28
Valine 1.54 <0.001 1.05
Leucine 1.43 <0.001 0.85
Tyrosine 1.39 <0.001 1.13
Betaine 1.98 <0.001 1.34

Downregulated in MN vs. healthy control
Glycerol 0.22 <0.001 1.31
3-indoxylsulfate 0.49 <0.001 0.99
3-hydroxyisovalerate 0.66 <0.001 1.39
Uracil 0.62 <0.001 1.12

Downregulated in MN vs. both healthy control and MCD
Isobutyrate 0.31 <0.001 0.38

MCD, minimal change disease; MN, membranous nephropathy; PLA2R, phospholipase A
aMore than 1.5-fold or less than 0.5-fold changes.
The data were analyzed using the Mann-Whitney U test with Bonferroni correction. P <
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immunosuppressants at baseline. The median age of the
PLA2R-associated MN group was 57 years, and 66.1% of the
patients were male. The median anti-PLA2R titer was 126
RU/ml (interquartile range [IQR]: 21–221), and the median
follow-up duration was 1067 days (IQR: 522–1659 days) in
the PLA2R-associated MN group.

Differentially expressed metabolites in urine samples at the
time of kidney biopsy
Each nuclear magnetic resonance (NMR) peak of 71 metab-
olites was identified and quantified by use of the Chenomx
(Supplementary Figure S1) and 2D NMR spectra
(Supplementary Figure S2A and B). We compared the
metabolic patterns among the three groups using the partial
2R-associated MN group compared with the MCD and/or

)
PLA2R-associated MN, diabetes-excluded and age- and

sex-matched (n [ 40)

e vs.
3)

P
value

Fold difference vs.
control (n [ 40)

P
value

Fold difference vs.
MCD (n [ 40)

P
value

0.015 1.97 <0.001 1.70 0.007

0.837 2.00 <0.001 1.02 0.920
0.648 3.26 <0.001 1.12 0.966
0.638 1.99 <0.001 1.02 0.698
0.102 2.00 <0.001 1.32 0.091
0.777 1.78 <0.001 1.10 0.476
0.031 1.64 <0.001 0.87 0.162
0.056 1.62 <0.001 1.25 0.048
0.049 1.68 <0.001 1.23 0.082

0.054 0.23 <0.001 1.27 0.029
0.960 0.57 0.016 1.42 0.221
0.012 0.69 0.011 1.16 0.027
0.324 0.66 0.007 1.09 0.518

0.002 0.41 <0.001 0.53 0.037

2 receptor.

0.017 was considered statistically significant.
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Figure 1 | Urinary fumarate levels in patients with phospholipase A2 receptor (PLA2R)–associated membranous nephropathy (MN;
n [ 59), those with minimal change disease (MCD; n [ 73), and healthy control subjects (n [ 82) (a). Urinary fumarate levels in
diabetes mellitus–excluded and age- and sex-matched groups (n ¼ 40) (b). The data were analyzed by the Mann-Whitney U test with
Bonferroni correction. *P < 0.017. ***P < 0.001.
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least-squares discriminant analysis (PLS-DA) model. The
PLS-DA score plot showed clear separations among the three
groups with a goodness of fit of R2Y ¼ 0.356 and predict-
ability of Q2 ¼ 0.266, and this was validated by permutation
tests (Supplementary Figure S3A and B). All of the urinary
metabolites that were differentially expressed by >1.5-fold
or <0.5-fold among the groups are listed in Table 2 and
Supplementary Table S1. Urinary fumarate was the only
metabolite with levels that were significantly higher in pa-
tients with PLA2R-associated MN than in MCD patients or in
healthy control subjects. The significance was also maintained
in the group that excluded the diabetic patients and matched
participants for age and sex (Figure 1a and b). Interestingly,
urine fumarate levels were significantly correlated with spot
urine protein-creatinine ratio (UPCR) in patients with
PLA2R-associated MN (Spearman Rho ¼ 0.433, P ¼ 0.001)
but not in MCD patients (Figure 2). Urine fumarate was also
higher in patents with PLA2R-associated MN (n ¼ 59) than
Figure 2 | Scatterplots of log-transformed urine fumarate according
patients with phospholipase A2 receptor–associated membranous ne
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in patients with non–PLA2R/THSD7A-associated MN pa-
tients (n ¼ 10) (4.16 � 6.21 vs. 1.93 � 1.86 mM/mM creat-
inine, P ¼ 0.043). However, the serum fumarate levels were
not different among the groups (Supplementary Figure S4).

Changes in urinary fumarate according to the treatment
response status
Among the 59 patients with PLA2R-associated MN, 41 were
able to provide a urine sample at 12 months after kidney
biopsy. Complete remission was achieved in 25 (61.0%) pa-
tients, partial remission in 12 (29.3%) patients, and no
remission in 4 (9.8%) patients (Figure 3a). The median uri-
nary fumarate level in the complete remission group was
significantly decreased from 2.061 mM/mM creatinine at the
kidney biopsy to 0.804 mM/mM creatinine at 12 months after
kidney biopsy. The median urine fumarate level also signifi-
cantly decreased in the partial remission group from 3.139 to
1.055 mM/mM creatinine during the same period. However,
to log-transformed spot urine protein–creatinine ratio in
phropathy (n[ 59) (a) and minimal change disease (n[ 73) (b).
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Figure 3 | Changes in spot urine protein–creatinine ratio (a) and urinary fumarate levels (b) between the time of kidney biopsy and
12 months after the biopsy in patients with phospholipase A2 receptor–associated membranous nephropathy. Subjects were grouped
according to remission status at 12 months after the biopsy. Figures show individual data of each patient and the median (interquartile
range) of the different groups at each time point. The Wilcoxon signed-rank test was applied. *P < 0.05. ***P < 0.001.

c l i n i ca l i nves t iga t i on HA Jo et al.: Role of fumarate in PLA2R-associated membranous nephropathy
there was no significant change in patients who had no
remission (Figure 3b).

Association of urinary fumarate at the time of kidney biopsy
and outcomes
Next, we evaluated whether the best-compromise point for
urinary fumarate level identified by receiver operating char-
acteristic (ROC) curve analysis could predict the composite
renal outcome and remission. The area under the ROC curve
(AUC) for urinary fumarate for the composite renal outcome
was 0.905 (95% confidence interval [CI], 0.819–0.990; P <
0.001). The best-compromise point for the urinary fumarate
level was 3.139 mM/mM creatinine, with a sensitivity of 90.0%
and specificity of 84.1% (Figure 4a). Patients above the point
had a higher probability of reaching the composite renal
outcome compared with those below the point, after adjust-
ment for age, sex, diabetes, serum creatinine, UPCR $8 g/g
creatinine, and anti-PLA2R (adjusted hazard ratio [HR],
371.60; 95% CI, 4.23–32677.60; log-rank P < 0.001)
(Figure 4c). The urinary fumarate levels were also predictive
of remission (AUC ¼ 0.850; 95% CI, 0.690–1.000; P ¼
0.001); the best-compromise point for the urinary fumarate
level was 3.307 mM/mM creatinine, with a sensitivity of 80.0%
and specificity of 84.1% (Figure 4b). Patients above the point
had a lower likelihood of reaching remission than those below
the point after adjustment for age, sex, diabetes, serum
creatinine, UPCR $8 g/g creatinine, and anti-PLA2R
(adjusted HR, 0.33; 95% CI, 0.12–0.91; log-rank P ¼ 0.001)
(Figure 4d).

Glomerular expression of fumarate hydratase
We next investigated whether the expression of fumarate
hydratase (FH), which catalyzes the conversion of fumarate to
malate, was changed in the kidney specimens of patients with
PLA2R-associated MN. FH colocalized with podocalyxin in
the control glomeruli, indicating that podocytes were the
main cells responsible for the expression of FH. The intensity
of FH immunofluorescence and its colocalization signal with
FLA 5.6.0 DTD � KINT2205_proof � 3
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podocalyxin were lower in kidney sections from PLA2R-
associated MN and diabetic nephropathy patients, which
were used as a positive control based on a previous report,14

than in those from the control subjects, patients with non–
PLA2R/THSD7A-associated MN, and MCD patients
(Figure 5). There were no significant differences in the
tubular expression of FH between kidney sections from pa-
tients with PLA2R-associated MN and those from MCD pa-
tients or control subjects, although it was decreased in
sections from diabetic nephropathy patients (Supplementary
Figure S5A and B).

In vitro experiment with use of purified IgG from a PLA2R-
associated MN patient
To elucidate the role of fumarate in podocyte injury caused by
the PLA2R antigen–antibody reaction, we purified IgG frac-
tions from serum samples from patients with PLA2R-
associated MN (anti-PLA2R level: MN1 [342.3 RU/ml],
MN2 [125.7 RU/ml], MN3 [89.7 RU/ml]), a patient with
non–PLA2R-associated MN (anti-PLA2R level: MN4 [0.642
RU/ml]), and a healthy control subject (Con-IgG). To test
whether the PLA2R antigen–antibody reaction could occur in
the in vitro model, the purified IgG was used to immunoblot
the lysates of primary cultured human podocytes at concen-
trations of 25, 50, 100, and 200 mg/ml. The MN-IgG along
with the commercial anti-PLA2R demonstrated bands at 153
kDa, and its intensity increased in a dose-dependent manner;
however, the PLA2R antibody-negative MN-IgG or Con-IgG
did not (Figure 6), indicating that the MN-IgG from
PLA2R antibody-positive patients, but not the Con-IgG,
reacted with PLA2R protein from the primary cultured hu-
man podocytes. Therefore, further in vitro experiments
mimicking PLA2R-associated MN milieu were performed by
the use of MN-IgG from the MN1 patient.

Effect of MN-IgG on FH and markers of podocyte phenotype
To examine the role of the MN milieu in podocyte injury, we
investigated the impact of MN-IgG on the expression of
1 December 2020 � 10:56 am � ce
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Figure 4 | Receiver operating characteristic curves of urinary fumarate in patients with phospholipase A2 receptor (PLA2R)–associated
membranous nephropathy (MN) for the composite renal outcome (area under the curve [AUC], 0.905; 95% confidence interval [CI],
0.819–0.990; P < 0.001; the best-compromise point for urinary fumarate level, 3.139 mM/mM creatinine with sensitivity [ 90.0% and
specificity [ 84.1%) (a) and remission (AUC, 0.850; 95% CI, 0.690–1.000, P [ 0.001; the best-compromise point for urinary fumarate
level, 3.307 mM/mMcreatinine with sensitivity[80.0% and specificity[ 84.1%) (b). Kaplan-Meier plots showing the probability of survival
without the composite renal outcome (c) and the probability of remission in patients with PLA2R-associated MN (d). The hazard ratios were
calculated by Cox regression, and the log-rank method was used to evaluate the significance of differences.
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markers of the podocyte phenotype. Primary cultured human
podocytes treated with MN-IgG, but not with Con-IgG,
showed a dose-dependent decrease in FH expression
FLA 5.6.0 DTD � KINT2205_proof � 3
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(Figure 7a–c). We then assessed the expression of zonula
occludens (ZO-1) and Wilm’s tumor 1 (WT1), representing
the filtration barrier and podocyte differentiation,
1 December 2020 � 10:56 am � ce
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Figure 5 | Representative confocal microscopy images of 40,6-diamidino-2-phenylindole (DAPI; blue), podocalyxin (green), and
fumarate hydratase (FH; red) staining, along with merged images of kidney sections from control subjects and patients with
phospholipase A2 receptor (PLA2R)–associated membranous nephropathy (MN), non–PLA2R/thrombospondin type I domain-
containing 7A (THSD7A)–associated MN, minimal change disease (MCD), and diabetic nephropathy. Original magnification �600. Bars ¼
50 mm. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.

Figure 6 | Representative Western blots of lysate proteins extracted from primary cultured human podocytes treated with a
commercial polyclonal antibody against phospholipase A2 receptor (PLA2R) or purified IgG from each of 3 patients with PLA2R-
associated membranous nephropathy (MN; anti-PLA2R level: MN1, 342.3 RU/ml; MN2, 125.7 RU/ml; MN3, 89.7 RU/ml), 1 patient with
non–PLA2R-associated MN (anti-PLA2R level: MN4, 0.642 RU/ml), and 1 healthy control (Control).
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Figure 7 | Representative Western blots (a,b) and densitometric quantification (c) for fumarate hydratase (FH; 50 kDa), Wilms’ tumor
1 (WT1; 52 kDa), Snail (29 kDa), fibronectin (220 kDa), and zonula occludens-1 (ZO-1; 225 kDa) in podocytes after 24 hours of
treatment with Con-IgG (a) or membranous nephropathy (MN)–IgG (b). Liquid chromatography—mass spectrometry analysis of the ratio
of the fumarate level in the lysate of MN-IgG–treated podocytes to that of Con-IgG–treated podocytes (d). Ratio of the intracellular reactive
oxygen species level in MN-IgG–treated podocytes to that in Con-IgG–treated podocytes (e). Data are expressed as the mean � SEM and
were analyzed by one-way analysis of variance followed by the Bonferroni post hoc test in (c), (d), and (e) as follows: (c) **P < 0.01 versus
vehicle group, ***P < 0.001 versus vehicle group; (d) *P < 0.05 versus vehicle group, **P < 0.01 versus vehicle group; and (e) *P < 0.05 versus
vehicle group, **P < 0.01 versus vehicle group, ***P < 0.001 versus vehicle group.
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respectively.15 We also evaluated the expression of Snail and
fibronectin, the key factors involved in phenotypic profile
conversion.16 The MN-IgG treatment significantly decreased
the expression of WT1 and ZO-1 and increased the expres-
sion of Snail and fibronectin in podocytes (Figure 7a–c).
The ratio of the fumarate level, as assessed by liquid
chromatography–mass spectrometry (LC-MS), in podocytes
treated with MN-IgG to that in podocytes treated with Con-
IgG at the same concentrations increased in a dose-dependent
manner (Figure 7d). The intracellular ROS levels were
significantly higher in the podocytes treated with MN-IgG
than in those treated with Con-IgG at the same concentra-
tions (Figure 7e). To investigate whether ROS induced the
attenuation of FH, we measured the protein expression levels
of FH in the podocytes treated with vehicle or hydrogen
peroxide (H2O2). The H2O2 treatment attenuated the FH
protein expression levels in the podocytes compared with the
vehicle treatment (Figure 8a). Pretreatment of apocynin, an
NADPH oxidase inhibitor, prevented the H2O2-induced
decrease in FH in a dose-dependent manner (Figure 8a and
b). The FH mRNA expression, as assessed by real-time PCR,
exhibited a similar pattern as the protein expression
(Figure 8c). In addition, the expression of ZO-1 was signifi-
cantly decreased in the H2O2-treated podocytes but was
FLA 5.6.0 DTD � KINT2205_proof � 3

Kidney International (2020) -, -–-
restored by the apocynin pretreatment (Figure 8b). We further
investigated the effect of complement activation on FH
expression in the podocytes. The expression of FH in the
podocytes treated with the C5b-9 assembly was lower than
that in the control podocytes, as shown by confocal micro-
scopy and flow cytometry (Supplementary Figure S6). These
findings suggest that ROS production accompanied by acti-
vation of the complement system may participate in the
decreased expression of FH in podocytes. We performed
immunoprecipitation analysis and enzyme-linked immuno-
sorbent assay (ELISA) to rule out the possibility of anti-FH
autoantibody in the sera of the PLA2R-associated MN pa-
tients. However, we did not find anti-FH autoantibody in the
patient serum samples (Supplementary Figure S7).

We next overexpressed FH via the transduction of the
cultured podocytes with FH activation lentiviral particles (Lv-
FH) to explore whether FH overexpression could abrogate
these changes. Lv-FH significantly increased the endogenous
FH protein expression in the cultured podocytes (Figure 9a
and b, Supplementary Figure S8A and B). The fumarate
concentration in the lysate of the podocytes, as assessed by
LC-MS, was significantly decreased in the Lv-FH–transduced
podocytes but not in the Lv-Con–transduced cells
(Supplementary Figure S8C). Treatment with MN-IgG
1 December 2020 � 10:56 am � ce
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Figure 8 | Representative Western blots (a) and densitometric quantification (b) for fumarate hydratase (FH) and zonula occludens-1
(ZO-1) in podocytes treated with vehicle, H2O2 (1 mM), or apocynin (1, 2, or, 4 mM) D H2O2 (1 mM). The FH mRNA expression in the
podocytes treated with vehicle, H2O2 (1 mM), or apocynin (1, 2, or 4 mM) þ H2O2 (1 mM) (c). Data are expressed as the mean � SEM and were
analyzed by one-way analysis of variance followed by the Bonferroni post hoc test in (b) and (c), as follows: (b) *P < 0.01 versus vehicle group,
§P < 0.001 versus vehicle group, †P < 0.01 versus H2O2 (1 mM) treated group, ‡P < 0.001 versus H2O2 (1 mM) treated group; and (c) *P < 0.05
versus vehicle group, †P < 0.01 versus H2O2 (1 mM) treated group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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significantly increased the expression of Snail and fibronectin
and decreased the expression of FH, WT1, and ZO-1, whereas
Con-IgG had no effect. Lv-FH significantly abrogated the
MN-IgG–induced protein expression in the podocytes
(Figure 9a and b). The intracellular ROS levels were signifi-
cantly increased in the podocytes treated with MN-IgG but
not in those treated with Con-IgG. Lv-FH significantly sup-
pressed the intracellular ROS levels compared with those in
the podocytes treated with MN-IgG (Figure 9c). To investi-
gate the impact of FH inhibition, cells were transduced with
FH siRNA. FH siRNA alone significantly decreased the
expression of WT1 and ZO-1 and increased the intracellular
ROS level (Figure 9d–f). Furthermore, treatment with MN-
IgG in the FH siRNA-transduced podocytes synergistically
decreased the expression of FH accompanied by decreases in
WT1 and ZO-1 and increases in fibronectin and Snail
(Figure 9d and e). In line with the findings, diethyl fumarate
treatment also attenuated the expression of WT1 and ZO-1 in
a dose-dependent manner (Supplementary Figure S9).

Effect of fumarate on ZO-1 expression and podocyte
permeability to albumin
Because of the dramatic changes in ZO-1 protein expression
after MN-IgG treatment, podocytes were stained for ZO-1 to
identify cellular lesions responsible for the changes in
response to MN-IgG. MN-IgG, but not Con-IgG, decreased
the immunofluorescence intensity of ZO-1 in the cultured
podocytes, and Lv-FH significantly restored the MN-IgG–
induced decrease in ZO-1 immunofluorescence (Figure 10a
and b).

The albumin-rhodamine transit assay was performed to
assess the role of fumarate in the permeability of podocytes to
albumin. After 24 hours of treating podocytes with MN-IgG,
the permeability of the podocyte monolayer to albumin was
determined. The absorbance of human serum albumin-
FLA 5.6.0 DTD � KINT2205_proof � 3
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rhodamine in the media of the lower Transwell chamber
was higher after treatment with MN-IgG than with vehicle or
Con-IgG. Lv-FH transduction did not completely recover the
albumin flux but significantly decreased the MN-IgG–
induced increase in the absorbance of human serum
albumin-rhodamine (Figure 10c).

DISCUSSION
The pathologic mechanism that leads to podocyte injury
downstream of PLA2R autoimmunity is clinically important
because it may be a potential therapeutic target for MN, given
that a significant proportion of patients do not respond to
immunosuppressive treatment.17,18 We demonstrated that
urinary, but not serum, levels of fumarate were differentially
expressed in PLA2R-associated MN. This finding remained
consistent even after exclusion of the diabetes patients, which
was shown to be associated with urinary fumarate in a pre-
vious report.14 Second, urinary fumarate was predictive for
the renal prognosis of the disease after adjustment for anti-
PLA2R levels. Third, podocytes treated with purified IgG
from serum with a high anti-PLA2R titer showed decreased
FH expression and increased fumarate levels accompanied by
phenotypic alteration, ROS stimulation, and increased
podocyte permeability to albumin. Interestingly, FH over-
expression ameliorated these unfavorable changes, whereas
inhibition of FH enhanced these changes. These findings
suggest that fumarate plays a role in podocyte injury as a
downstream mechanism in the PLA2R antigen–antibody
reaction.

The increased level of urinary fumarate in PLA2R-
associated MN may reflect the altered activity of tricarbox-
ylic acid cycle enzymes responsible for fumarate metabolism
in resident kidney cells, or it may merely serve as a surrogate
for increased fumarate production in the systemic circulation.
We assumed that urinary fumarate in PLA2R-associated MN
1 December 2020 � 10:56 am � ce
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Figure 9 | Representative Western blots (a) and densitometric quantification (b) of fumarate hydratase (FH), Wilms’ tumor 1 (WT1),
Snail, fibronectin, and zonula occludens-1 (ZO-1) in the podocytes treated with vehicle, fumarate hydratase activation lentiviral
particles (Lv-FH) at 1 multiplicity of infection (MOI), Con-IgG, membranous nephropathy (MN)–IgG, or Lv-FH at 1 MOI followed by MN-
IgG. Ratio of the intracellular reactive oxygen species level in the podocytes treated with vehicle, Lv-FH at 1 MOI, Con-IgG, MN-IgG, or Lv-FH at
1 MOI followed by MN-IgG (c). Representative Western blots (d) and densitometric quantification (e) of FH, WT1, Snail, fibronectin, and ZO-1
in the podocytes treated with vehicle, FH siRNA, Con-IgG, MN-IgG, or FH siRNA followed by MN-IgG. Ratio of the intracellular ROS level in the
podocytes treated with vehicle, FH siRNA, Con-IgG, MN-IgG, or FH siRNA followed by MN-IgG (f). Data are expressed as the mean � SEM and
were analyzed by one-way analysis of variance followed by the Bonferroni post hoc test, as follows: (b) §P < 0.001 versus vehicle group, **P <
0.01 versus Con-IgG group, ***P < 0.001 versus Con-IgG group, #P < 0.05 versus MN-IgG group, ‡P < 0.001 versus MN-IgG group; (c) ***P <
0.001 versus Con-IgG group, ‡P < 0.001 versus MN-IgG group; (e) §P < 0.001 versus vehicle group, ***P < 0.001 versus Con-IgG group, #P <
0.05 versus MN-IgG group, †P < 0.01 versus MN-IgG group, ‡P < 0.001 versus MN-IgG group; and (f) §P < 0.001 versus vehicle group, ***P <
0.001 versus Con-IgG group, †P < 0.01 versus MN-IgG group.
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may not originate from the systemic circulation, given the
absence of significant differences in the levels of serum
fumarate among patients with PLA2R-associated MN, those
with MCD, and healthy control subjects. In addition, the
colocalization of FH with podocyte marker and the marked
decrease in its expression in the glomeruli of patients with
PLA2R-associated MN also support this assumption. In
accordance with these data, we demonstrated that the FH
levels were decreased in cultured podocytes treated with MN-
IgG, which was accompanied by an increase in fumarate. We
also showed that the intensity of FH was decreased in the
kidney biopsy sections from the PLA2R-associated MN group
but not in those from the non-PLA2R-associated MN group.
These data indicate that the inhibition of FH and subsequent
accumulation of fumarate may occur in podocytes after the
PLA2R antigen-antibody reaction. Although there was a
causal relationship between PLA2R autoimmunity and the
fumarate levels in the in vitro experiment, urinary fumarate
predicted the outcomes in MN patients independent of the
anti-PLA2R levels. In this regard, we speculated that there
FLA 5.6.0 DTD � KINT2205_proof � 3
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may be uncertainty in the time interval between the devel-
opment of PLA2R autoimmunity and the changes in FH in
human podocytes in vivo.

For analysis of the mechanism of how PLA2R autoim-
munity attenuates FH, we demonstrated that complement
activation and ROS production could decrease FH, which is
consistent with previous data.14 Although we could not show
a sequential and direct relationship between PLA2R autoim-
munity, complement activation, ROS, and FH in primary
cultured human podocytes, an increase in ROS through
complement system activation could be a possible mechanism
that reduces FH expression. By contrast, it could be possible
that pathologic mechanisms other than ROS generation
through complement system activation may be involved in
non–PLA2R/THSD7A-associated MN, given that the expres-
sion of FH was preserved in their kidney specimens. The
hydrolysis of fumarate to malate is one of the major reactions
in the tricarboxylic acid cycle, and the reaction is catalyzed by
FH.19 Thus, the inactivation of FH results in the intracellular
accumulation of fumarate.20 On the basis of the importance
1 December 2020 � 10:56 am � ce
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Figure 10 | Representative confocal microscopy images of zonula occludens-1 (ZO-1; red) and of 40,6-diamidino-2-phenylindole
(blue) staining (a) and fluorescence intensity for ZO-1 (b) in podocytes treated under different conditions: vehicle, Con-IgG 50 mg/ml,
membranous nephropathy (MN)–IgG 50 mg/ml, MN-IgG 100 mg/ml, fumarate hydratase activation lentiviral particles (Lv-FH) at 1
multiplicity of infection (MOI) followed by MN-IgG 50 mg/ml, Lv-FH at 2 MOI followed by MN-IgG 50 mg/ml. Original magnification �800.
Bars ¼ 20 mm. Relative quantification of albumin-rhodamine transit across monolayers of podocytes treated vehicle, Con-IgG 50 mg/ml, MN-
IgG 50 mg/ml, MN-IgG 100 mg/ml, or Lv-FH at 1 MOI followed by MN-IgG 50 mg/ml and Lv-FH at 2 MOI followed by MN-IgG 50 mg/ml (c). Data
are expressed as mean � SEM and were analyzed by one-way analysis of variance followed by the Bonferroni post hoc test in (b) and (c), as
follows: (b) ***P < 0.001 versus vehicle group, *P < 0.05 versus MN-IgG 50 mg/ml group, †P < 0.001 versus MN-IgG 50 mg/ml group; and (c)
***P < 0.001 versus vehicle group, †P< 0.001 versus MN-IgG 50 mg/ml group. To optimize viewing of this image, please see the online version
of this article at www.kidney-international.org.
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of this pathway in oxidative phosphorylation, fumarate
accumulation affects various signaling pathways, including
those involved in cellular endoplasmic reticulum (ER) stress
and phenotypic change of podocytes, through the production
of ROS.21-23 A recent investigation has suggested that fuma-
rate is associated with all-cause mortality of patients with
chronic kidney disease.24 Fumarate also plays a role in the
progression of diabetic nephropathy by stimulating ER stress
and extracellular matrix production.14 These data suggest that
fumarate may cause podocyte injury in PLA2R-associated
MN.

Loss of the typical podocyte phenotype is a crucial process
in podocyte injury in many glomerular diseases, including
MN.25 During the process of cellular injury, podocytes lose
their epithelial features, which is characterized by reduced
ZO-1 expression; simultaneously, podocytes acquire mesen-
chymal features, including increased fibronectin expres-
sion.16,26 These phenotypical changes are further indicated by
the fact that the expression of Snail, a prominent inducer of
phenotypic profile change, may be induced after the injurious
stimulation of podocytes, eventually leading to podocyte
dysfunction and albuminuria.16 A recent study demonstrated
that the phenotypic change of podocytes may also be induced
by the deletion of WT1,27 which is required for maintaining
the differentiated phenotype during podocyte injury in pro-
teinuric kidney diseases, such as diabetic nephropathy and
MN.28,29 Interestingly, the inhibition of FH activity and the
subsequent accumulation of fumarate have been reported to
trigger the change of phenotypic profile through the mech-
anism by which fumarate induces ROS by modifying gluta-
thione metabolism or ROS-related miRNAs.21,22,30 In the
FLA 5.6.0 DTD � KINT2205_proof � 3
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present study, we demonstrated that the podocytes in the
milieu of PLA2R-associated MN lose their epithelial and
differentiation markers accompanied by the acquisition of
mesenchymal features. These phenotypic changes developed
simultaneously with the dysregulation of FH, and the over-
expression of FH may restore the MN-IgG–induced patho-
logic alterations. By contrast, the inhibition of FH enhanced
the alteration of phenotypic profile by MN-IgG. These results
indicate that fumarate could cause phenotypic changes in
podocytes subsequent to the PLA2R antigen–antibody reac-
tion. Furthermore, overexpression of FH attenuated the
upregulation of intracellular ROS in response to PLA2R
autoimmunity in podocytes. These results were consistent
with those of a previous study, which showed a decrease in
intracellular ROS by preventing the accumulation of fumarate
by blocking the responsible enzymes of the tricarboxylic acid
cycle.21 These findings provide insight into the mechanism
underlying podocyte injury subsequent to PLA2R autoim-
munity through increasing intracellular ROS; thus, they
suggest that fumarate may be a potential therapeutic target in
PLA2R-associated MN. Moreover, phenotypic alterations in
podocytes may contribute to functional perturbations in the
glomerular filtration barrier. We observed that the expression
of ZO-1, an adaptor protein of the slit diaphragm,31 was
suppressed in cell–cell junctions after the PLA2R antigen–
antibody reaction. These factors contribute to the impair-
ment of cell–cell junction integrity and subsequently
increased permeability to albumin. Interestingly, the over-
expression of FH attenuated the permeability of the podocyte
layer to albumin that was induced by MN-IgG stimulation.
Collectively, fumarate plays a crucial role in podocyte
1 December 2020 � 10:56 am � ce
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dysfunction via phenotypic alterations after PLA2R autoim-
munity, even though the metabolite may not be exclusively
disease-specific for PLA2R-associated MN.

There are several limitations to this study. First, we could
not prove the pathologic mechanism of fumarate by in vivo
animal experiments. Instead, we performed in vitro podocyte
experiments mimicking the milieu of PLA2R-associated MN,
in line with a previous study that demonstrated the reaction
between serum samples from patients with PLA2R-associated
MN and human glomerular extracts.1 Second, the perme-
ability test using cultured podocytes may not be able to
evaluate the function of the slit diaphragm because cultured
podocytes tend to form tight junctions instead of a slit dia-
phragm.32 Third, the downregulation of FH could be due to
other circulating antipodocyte antibodies that may potentially
coexist in the purified IgG from MN patients.33 In summary,
these findings provide evidence of the role played by fumarate
in podocyte injury subsequent to PLA2R autoimmunity
through the acquisition of the mesenchymal phenotype and
the loss of cell–cell adhesion, and they indicate that fumarate
may be a potential target for therapeutic intervention in
PLA2R-associated MN.

METHODS
Study subjects and specimens
This study was conducted according to the Declaration of Helsinki
and was approved by the institutional review board of Seoul National
University Hospital, Seoul, Korea (H-1601-076-734). The human
biospecimens of the study subjects were provided by the National
Biobank of Korea.34

The diagnostic algorithm of MN is described in Supplementary
Figure S10. PLA2R-associated MN was defined as having positive
serum anti-PLA2R antibodies or glomerular PLA2R antigens.35 The
serum anti-PLA2R level was assessed by ELISA (Euroimmun AG,
Lübeck, Germany), and a positive result was defined as $20 RU/
ml.36 The result of PLA2R staining was defined as positive36 if
PLA2R staining was distributed along the glomerular capillary loops
in a fine granular pattern and colocalized with IgG4 (Supplementary
Figure S11).1 Glomerular THSD7A deposits were measured by
immunohistochemistry.37 The composite renal outcome was defined
as the initiation of renal replacement therapy, a 50% decline in
estimated glomerular filtration rate, or doubling of serum creatinine
level. Complete remission was defined as UPCR <0.3 g/g creatinine,
and partial remission was defined as UPCR <3.5 g/g creatinine and
a $50% reduction from the peak value.38

Urine samples at the time of kidney biopsy were collected from
patients with PLA2R-associated MN (n ¼ 59), MCD (n ¼ 73), and
non–PLA2R/THSD7A-associated MN (n ¼ 10) between October
2009 andMarch 2016. Urine samples were also collected from healthy
control subjects (n ¼ 82). We also collected urine samples of patients
with PLA2R-associated MN at 12 months after the kidney biopsy.

In vitro experiments
Primary cultured human podocytes were cultured as previously re-
ported.39,40 The expressions of podocalyxin and PLA2R were
assessed by flow cytometry (Supplementary Figure S12). IgG affinity
columns were used (Younginfrontier, Seoul, Korea) for the purifi-
cation of IgG. Detailed methods are described in the Supplementary
Methods.
FLA 5.6.0 DTD � KINT2205_proof � 3
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Statistical analysis
Metabolomics. The Kruskal-Wallis test followed by the Mann-

Whitney U test with Bonferroni correction for multiple comparisons
was used to detect differences in metabolites between the groups.
The level of significance was set at P ¼ 0.05 and P ¼ 0.017,
respectively. SAS (University edition, Cary, NC) was applied for
propensity score matching. Propensity scores were calculated by use
of a logistic regression model and the following covariates: age
(categorized by <40, 40–49, 50–59, 60–69, and #70 years) and sex.
Cases were individually matched to control subjects with the use of
nearest-neighbor caliper matching (distance ¼ 0.2).41-43 The Wil-
coxon signed-rank test was used to compare the metabolite levels of
patients with PLA2R-associated MN in the follow-up study. PLS-DA
was used to evaluate the metabolite differences between the groups
and to identify characteristic metabolites.44 Permutation testing us-
ing 100 random permutations was performed.45 The PLS-DA and
permutation testing were conducted with SIMCA-Pþ (version 12.0,
Umetrics, Umea, Sweden).

Clinical data. The Kruskal-Wallis test was used to compare
continuous variables presented as median (IQR). Pearson’s c2 test
was used to compare categorical variables expressed as proportions.
An ROC curve was used to assess the urinary fumarate levels to
predict outcomes. Kaplan-Meier survival analysis was performed to
compare the probability of progressing to the composite renal
outcome and remission. Predictors of outcomes were modeled by
Cox regression analysis. Correlation analysis was assessed with
Spearman’s coefficient. Quantitative analysis for Western blots was
presented as the mean � SEM, and these were obtained by using
Prism (GraphPad Software, Inc.). A one-way analysis of variance
followed by Bonferroni post hoc test was used for comparisons be-
tween the groups. Statistical analyses were performed with Statistical
Package for the Social Sciences (version 25, Chicago, IL). A P value <
0.05 was considered significant.
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SUPPLEMENTARY MATERIAL
Supplementary File (PDF)
Figure S1. 1D 1H NMR spectra of urine samples from PLA2R-
associated MN (A), MCD patients (B), and healthy control subjects (C).
Figure S2. Representative 2D NMR spectra of urine samples from
patients with PLA2R-associated MN.
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Figure S3. PLS-DA score plot (A) obtained from 1H-NMR spectra of
urine (R2X ¼ 0.182, R2Y ¼ 0.356, Q2 ¼ 0.266) from patients with
PLA2R-associated MN, those with MCD, and healthy control subjects.
Validation plot (B) from 100 permutation tests of the responses to the
PLS-DA models.

Figures S4. Serum fumarate levels identified by 1H-NMR spectra in
patients with PLA2R-associated MN, those with MCD, and healthy
control subjects. The median value of serum fumarate for each group
is shown by a horizontal bar.
Figure S5. (A) Representative confocal microscopy images of DAPI
(blue), FH (red), and merged images of tubules in kidney sections
from patients who underwent nephrectomy because of renal cell
carcinoma (Control), patients with PLA2R-associated MN, MCD, and
diabetic nephropathy. Original magnification �100. Scale bars: 200
mm (B) Relative quantification of the intensity of FH in the tubules
of kidney sections from patients who underwent nephrectomy
because of renal cell carcinoma (Control), patients with PLA2R-
associated MN, MCD, and diabetic nephropathy. *P < 0.05 versus
Control group.

Figure S6. (A) Representative confocal microscopy images of C5b-9
(red, upper panel), FH (green, lower panel), and DAPI (blue) staining in
podocytes treated with C5b-9 assembly (right panel) and control
podocytes (left panel). Original magnification �400. Scale bars: 50
mm. (B,C) Flow cytometry of C5b-9 (B) and FH (C) in podocytes
treated with isotype IgG (left), C5b-9 assembly (middle), and control
podocytes (right).

Figure S7. (A,B) Representative images of immunoprecipitation and
immunoblot for anti-FH autoantibody in diluted serum samples ([A]:
1:5000, [B]: 1:10,000) from healthy control, patient with non-PLA2R-
associated MN, and PLA2R-associated MN. Recombinant human FH
was used as a positive control. (C,D) Reactivity of serum samples from
healthy control subjects (n ¼ 3), patients with non-PLA2R-associated
MN (n ¼ 3), and PLA2R-associated MN (n ¼ 3) against FH determined
by enzyme-linked immunosorbent assay. The diluted serum was used
([C]: 1:5000, [D]: 10,000).
Figure S8. Representative of Western blots (A) and densitometric
quantification (B) of FH in podocytes transduced with Lv-Con at 1
MOI, Lv-FH at 1 MOI, or 2 MOI. (C) Liquid chromatography-mass
spectrometry analysis of the fumarate levels in the lysates of
podocytes transduced with Lv-Con at 1 MOI for 6 hours, Lv-Con at
1 MOI for 24 hours, Lv-FH at 1 MOI for 6 hours, or Lv-FH at 1 MOI for
24 hours. Data are expressed as the mean � SEM and were
analyzed using one-way analysis of variance followed by the
Bonferroni post hoc test in (B) and (C). (B) *P < 0.05 versus Lv-Con
at 1 MOI group. ***P < 0.001 versus Lv-Con at 1 MOI group. (C)
***P < 0.001 versus Lv-Con at 1 MOI for 24-hours group.
Figure S9. Representative Western blot (A) and densitometric
quantification (B) of WT1 and ZO-1 in podocytes treated with vehicle,
diethyl fumarate (DEF) at 5 nM, 50 nM, or 500 nM. (B) WT1, yP < 0.001
versus vehicle group; ZO-1, yP < 0.001 versus vehicle group.

Figure S10. Diagnostic algorithm of the study subjects.
Figure S11. Representative confocal microscopic images of PLA2R
antigen-positive and PLA2R antigen-negative kidney specimens.
Original magnification �600. Scale bars: 50 mm (enlarged, �1600;
scale bars, 20 mm).
Figure S12. Representative FACS images of podocalyxin (A) and
PLA2R (B) in conditionally immortalized human podocyte cell line
(upper panel) and primary cultured human podocytes (lower panel).
PLA2R, phospholipase A2 receptor.
Table S1. Quantification of urinary metabolites from 1H NMR spectra
in the phospholipase A2 receptor (PLA2R)-associated membranous
nephropathy (MN) group compared with the minimal change disease
(MCD) and/or healthy control groups.
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