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Abstract

Fabry disease (FD) is an X-linked lysosomal storage disorder. Deficiency of the
lysosomal enzyme alpha-galactosidase (GLA) leads to accumulation of potentially
toxic globotriaosylceramide (Gb3) on a multisystem level. Cardiac and cerebrovas-
cular abnormalities as well as progressive renal failure are severe, life-threatening
long-term complications. The complete pathophysiology of chronic kidney disease
(CKD) in FD and the role of tubular involvement for its progression are unclear.
We established human renal tubular epithelial cell lines from the urine of male
FD patients and male controls. The renal tubular system is rich in mitochondria
and involved in transport processes at high-energy costs. Our studies revealed frag-
mented mitochondria with disrupted cristae structure in FD patient cells. Oxida-
tive stress levels were elevated and oxidative phosphorylation was upregulated in
FD pointing at enhanced energetic needs. Mitochondrial homeostasis and energy
metabolism revealed major changes as evidenced by differences in mitochondrial
number, energy production and fuel consumption. The changes were accompa-
nied by activation of the autophagy machinery in FD. Sirtuinl, an important sen-
sor of (renal) metabolic stress and modifier of different defense pathways, was
highly expressed in FD. Our data show that lysosomal FD impairs mitochondrial
function and results in severe disturbance of mitochondrial energy metabolism in
renal cells. This insight on a tissue-specific level points to new therapeutic targets
which might enhance treatment efficacy.
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1 | INTRODUCTION

Fabry disease (FD, OMIM #301500) is an X-linked lyso-
somal storage disorder caused by mutations of the
enzyme alpha-galactosidase A (GLA). GLA deficiency
leads to systemic accumulation of globotriaosylceramide
(Gb3) and related glycosphingolipids in the lysosomes of
multiple tissues." Life-threatening end-organ damage like
chronic kidney disease (CKD) and cardio-/cerebrovascu-
lar disease are the major clinical manifestations. Remark-
ably, many heterozygous females are symptomatic.”

Enzyme replacement therapy (ERT) reduces Gb3 con-
centrations and can prevent tissue-remodeling and organ
damage for example, in target tissues like heart and kid-
ney.>” Treatment success depends largely on its early ini-
tiation.® However, therapy fails to sufficiently halt
disease progression in different tissues, particularly in the
kidney.”® This led to the hypothesis that apart from stor-
age of toxic metabolites, biochemical alterations promote
tissue dysfunction by interference with intracellular
organelles (eg, mitochondria) and activation of inflam-
matory pathways: Gb3 accumulation has been related to
increased reactive oxygen species (ROS) in endothelial
cells inducing mitochondrial dysfunction while impaired
mitochondria are a source of ROS themselves.’ Fibroblast
studies linked mitochondrial dysfunction to reduced
activities of respiratory chain complexes and an intracel-
lular reduction of energy-rich phosphates underlining the
impact of lysosomal FD on mitochondrial energy metabo-
lism."® The release of pro-inflammatory cytokines''
might be another disease-promoting factor since fibrotic
changes have been identified as early signs of cardiac
involvement."?

These important findings described hold also true for
the kidney where storage of Gb3 was associated with an
increased ROS production in podocytes® and dys-
regulated autophagy has been associated with podocyte
damage.>'? Recent data indicate that FD not only affects
glomerular but also extends to renal tubular cells'*'® as
evidenced by a loss of tubular proteins and tubular inter-
stitial fibrosis occurring early in FD.'®

But how to connect mitochondria-rich renal tubular
cells performing transport processes at high energy costs
to a lysosmal disease? Studies suggest a constant func-
tional cross talk-between these organelles to maintain
metabolic homeostasis.'”'® Disruption of mitochondrial
homeostasis drives kidney tubule dysfunction'® whereas

Synopsis

Disruption of mitochondrial homeostasis and
energy metabolism drives renal disease in a
human model for Fabry disease.

its pharmacological recovery is protective.’” Thus, dys-
functional parts of the mitochondrial network are selec-
tively eliminated by organelle-specific mitophagy or
general autophagy.”’ This quality control process is
supported by NAD-dependent deacylases (sirtuins),
which are crucial for metabolic adaptive stress
responses.”” Particularly sirtuin 1 (SIRT1) is an important
(renal) gatekeeper controlling pathways which counter-
act oxidative stress, inflammation and fibrosis and pro-
mote mitochondrial biogenesis.*

We hypothesized that FD is a relevant stress factor for
tubular cells and impacts on intracellular energy metabo-
lism. In this study, we characterized a human renal epi-
thelial cellular model with organ-specific features of
FD. The study identified altered mitochondrial morphol-
ogy and function in FD as potential drivers of CKD and
reports on major differences in mitochondrial energy pro-
duction and the use of cellular fuels. Autophagic activity
was increased in FD patient cells. The observed shifts in
mitochondrial energy metabolism were counteracted by
activation of mitochondrial biogenesis and the sirtuin
system.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Human renal tubular epithelial cells were obtained from
urine of age- and gender-matched healthy donors (n = 3)
or genetically confirmed male patients (n = 3) with FD as
previously described.®*?° Patient cells were collected
prior to ERT (agalsidase-alpha 0.2 mg/kg/14 days). After
2 cycles of primary culture to expand cell numbers, cells
were immortalized using a pRNS1 vector.”* The cells
were cultured in DMEM Glutamax (Thermo Fisher Sci-
entific) supplemented with 24.75 mM glucose, 10% fetal
calf serum (FBS), with antibiotics streptomycin (100 pg/mL)
and penicillin (100 1.U./mL). For Seahorse analysis of
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oxygen consumption rate (OCR) and extracellular acidi-
fication rate (ECAR) a modified DMEM medium pH 7.4
medium was used (without phenol red, bicarbonate or
FBS, supplemented with 10 mM glucose, 2 mM gluta-
mine and 1 mM pyruvate).

2.2 | Cell viability assay

Cell viability was determined by the Cell Counting Kit-8
assay (Dojindo) according to the manufacturer's protocol.
Cells were seeded at a density of 5000 cells/well and mea-
sured at 450 nm in a TECAN infinite 200 reader
(Ménnedorf, Switzerland).

2.3 | Determination of Gb3 in cells
The concentration of Gb3 was determined by LC-MS/MS
according to a published procedure with modifications.?’

2.4 | Immuno-fluorescent staining

The cells were fixed with 4% paraformaldehyde in PBS,
quenched with 50 mM NH,4Cl and permeabilized for
30 minutes in blocking buffer solution containing 0.1%
Triton X-100 and 0.5% BSA dissolved in PBS. The cells
were incubated overnight with the primary antibodies at
4°C. After washing with PBS, the slides were incubated
for 30 minutes with fluorophore-conjugated Alexa sec-
ondary antibodies (Invitrogen, Thermo Fisher Scientific),
mounted with the Prolong Gold Anti-fade reagent, and
analyzed by using a Leica SP8 confocal laser scanning
microscope.

2.5 | Confocal microscopy

Fluorescence images were recorded on an inverted confo-
cal microscope (TCS SP8 X, Leica Microsystems) using a
63x oil immersion objective. 405 nm and 670 nm laser
light were used for imaging the (DAPI/Hoechst) and the
AlexaFluor-680 (Alexa Fluor, Invitrogen, Thermo Fischer
Scientific) fluorescence, respectively.

2.6 | Electron microscopy

Cells were grown in their standard cell culture medium
on 12 mm cover glasses coated with L-polylysine. Cells
were sequentially fixed with 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer (pH 7.35, pre-warmed to
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37°C) for 1 hour, with 1% osmium tetroxide for 1 hour in
0.1 M cacodylate buffer at 0°C, and 2% aqueous uranyl
acetate for 1 hour at 4°C. Samples then were dehydrated
in an ethanol series and embedded in Epon/Araldite
(Sigma-Aldrich). Ultrathin (70 nm) sections were post-
stained with lead citrate and examined with a Talos
120 transmission electron microscope at an acceleration
voltage of 120 KV using a Ceta digital camera and the
MAPS software package (Thermo Fisher Scientific).

2.7 | Extracellular flux analysis and
metabolic assays

OCR and ECAR were measured in a Seahorse XFp Ana-
lyzer (Agilent) as described in the user guide for the
“Agilent Seahorse XFp Real-Time ATP Rate Assay,” first
edition of Oct. 2018: https://www.agilent.com/cs/library/
usermanuals/public/103591-400_Seahorse_XFp_ATP_
Rate_Assay_Kit_User_Guide.pdf. OCR and ECAR data
were converted into ATP production rates using the
Agilent Seahorse XF Real-Time ATP Rate Assay Report
Generator, a Microsoft Excel Macro. Culture medium
conditions are provided in supporting information. Nor-
malization was done based on protein determination
according to Lowry et al. 1951.%®

2.8 | Targeted analysis of metabolites
Polar and non-polar metabolites were determined by LC-
MS/MS as previously published® as well as standardized
procedures available in the laboratory. For details, please
see supporting information.

2.9 | Immuno-blotting

Immuno-blotting was used to detect the following pro-
teins: AQP1/2, LCN2, PINK1, SQSTM1, PGC-1 a, SIRT1,
TOMM?20. Proteins were lysed followed by sonication.
The samples were normalized for protein (40 pg/lane),
dissolved in Laemmli sample buffer and separated by
SDS-PAGE in reducing conditions. After blotting onto a
nitrocellulose membrane and blocking with 5% non-fat
milk (1706404, Bio-Rad Laboratories), the membranes
were incubated overnight at 4°C with primary antibody,
washed, incubated with peroxidase-labeled secondary
antibody, and visualized with chemiluminescence
(WBKLS0050, Millipore, Life technologies). Quantitative
analysis was performed by measuring the relative density
of each band normalized to y-tubulin using ImagelJ soft-
ware (imagej.nih.gov).


https://www.agilent.com/cs/library/usermanuals/public/103591-400_Seahorse_XFp_ATP_Rate_Assay_Kit_User_Guide.pdf
https://www.agilent.com/cs/library/usermanuals/public/103591-400_Seahorse_XFp_ATP_Rate_Assay_Kit_User_Guide.pdf
https://www.agilent.com/cs/library/usermanuals/public/103591-400_Seahorse_XFp_ATP_Rate_Assay_Kit_User_Guide.pdf
http://imagej.nih.gov
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2.10 |

Statistical analysis

The quantitative data were expressed as mean + SD. Dif-
ferences between experimental groups were evaluated
using paired two tailed Student's t-tests. The sample size
of each experimental group is described in the figure leg-
ends. The results are representative of at least three inde-
pendent experiments. GraphPad Prism software was used
for all statistical analyses. Statistical significance was set
at P <.05.

3 | RESULTS
3.1 | Characterization of human renal
tubular epithelial cell lines

Human renal tubular epithelial cell lines of healthy male
controls (Control, n 3) and male FD patients (FD,
n = 3) were generated as previously described.** All FD
patients suffer from severe and early onset kidney
involvement (Table 1) with rapid progression to CKD.
Immuno-blotting for the kidney segment specific marker
proteins aquaporin 1 (AQP1) and aquaporin 2 (AQP2)
(Figure 1A) confirmed a mixed culture of proximal and
distal tubular epithelial renal cells. LC-MS/MS studies
revealed significantly elevated levels of creatinine in FD
patient cells pointing at impaired kidney function
(Figure 1B). Elevated levels of lipocalin 2 (LCN2), a
marker protein for kidney damage, support renal damage
in FD patients (Figure 1C). Gb3 is expressed in high
amounts in FD patient lysates (Figure 1D) and their cel-
lular viability is markedly reduced (Figure 1E).

TABLE 1 Clinical information on male patients with FD
Control 1 Control 2
Mutation
Exon
Age at CKD onset
Creatinine (mg/dl) 0.6 0.5
eGFR (ml/min/1.73 m?) 112 115
CKD stage

Heart involvement
Stroke

Hearing impairment
Cornea verticillata

MSSI

3.2 | Mitochondrial morphology and
function are altered in FD

The kidney is one of the most energy-demanding organs
in the human body. We therefore investigated mitochon-
drial morphology using immuno-fluorescent staining for
TOMM?20, an outer mitochondrial membrane protein.
While control cells showed filamentous and extended
mitochondrial networks, FD patients depicted short-
statured mitochondria with predominantly perinuclear
clustering (Figure 2A).

Electron microscopy (EM) revealed ultrastructural
changes in FD showing swollen mitochondria and disorga-
nized cristae structure (Figure 2A) suggesting mitochondrial
involvement of renal tubular cells in lysosomal FD.

3.3 | Altered redox metabolism and
mitochondrial respiration in FD

Abnormalities in mitochondrial morphology and organi-
zation of the mitochondrial network prompted us to
examine mitochondrial function.

The glutathione system is one of the most efficient
protectors against different ROS.

Patient cells showed 2.2-fold elevated concentrations of
oxidized glutathione (GSSG) as compared to controls
(Figure 2B). The ratio of reduced glutathione (GSH) to
GSSG was significantly reduced underlining the presence of
ROS and the need for protection in FD (Figure 2B). These
data were supported by higher levels (2.3-fold) of oxidized
cystine (CSSC) in FD patient cells and a decreased ratio of
reduced cysteine (Cys) to CSSC (Figure 2B).

Control 3 FD 1 FD 2 FD 3
c.718_719delAA c.1031T>C C.959A>T
5 7 6
20 16 24

0.6 1.6 1.3 2.8

110 49 63 24
GIIIa GII GIV
Yes Yes Yes
No Yes No
No Yes Yes
Yes Yes Yes
32 51 63

Note: All patients received enzyme replacement therapy. The patients are suffering from CKD stage GII-GIV as defined by Levy. Formula used for eGFR-
calculation: CKD-EPI. The patients suffer from multi-organ involvement. Mainz severity score index (MSSI): mild: <20, moderate 20-40, severe >40.3°
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FIGURE 1 Characterization of human renal tubular epithelial cell lines. A, Immuno-blot analysis and quantification for aquaporin
(AQP) 1 and AQP2 in control and Patient cells (FD). Tubulin was used as loading control; ns: not significant. B, LC-MS/MS quantification of
creatinine; n = 12 per group. **P < .004. C, Immuno-blot analysis and quantification for lipocalin 2 (LCN2) in control and patient cells (FD).
Tubulin was used as loading control. *P < .04. D, LC-MS/MS quantification of globotriaosylceramide (Gb3) in cell lysates; n = 9 per group.
*P < .03. E, Cell viability assay in control and patient (FD) cells; n = 12 per group. ***P < .0002
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FIGURE 2 Changes in mitochondrial morphology and function. A, Cells were immuno-stained with translocase of the outer
mitochondrial membrane 20 (TOMM20) antibody (green) and analyzed by confocal microscopy. Nuclei counter stained with 4’,6-diamidino-
2-phenylindole (DAPI, blue). Red squares contain images at higher magnification. Scale bar: 10 pm. Electron microscopy showing
representative micrographs of mitochondria (red arrows) in control and FD patient cells. N = nucleus. Scale bar: 1 um. B, Upper panel:
Quantitative LC-MS/MS analysis of oxidized glutathione (GSSG) and ratio of GSSG to reduced glutathione (GSH). *P < .04; **P < .01. Lower
panel: Quantitative LC-MS/MS analysis of oxidized cystine (CSSC) and ratio of CSSC to reduced levels of cysteine (Cys). *P < .03; **P < .009;
n = 12 per group. C, Seahorse analysis of control and FD patient cells. Oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) are expressed relative to control. n = 12 measurements per cell line; *P < .028; **P < .014

Seahorse data analysis (Figure 2C) revealed that FD experiment was conducted under assay conditions
cells have a greater OCR and increased ECAR including a block in oxidative phosphorylation. The mod-
(Figure 2C) compared to control cells. The Seahorse  ified DMEM medium utilized for OCR and ECAR
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measurements is depleted of FCS and supplemented with
pyruvate.

3.4 | Tricarboxylic citric acid cycle
remodeling in FD

By linking major catabolic pathways with mitochondrial
energy production, intermediary metabolites of the tricar-
boxylic citric acid (TCA) cycle are involved in
maintaining intracellular and tissue homeostasis and
play a crucial role in intracellular signaling.

We performed LC-MS/MS analyses of cell lysates and
cell culture medium. FD patients' lysates show high con-
centrations of the important TCA cycle intermediates
alpha-ketoglutarate (7.9-fold elevated), succinate (2.8-fold
elevated) and citrate (1.9-fold elevated), suggesting an
accumulation of these metabolites. Methylcitrate was
slightly elevated (1.3-fold) in FD patient cells (Figure 3A).
In contrast, intracellular lactate and malate levels were
decreased to 60% of control levels (Figure 3A).

The concentration of itaconate was markedly elevated
(1.9-fold) in the cell culture medium of FD patient cells
indicating secretion of this metabolite (Figure 3B).
Alpha-ketoglutarate (43% of control) and methylcitrate
(54% of control) concentrations were significantly
reduced (Figure 3B), reflecting the intracellular condi-
tions where the precursors are retained for energy
production.

3.5 | Substrate utilization in FD: fatty
acid and amino acid metabolism

Because we noted abnormal oxidative phosphorylation in
FD cells, we examined the status of turnover of fatty
acids, a fuel for energy production in renal cells.***

The levels of free carnitine and short-chain
acylcarnitines are comparably high in FD cells. However,
FD cells show significantly lower levels of medium- (16%
of control) and long-chain acylcarnitines (7% of control)
pointing at activated utilization of fatty acids for beta-
oxidation (Figure 4A). This up-regulation in the use of
medium- and long-chain acylcarnitines may represent a
mechanism to support energy production under condi-
tions where oxidative phosphorylation is compromised in
FD cells (see above).

Amino acids were equally distributed in both cellular
lysates and medium in FD and control cells (Figure 4B).
The only exception was glutamine, which was 2.2-fold
elevated in FD patients cell lysates (Figure 4B). Interest-
ingly, glutamine is converted into alpha-ketoglutarate, a
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a-KG _
MC [
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Cit 7 ns
oa-KG (77777773
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FIGURE 3 Tricarboxylic citric acid cycle remodeling in FD. A,

Quantitative LC-MS/MS analysis of tricarboxylic citric acid cycle
metabolites in cell lysates. Data are expressed relative to control
(dotted red line); n = 6 per group. MC: methylcitrate (*P < .02),
a-KG: alpha-ketoglutarate (*P < .03), Cit: citrate (*P < .03), Ethm:
ethylmalonate, Mal: malate (*P < .03), Prop: propionate, Suc:
succinate (*P < .05), Ita: itaconate, Lac: lactate (*P < .05), Malo:
malonate; ns: not significant. B, Quantitative LC-MS/MS analysis of
tricarboxylic citric acid cycle metabolites in cell culture medium.
Data expressed relative to control (dotted red line); n = 6 per group.
MC: methylcitrate (*P < .02), a-KG: alpha-ketoglutarate

(*P < .019), Cit: citrate, Ethm: ethylmalonate, Mal: malate, Prop:
propionate, Suc: succinate, Ita: itaconate (*P < .05), Lac: lactate,
Malo: malonate; ns: not significant

metabolite which is already enriched in the cellular sys-
tem (Figure 3A).

3.6 | Activation of autophagy

Triggered by metabolic stress, highly energy dependent
cells use organelle-specific mitophagy or autophagy to
remove toxic products and dysfunctional organelles. To
initiate mitophagy the protein kinase PINK1 accumulates
on the outer mitochondrial membrane,®* where it
recruits other autophagic receptors.**> Compared to
control cells we did not observe any difference in PINK1
expression between control and patient cells (Figure 5A),
revealing that the organelle-specific degradation pathway
is not activated.
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FIGURE 4 Substrate utilization in FD. A, Acylcarnitine profile performed in crude cell lysates of control and FD patient cells. Data are
expressed relative to control (dotted red line). CO: free carnitine, SC: short-chain acylcarnitine, MC: medium-chain acylcarnitine

(**P < .003), LC: long-chain acylcarnitine (*P < .05); n = 12 per group; ns: not significant. B, Amino acid (AA) profile [pmol/1] in cell lysates
of control and FD patient cells. Ala: alanine, Arg: arginine, Asp: asparagine, Glu: glutamate, Gly: glycine, His: histidine, Ile: isoleucine, Leu:
leucine, Lys: lysine, Met: methionine, Phe: phenylalanine, Pro: proline, Ser: serine, Tau: taurine, Thr: threonine, Tyr: tyrosine, Val: valine.

n = 12 per group, (P* < .03). White and gray bars indicate controls and FD patients, respectively. C, Amino acid (AA) profile [pmol/1] in cell
culture medium of control and FD patient cells. Ala: alanine, Arg: arginine, Asp: asparagine, Glu: glutamate, Gly: glycine, His: histidine, Ile:
isoleucine, Leu: leucine, Lys: lysine, Met: methionine, Phe: phenylalanine, Pro: proline, Ser: serine, Tau: taurine, Thr: threonine, Tyr:
tyrosine, Val: valine. n = 12 per group. White and gray bars indicate controls and FD patients, respectively
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FIGURE 5 A, Immuno-blot analysis and quantification for PTEN-induced kinase 1 (PINK1) in control cells and patient cells (FD).
Tubulin was used as loading control; ns: not significant. B, Immuno-blot analysis and quantification for Sequestosome-1 (SQSTM1) in
control and patient cells (FD). Tubulin was used as loading control. (*P < .03). C, Electron micrographs showing autophagic vacuoles (red *)
and FD-specific myelin-like, lamellar inclusion bodies (red arrows). Scale bar: 1 pm
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SQSTM1 is an autophagy substrate and used as
reporter of autophagic activity.** Immuno-blot analysis
revealed elevated levels of SQSTM1 (1.9-fold) in FD
patients pointing at a highly active autophagy machinery
(Figure 5B). Activation of autophagy is an energy
demanding process*® and may serve as a mechanism to
diminish the effects of toxic Gb3. EM investigations rev-
ealed vast amounts of autophagic vacuoles containing
myelin-like lamellar bodies which have been associated
withGb3 accumulation (Figure 5C).*’

3.7 | Preservation of mitochondrial
homeostasis in FD

Due to the identified changes we aimed to investigate the
impact of FD on mitochondrial homeostasis. Immuno-
blot analysis for TOMM?20, a mitochondrial marker pro-
tein, revealed an increase of mitochondrial mass
(2.4-fold) in FD cells (Figure 6A,D). This gain was due to
activation of mitochondrial biogenesis. Peroxisome
proliferator-activated  receptor gamma  coactivator
1-alpha (PCG1-a), the master regulator of mitochondrial
biogenesis, was elevated 1.6-fold in FD patient cells
(Figure 6A,B). Sirtuins are NAD-dependent deacylases
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FIGURE 6 A, Immuno-blot analysis for Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1
a), Sirtuin 1 (SIRT1) and translocase of the outer mitochondrial
membrane 20 (TOMM?20) in control and patient cells (FD). B,
Quantitative analysis for PGC-1 a. Tubulin was used as loading
control. (*P < .03). C, Quantitative analysis for SIRT1. Tubulin was
used as loading control. (**P < .008). D, Quantitative analysis for
TOMM20. Tubulin was used as loading control. (**P < .01)

and widely expressed in the renal tubular system.*?
SIRT1 has recently been linked to adaptive stress
response regulating important pathways such as anti-
oxidative stress response, anti-inflammatory and anti-
apoptotic pathways.*? Immuno-blotting revealed elevated
levels of SIRT1 (3.2-fold elevated) in FD patient cells as
compared to controls (Figure 6A,C) indicating that this
rescue system is active.

4 | DISCUSSION

In this study, we established a human renal disease
model for FD to investigate the impact of a lysosomal dis-
ease on mitochondrial homeostasis in renal tubular cells.
Our study revealed major metabolic alterations in tubular
cells which severely impact renal energy metabolism
underlining their role for CKD progression in FD. The
impact on mitochondrial function indicates novel targets
for interventions.

Investigation of mitochondrial morphology revealed
short-statured, swollen mitochondria with a perinuclear
staining pattern and disrupted cristae structure in FD
patients. This is in line with Maruyama®® et al. who
describe abnormal mitochondrial morphology in renal
tubular cells in a murine FD model. Investigation of the
glutathione system, one of the most important anti-
oxidant systems, revealed massively elevated ROS levels
in FD cells. Oxidative stress caused by Gb3 storage has
been associated with FD according to respective markers
in human blood and urine** and has been confirmed in
cellular models.’

In functional analysis by Seahorse technology with
medium devoid of FCS, cells rely on glucose and pyru-
vate as exogenous substrates for energy production. Pyru-
vate has two major fates, namely, conversion to lactate
(anaerobic glycolysis) or entering the TCA cycle to
undergo oxidation, with the latter stimulating cellular
respiration. The observed increase in OCR in FD cells
compared to healthy controls appears uncoupled from
energy production, as suggested by the presence of
increased ROS and relatively greater expenditure of glu-
cose and pyruvate. Increased ECAR could be attributed
to increased production of CO, generated via the TCA
cycle and the oxidative phosphorylation (OXPHOS) sys-
tem.*® Under basal experimental conditions (FCS sup-
plied, no pyruvate added) where cells can perform full
pathway turnover for energy production, we observed
decreased lactate production (decreased glycolysis) and
increased fatty acid oxidation (FAO) in FD compared to
healthy controls, suggesting the latter as a more readily
source of ATP in FD cells. Mitochondria use beta-
oxidation for energy production and the activity of FAO
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has been related to concentrations of acylcarnitines.*"**

Besides preferred consumption of medium- and long-
chain acylcarnitines determined in this study, other
works have also shown that renal tubular cells are
equipped to perform FAO under conditions of increased
energy demand wherein glycolysis may be inhibited
and/or as seen in cellular repair processes.***° Evidence
of impaired energy metabolism in FD has also been
reported in fibroblasts’® and heart.*® Importantly, dis-
turbed FAO has been linked to interstitial renal fibrosis
in mouse and humans®* and lipid depletion is used to
induce renal fibrosis in experimental conditions.** The
plasticity in substrate utilization observed in our study
might be organ-specific and emerge from the fact that the
kidney needs to perform transport processes at high
energy costs while sustaining energy-demanding
autophagy for Gb3 removal®® (see below). Uncoupled
oxygen consumption by dysfunctional mitochondria
results in augmentation of ROS production as observed
in our experimental model, thus sustaining a vicious cir-
cle of organelle damage.” The observed accumulation of
TCA cycle metabolites (see below) in FD patient cells
points towards altered mitochondrial usage of substrates.
Disturbances of mitochondrial energy metabolism have
been described in other energy dependent organs like the
heart.*?

The TCA cycle is a central regulatory unit in (mito-
chondrial) energy metabolism and part of anabolic as well
as catabolic reactions. We detected high intracellular con-
centrations of alpha-ketoglutarate, succinate and citrate in
FD patient cells. Alpha-ketoglutarate is the substrate of
the alpha-ketoglutarate-dehydrogenase complex, a major
modulator of respiratory chain activity and metabolic flux
through the TCA cycle.*’ Succinate represents the only
direct link between the TCA cycle and the respiratory
chain*® and plays a major role in the signal transduction
of inflammation, hypoxia and metabolic signaling.***” As
discussed by Rozenfeld et al.*® succinate elevation might
be one inflaimmatory mechanism stimulating CKD in
renal tubular cells in FD. Citrate bridges carbohydrate
and fatty acid metabolism. Due to its inhibitory effects on
glycolysis, elevated citrate concentrations in FD patients
thus block alternative pathways for energy generation
supporting a vicious circle. In fact, under basal experimen-
tal conditions, intracellular lactate concentrations in FD
patient cells are markedly reduced and beta-oxidation is
up-regulated. Furthermore, citrate plays a role in the
mediation of inflammatory reactions via cytokine produc-
tion.*® The pro-inflammatory signals mediated by elevated
succinate and citrate concentrations need to be counter-
balanced: most interestingly, itaconate is an inhibitor of
methylmalonyl-CoA mutase, thus antagonizing with the
replenishment of succinate.”>' Itaconate is secreted by
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FD patients’ cells in high concentrations and might pro-
tect renal tissue from the invasion of pro-inflammatory
immune cells to counteract fibrotic processes.

Comparison of extra- and intracellular amino acid
concentrations revealed high concentrations of glutamine
in FD patient cells. Glutamine is cleaved to alpha-
ketoglutarate, which in turns enters the TCA cycle. High
glutamine levels might reflect inhibition of this reaction
due to sufficiency of alpha-ketoglutarate, as determined
in our metabolomics experiment. Furthermore, activation
of autophagy and increased glutamine production have
been described as metabolic response to enhanced energy
demands.>* Finally, high intracellular glutamine concen-
trations have been associated with CKD.>?

Elevated levels of SQSTM1 and a vast amount of auto-
phagic vacuoles filled with Gb3 deposits®® suggested acti-
vated autophagy in FD patient cells. This points to an
increased need for waste removal which apparently
comes at high energy costs. The EM data support the fact
that lysosomal digestion of Gb3 is not only defective in
glomeruli but also in renal tubular cells.

We next investigated the impact of FD on renal mito-
chondrial homeostasis. Indeed, mitochondrial mass was
increased in FD patient cells. Elevated levels of PGC-1 «
suggest that this increase is due to activation of mitochon-
drial biogenesis. SIRT1, which is particularly expressed in
proximal and distal renal tubular epithelial cells and gov-
erns mitochondrial biogenesis upstream of PGC-1 a as
well as important anti-inflammatory and anti-fibrotic
pathways®* was significantly up-regulated in our system.
Modulation of mitochondrial mass as compensatory
mechanism to cellular damage has been discussed as res-
cue mechanism in different tissues, particularly in the
kidney.>>>* Of note, sirtuins are targetable by small mole-
cules, so called “sirtuin-activating compounds” like
formoterol, which are able to increase SIRT1 binding
affinity and thus its mediated effects.>*>> These sub-
stances have already been investigated for their potential
protective effect in kidney disease of different origin>*>
and thus could be interesting for further studies in FD.

Having investigated these important pathways of
energy homeostasis we would like to critically point out
that we studied a culture of mixed human renal tubular
cells, which depending of their origin might have differ-
ent primary metabolic needs and preferred energy
sources. However, the kidney as a whole organ is com-
posed of these cells forming a functional unit which we
feel justifies the use of our model. Investigations of a sim-
ilar renal disease-model for methylmalonic aciduria®
revealed major differences of investigated pathways
supporting disease-specific mechanisms for the FD
model. Our results point to mitochondrial dysfunction
as the basis for adjustments in energy production by
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cells, including plasticity in substrate utilization. The
exact partition of substrates between different down-
stream energy-producing pathways (glycolysis, FAO,
TCA/OXPHOS) by isotopic tracing wherein the fate of
carbon units derived from for example, universally
labeled glucose or pyruvate is assessed by quantitative
mass spectrometry, will be addressed in a follow-up
study.

In summary, we established an organ-specific cellular
model to investigate the renal epithelial cell phenotype in
FD. The study identified severe disturbance of mitochon-
drial morphology and function in a lysosomal disease,
which is reflected in TCA cycle remodeling and a prefer-
ence in substrate utilization in FD cells. Autophagy is
activated to balance ROS induced damage driven by mas-
sive Gb3 accumulation. Important key regulators of renal
energy metabolism are mobilized, leading to preservation
of mitochondrial homeostasis in FD cells. Pharmacologi-
cal modification of these identified regulators might offer
new treatment options for CKD in FD. Free carnitine
(C0), short-chain (C2-C5), medium-chain (C6-C12) and
long-chain (C12-C18).
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