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Mitochondrial Dysfunction in Congenital
Nephrotic Syndrome
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SUMMARY: The molecular mechanisms maintaining the kidney glomerular filtration barrier remain poorly understood. Recent
evidence suggests that mitochondrial dysfunction is a characteristic feature of kidney glomeruli in congenital nephrotic syndrome
of the Finnish type (CNF). Here we searched for detailed functional evidence of mitochondrial lesion in CNF kidneys. We used
histochemical and immunohistochemical methods, quantitative measurement of mitochondrial DNA, and superoxide production
to characterize the mitochondrial function. The results unequivocally show down-regulation of mitochondria-encoded respiratory
chain components, whereas the respective nuclearly encoded subunits were close to normal. These results give detailed
evidence of distinct mitochondrial dysfunction and of the resulting abnormal production of reactive oxygen species in CNF and
suggest a critical role for mitochondria in maintaining the glomerular permeability barrier. (Lab Invest 2000, 80:1227-1232).

Congenital nephrotic syndromes are rare renal
diseases characterized by proteinuria, edema,
and hypoproteinemia. They occur either in utero or
manifest themselves soon after birth, thus differing
from other nephrotic syndromes in childhood, which
seldom occur before the age of one year. The best-
characterized entities of idiopathic congenital ne-
phrotic syndromes include congenital nephrotic syn-
drome of the Finnish type (CNF) and diffuse mesangial
sclerosis (Hallman et al, 1967; Rapola, 1987). Both
disorders present with proteinuria and edema without
other primary symptoms but can be distinguished on
the basis of renal histology, family history, and clinical
appearance.

The pathophysiologic mechanisms of proteinuria
remain, however, poorly understood. Because the
glomerular cells and basement membranes together
determine the filter that prevents passage into urine of
plasma proteins and solutes in circulation (Kanwar et
al, 1991; Kerjaschki, 1994; Rennke, 1994), it is as-
sumed that the defect in CNF is specific for the
glomerular structures. This makes CNF an exception-
ally interesting model disease that can be used to
determine the mechanisms maintaining the perms-
electivity of the glomerular filtration barrier.

Our search for genes involved in the pathogenesis
of proteinuria with a differential display reverse
transcriptase-polymerase chain reaction (RT-PCR)
analysis of isolated CNF glomeruli recently revealed a
major down-regulation of the mitochondrial respira-
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tory chain (Haltia et al, 1999). Further detailed studies
revealed severely reduced transcript levels of the
mitochondrial DNA (mtDNA)-encoded subunit | of en-
zyme complex IV of the mitochondrial respiratory
chain (cytochrome-c oxidase [COX]) (Holthofer et al,
1999). A decrease in the expression of other respira-
tory chain subunits encoded by the mitochondrial
genome was also detected, whereas subunits en-
coded by the nuclear DNA remained at the level
comparable to controls. These results strongly sug-
gest a novel causative role for mitochondrial dysfunc-
tion in CNF and possibly in other proteinuric diseases.

To follow up the study of mitochondrial involvement,
we have here investigated the mitochondrial function
in CNF kidneys in detail and report a general decrease
of mtDNA in kidney tissue together with decreased
superoxide production in mitochondria of the renal
cortex. An increase in the production of reactive
oxygen species (ROS) has been demonstrated in
experimental models of glomerular diseases (Kerjas-
chki, 1995), even before the onset of proteinuria (Solin
M-L, Pitkdnen S, Taanman J-W, and Holthéfer H,
unpublished data). An increase of ROS correlates
strongly with mitochondrial dysfunction and failure to
maintain normal energy production, suggesting an
important role for an intact energy balance and ROS in
the pathogenesis of proteinuria.

Results

Histochemistry, Immunohistochemistry, and Northern
Blot Analysis

To study the involvement of mitochondria in CNF at
the protein and functional level, we have previously
applied histochemical and immunohistochemical
stainings for various respiratory chain complexes.

Laboratory Investigation ® August 2000 @ Volume 80 ® Number 8

1227



Solin et al

Here we confirmed these findings by showing his-
tochemically the down-regulation of succinate de-
hydrogenase (complex Il) and cytochrome-c oxi-
dase (complex 1V) in cortical CNF kidney (Fig. 1) and
by showing through immunohistochemistry (data
not shown) the down-regulation of subunit COX |
(mitochondrially encoded), whereas COX IV (nucle-
arly encoded) remained at the level of control tis-
sues. Also, mRNA levels of COX subunits | and I,
encoded by the mitochondrial genome, were down
to approximately 25% of controls, whereas COX
subunits IV and VIb, encoded by nuclear genome,
showed only minor changes compared to controls
(Fig. 2).

Analysis of mtDNA

Renal cortical mtDNA from patients with CNF was
compared with mtDNA from control subjects on
Southern blots. Blots hybridized with radioactively
labeled probe for mtDNA showed that the size of
mtDNA in the patients was comparable to controls
(not shown). Blots cohybridized with the mitochon-
drial probe and with a probe for nuclear gene for
18S rRNA revealed, however, that mtDNA levels
were markedly reduced in four of five patients as
compared with controls (Fig 3). Quantification of the
signals showed that, whereas mtDNA levels in Pa-
tient 1 were normal (97% of the average control
values), mtDNA levels in Patients 2 to 5 were 17% to
40% of the average control values of age-matched
controls.

Figure 1.

NORM KIDNEY CORTEX  CNF KIDNEY CORTEX

[t 2 3 4]s5 6 7 8 9|
: ik “|coxi
e e T ¥ Cox Il
W OB A B W W B e s |cOXNY
f@% 2R ¥ COX VI
it B s, N s | P-act
Figure 2.

Northern blotting of normal kidney cortex and CNF kidney cortex for COX
subunits. The mitochondrially encoded subunits (COX | and II) are down-
regulated whereas the nuclearly encoded components (COX IV and COX VI)
show similar levels in both CNF and control samples.

Superoxide Production

To assess the production of superoxide from the
respiratory chain upon addition of NADH (Betts,
1986), mitochondria disrupted by freeze-thawing
were incubated with the luminescent probe. Super-
oxide (SOX) production was markedly decreased in
two of three CNF samples; SOX production of those
two samples was 63% and 53% of normal kidney
cortex samples, respectively. The third sample
showed a SOX production similar to control kidney

d =

Histochemical reactivity of normal kidney (a and c) and congenital nephrotic syndrome of the Finnish type (CNF) kidney (b and d) for succinate dehydrogenase (SDH)
(a and b) and cytochrome-c oxidase (COX) (c and d). Note the negligible reactivity in CNF for both SDH and COX. Magnification, x320.
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Figure 3.

Southern blot analysis with probe for mitochondrial DNA (mtDNA) shows
considerably lower amounts of mtDNA in CNF kidneys compared with the
controls. A probe for the nuclear gene 18S rRNA was used for evaluation of the
amount of the total DNA loaded on each lane.
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Figure 4.
Superoxide production in CNF and control kidney cortex shows distinct
decrease of the luminescence in two of three CNF samples.

samples (Fig. 4). This sample was the only one
showing a normal mtDNA level (see above).

Enzyme Activities of the Respiratory Chain Complexes

The activities of all enzyme complexes were de-
creased in cortical kidney tissues of CNF patients
compared with normal kidney samples. The rotenone-
sensitive NADH-cytochrome-c-reductase activities
(complexes | and lll), succinate cytochrome reductase
activities (complexes Il and lll), and cytochrome-c
oxidase activities (complex IV) were 49%, 57%, and
58% of the control values, respectively (Table 1).

Discussion

Our results have demonstrated that proteinuria in
patients with CNF is associated with a mitochondrial
failure within the kidney, but not in other tissues (Haltia
et al, 1999; Holthofer et al, 1999). Here we confirm and
extend the previous findings and describe the mito-
chondrial dysfunction in detail. The biogenesis and
function of mitochondria depend on complementation
of both the nuclear and mitochondrial genomes (Wal-
lace et al, 1998). The human mtDNA, which is inherited

Table 1. Respiratory Chain Enzyme Activities

Mitochondria in CNF

through the maternal line, contains a limited number of
genes that are all involved in the synthesis of the
mitochondrial respiratory chain components (Taan-
man et al, 1997). The vast majority of polypeptides
needed for the biogenesis of the organelle are, how-
ever, encoded by the nuclear genome (Taanman et al,
1997). A finely regulated assembly of the nucleus-
encoded components, together with the ones en-
coded by the mitochondrial DNA, is essential for
proper functionality, including ATP production and
control of the shunt pathway leading to ROS produc-
tion (Halliwell, 1991). Our results suggest that although
the basic defect of CNF involves a recently character-
ized autosomal gene in chromosome 19 (Kestila et al,
1998; Mannikko et al, 1995), its presently unknown
downstream effects and functions may also directly
involve regulation of local mitochondrial functions.
Alternatively, a two-hit defect, with both nuclear and
mitochondrial involvement, as described, eg, for au-
tosomal dominant progressive external ophthalmople-
gia (Kaukonen et al, 1996; Suomalainen et al, 1997),
has to be considered.

Hallman et al (1956) first characterized the clinical
features of CNF. Further studies by Norio (1966)
revealed the inheritance pattern as autosomal reces-
sive. The incidence of CNF is 1:8000 live births in
Finland. Earlier, this disease led to death within the
first 6 months of life because of an uncontrolled loss of
circulating plasma proteins into urine. Since 1984, a
new treatment protocol has emerged, which includes
early nephrectomy, followed by dialysis, and then
renal transplantation (Mahan et al, 1984). This treat-
ment seems to cure all symptoms and, notably, with-
out later manifestations in other organ systems (Holm-
berg et al, 1995). The success of renal transplantation
emphasizes the tissue-specific character of the dis-
ease.

Although the presenting symptom in CNF is the
uncontrolled proteinuria, patients with symptoms from
the muscular, cardiac, and central nervous systems
have also been reported (Mannikko et al, 1995). In-
volvement of these organs is the characteristic finding
in mitochondrial disorders (Johns, 1995).

Kestila et al (1998) recently identified the new gene
NPHS1, encoding a mutated transmembrane protein
nephrin, in patients with CNF. According to their
results, nephrin is expressed only in kidney glomeruli,

Complexes | and IlI Complexes Il and 11l Complex IV
(U/mg protein) (U/mg protein) (U/mg protein)

Mean +SD Mean +SD Mean +SD
CNF 1 85,6 79 64,2 0,8 38,2 1,2
CNF 2 74,4 51 58,7 2,4 33,8 0,0
CNF 3 98,1 6,0 80,2 2,4 36,2 2,3
Control 1 170,0 18,2 131,2 1,0 66,4 11,0
Control 2 138,7 7,7 111,2 1,3 58,5 2,7
Control 3 2195 12,6 112,1 3,3 ND

SD, standard deviation; CNF, congenital nephrotic syndrome of the Finnish type; ND, not determined.
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but virtually nothing is presently known of its exact
functions and expression in other tissues. Interest-
ingly, the vicinity of the NPHS1 locus in the long arm of
chromosome 19 contains several genes crucial for the
mitochondrial biogenesis, including the genes for COX
VIb (Taanman et al, 1991), ATPase (Song et al, 1992),
and PHGPx (Kelner et al, 1998).

The mitochondrial respiratory chain produces cellu-
lar energy mainly through oxidative phosphorylation.
Abnormal electron transfer in the respiratory chain not
only diminishes energy production but also leads
acutely to an increased production of ROS, including
the superoxide, hydroxide, and hypochloric acid an-
ions (Wallace et al, 1998). These compounds are
rapidly reactive, indiscriminately damaging to pro-
teins, lipids, and nucleic acids (Halliwell, 1991). Under
normal circumstances, cellular antioxidants protect
the cell from damage by trapping ROS (Wallace,
1998). Increased ROS production and evidence of free
radical damage, particularly in the form of lipid peroxi-
dation, are associated with many diseases (Halliwell,
1991). Interestingly, the kidney glomerulus appears
particularly vulnerable to ROS and lipoperoxide dam-
age. This may be due to a cell-type, specific antioxi-
dant capacity. Glomerular podocytes, however, may
also show dysregulated production of ROS, as exten-
sively shown by Neale et al, (1993, 1994). This indi-
rectly suggests that the maintenance of an oxidation-
antioxidation balance may be needed, eg, for an intact
intracellular signaling milieu (Finkel, 1998).

The decrease of superoxide production, as found
here, may reflect an exhausted capacity for ROS
production in CNF mitochondria or simply the fact that
the low level of mtDNA is unable to provide the
machinery for ROS or energy production, much like in
the previously identified mitochondrial depletion syn-
dromes (Taanman et al, 1996). Whether the cell-type
specific net effect is an altered cellular signaling re-
mains to be studied in detail. Interestingly, in many
forms of human and experimental glomerulonephritis,
including CNF (Holthéfer et al, 1999), an increase of
local lipoperoxides can be found.

Here we obtained direct evidence of the decrease of
mitochondrial functions in CNF samples. It should be
noted that we have previously found abnormal split-
ting of nidogen (Ljungberg et al, 1996), a typical defect
found in ROS damage in vivo and in vitro (Riedle and
Kerjaschki, 1997). Similar changes in mitochondrial
functions have been previously observed in a mito-
chondrial depletion syndrome (Taanman et al, 1997).
Interestingly, although one of the CNF samples stud-
ied failed to show major changes in superoxide pro-
duction, it presented with a major decrease in com-
plex IV and a decrease of miDNA content of 30%
compared with controls. Thus, variability in the mito-
chondrial involvement may be found among patients
with CNF, possibly reflecting the genetic heterogene-
ity of the mutations found in the causative NPHS1
(Kestila et al, 1998; Lenkkeri et al, 1999).

The present results show a major decrease of
mtDNA in the kidney cortex of patients with CNF. The
observed decrease of subsequent superoxide pro-
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duction supports the following hypothesis: a primary
or secondary damage of mitochondria leads to a
decrease in local energy and modification of ROS
generation. In tissues with defective antioxidant de-
fense, as shown in glomeruli, this may result in severe
functional consequences.

Materials and Methods
Kidney Samples

Cadaver kidneys unsuitable for transplantation for
vascular-anatomic reasons were used as normal hu-
man kidney tissues (Department of Surgery, Helsinki
University Hospital, Helsinki, Finland). The ages of the
donors (n = 4) were 3, 12, 37, and 48 years, but in the
Southern blot experiment, five pediatric kidneys were
used as controls. Kidney samples from patients with
CNF (n = 5) were obtained during therapeutic ne-
phrectomies performed with affected children, aged 6
to 16 months, according to established treatment
protocol (Children’s Hospital, University of Helsinki)
(Holmberg et al, 1995). Immediately after removal of
the kidneys, cortical tissues were mechanically sepa-
rated from medulla and prepared for isolation of
glomeruli or snap-frozen in liquid nitrogen and stored
at —70° C until used for the extraction of cortical RNA.
All procedures used in this study were approved by
the Ethical Committees of the respective departments
of the Helsinki University Central Hospital.

Histochemistry

Histochemical methods for respiratory chain com-
plexes Il (succinate dehydrogenase) (Bancroft, 1975)
and IV (COX) (Seligman et al, 1968) were used. Fresh
cryostat sections of 5 um were incubated with their
specific substrate solutions, and brown insoluble
granular deposits were produced at sites of enzymatic
activity.

Northern Blot Analysis

Total RNA from the five CNF and four normal human
cortex samples was isolated using the guanidine-
isothiocyanate/CsCl method (Chirgwin et al, 1979),
electrophoresed (30 ng RNA/lane) through 1.0% aga-
rose gels containing 2.2 M formaldehyde, and trans-
ferred to nylon membranes (Hybond-N; Amersham,
Buckinghamshire, United Kingdom) (Sambrook et al,
1989). Membranes were UV cross-linked (Stratalinker;
Stratagene, La Jolla, California) and prehybridized in
5X SSC (1xXSSC: 150 mm NaCl, 15 mm Na-citrate);
50% formamide; 5X Denhardt’s reagent; 0.1% SDS;
50 mm Na-phosphate buffer, pH 6.5; and 250 ug/ml
salmon sperm DNA (Sigma Chemical Company, St.
Louis, Missouri) at 42° C. Probes were radioactively
labeled by incorporation of [«*2P] dCTP (>3000 Ci/
mmol; Dupont NEN, Boston, Massachusetts), using
the Random Primer labeling kit (Boehringer, Mann-
heim, Germany), and hybridized to blots in prehybrid-
ization buffer at 42° C for 16 hours. Blots were sub-
sequently washed three times in 1X SSC, 0.1% SDS,



at 65° C. To assess the total RNA content and integrity
of the analyzed samples, blots were rehybridized with
a human B-actin probe. For autoradiography, filters
were exposed to an imaging plate (Fuji Photo Film
Company, Tokyo, Japan), and mRNA signals were
quantified using MacBAS software (Fuji Photo Film
Company).

Southern Blot Analysis

Total genomic DNA was extracted from the five CNF
and five pediatric cadaver kidney cortex tissue sam-
ples with the method outlined by Maniatis (Sambrook
et al, 1989). Similar amounts (=~ 2 ug) of DNA were
digested with Pwull, electrophoresed through 0.8%
agarose gel, and blotted onto Hybond-N membrane
(Amersham) as recommended by the supplier. Blots
were hybridized with two probes: a cloned 5.8-kb
EcoRI fragment of the gene coding for 18S rRNA
(Cheng et al, 1994) and the entire mtDNA generated by
long-range PCR amplification. Probes were labeled
with [a*2P] dCTP using the Radiprime Random Prime
Labeling System (Amersham). Membranes were pre-
hybridized and hybridized as suggested by the man-
ufacturer and exposed to B-Max film (Amersham).
Bound probe was quantified by volume integration on
a Photo Imager using ImageQuant software (Molecular
Dynamics, Sunnyvale, California). Signals of mtDNA
are expressed as a ratio to the corresponding nuclear
DNA signal.

Isolation of Mitochondria

Mitochondria were isolated from liquid N, frozen kid-
ney cortex samples by homogenizing the tissue in a
buffer of 250 mm sucrose, 2 mm EDTA, and 10 mm
Tris-Cl, pH 7.4. The homogenate was passed through
a tissue press and centrifuged at 1000 Xg. The
resulting supernatant was centrifuged at 10,000 Xg to
sediment the mitochondria. Citrate synthase activity
was measured by the method of Srere et al (1963).

Superoxide Production in Isolated Mitochondria

Lucigenin (N, N’-dimethyl-9,9'-biacridinium dinitrate,
Sigma) was used as chemiluminescent probe to quan-
tify superoxide production monitored as emitted light
by a luminometer (Luminometer model 1253; Bio-
Orbit, Turku, Finland) according the method described
by Betts (1986). Briefly, frozen-thawed mitochondria
isolated from cortex samples of three CNF and three
control kidneys were added to 10 mm K,HPO,, pH
10.5, and the cuvette was placed into the counter.
Background was subtracted and counting was initi-
ated. NADH (50 ng/10 pl) was added to the cuvette as
the substrate to initiate respiratory chain electron
transport. NADH is reduced by diaphorase in fibro-
blast mitochondria preparations. NADH functions as a
reducing agent via diaphorase in fibroblast mitochon-
dria preparations for the lucigenin probe, which is a
prerequisite for the reduction of lucigenin with super-
oxide radical (Faulkner and Fridovich, 1993). The lu-
minometer was set to count for 30 seconds at 25° C.

Mitochondria in CNF

Superoxide production was measured with replicate
samples twice independently. Results are expressed
as U/mg of protein.

Respiratory-Chain Enzyme Activities

Mitochondria were isolated and activities of
respiratory-chain enzymes were determined for CNF
and control kidneys as ftriplicate samples. The
rotenone-sensitive  NADH-cytochrome ¢ reductase
activity (complexes | and Ill) was measured by the
method of Moreadith et al (1984). COX activity (com-
plex IV) was measured as described by Glerum et al
(1988), and succinate cytochrome reductase activity
(complexes Il and lll) by the method of Fuijii et al
(1990). The protein concentrations were determined
by the method of Lowry et al (1951). Results are
expressed as U/mg of protein.
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