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Abstract

Aims: We examined that (a) how the endotoxic stress affects peroxisomal function and autophagic degradation
of peroxisomes—pexophagy, (b) how a superimposed dysfunction of lysosomes and pexophagy modifies re-
sponses to lipopolysaccharide (LPS), and (c) the mechanisms of peroxisomal contribution to renal injury. To
accomplish this, we used lysosome-defective Lyst-mice in vivo and primary endothelial cells in vitro, and
compared the responses with wild-type (WT) littermates. Results: LPS induced pexophagic degradation, fol-
lowed by proliferation of peroxisomes in WT mice, which was abolished in Lyst-mice. Lyst-mice exhibited
impaired activation of catalase, which together with preserved hydrogen peroxide-generating b-oxidation re-
sulted in redox disequilibrium. LPS treatment induced a heightened inflammatory response, increased oxidative
damage, and aggravated renal injury in Lyst-mice. Similarly, as in vivo, LPS-activated lysosomal (LYS) pex-
ophagy and transiently repressed peroxisomes in vitro, supported by reduced peroxisomal density in the vicinity
of lysosomes. Peroxisomal dynamics was also abolished in lysosome-defective cells, which accumulated per-
oxisomes with compromised functions and intraorganellar redox imbalance. Innovation: We demonstrated that
pexophagy is a default response to endotoxic injury. However, when LYS dysfunction (a frequent companion of
chronic diseases) is superimposed, recycling and functioning of peroxisomes are impaired, and an imbalance
between hydrogen peroxide-generating b-oxidation and hydrogen peroxide-detoxifying catalase ensues, which
ultimately results in peroxisomal burnout. Conclusion: Our data strongly suggest that pexophagy, a cellular
mechanism per se, is essential in functional maintenance of peroxisomes during LPS exposure. Inhibition of
pexophagy results in accumulation of impaired peroxisomes, redox disequilibrium, and aggravated renal
damage. Antioxid. Redox Signal. 19, 211–230.

Introduction

Mammalian peroxisomes are single-membrane or-
ganelles present in virtually all eukaryotic cells. Per-

oxisomes possess a comprehensive enzymatic apparatus of
more than 50 enzymes. Peroxisomal fatty acid b-oxidation
(FAO) is unique due to generation of hydrogen peroxide, a
byproduct of the oxidative reactions (48). This requires a
reliable protection, exemplified by the highest cellular con-
tent of catalase in peroxisomes. This dual role, generation

and decomposition of reactive oxygen species (ROS), makes
peroxisomes essential players in the delicately regulated re-
dox balance. In prokaryotic organisms, FAO is exclusive to
peroxisomes, while in eukaryotes, peroxisomes cooperate
with mitochondria and form a strategic partnership in en-
ergy metabolism (5). Proximal tubules rely on FAO, and
dysfunction of this pathway has been shown to aggravate
acute kidney injury (AKI) (15, 40). Renal capillaries form a
dense three-dimensional network surrounding all kidney
structures. Endothelium is in contact with circulating cells on
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one pole, and tubular cells on the opposite pole. This stra-
tegic position allows endothelial cells to command the
crosstalk within the renal microenvironment. Lipopoly-
saccharide (LPS) activates endothelial cells through toll-like
receptor 4 (TLR4) and induces functional and structural al-
terations, which may provoke microcirculatory and organ
failure (14, 47). Capillary dysfunction is an early event in
sepsis, and a pericapillary microenvironment has significant
impact on the outcome of AKI (29, 50). The previously held
view that cytokines are produced mainly by epithelial cells is
lately shifting toward the realization that endothelial cells
are the principal orchestrators of cytokine responses in sepsis
(16, 44). TLR4 transgenic models and evidence from classical
epithelial infections such as influenza provided new insights
on endothelial cells as the key sentinels in the detection and
clearance of infectious agents and their products (2, 46).
Even an ascending urinary infection causes alterations in
surrounding capillaries as early as 3 h after intratubular
bacterial attachment (31)

Autophagy is a lysosome-dependent pathway maintaining
the quality of cellular constituents through continual re-
cycling of damaged proteins or even entire organelles (32).
Induction of autophagy may help to preserve homeostasis
during stress. It has been argued that enhanced clearance of
damaged mitochondria (mitophagy) is responsible for the
improved cell viability (39). Considering the tight link be-
tween mitochondrial and peroxisomal maintenance of meta-
bolic and redox homeostasis, an additional explanation can be
offered, namely that autophagic degradation of peroxisomes
(pexophagy) also contributes to cell survival. The role of
pexophagy in LPS-induced renal injury has not been exam-
ined yet, with very few studies examining peroxisomes in
organ damage.

In the present study, we examined the regulation of per-
oxisomes in LPS-induced AKI. Specifically, we studied if the
endotoxic stress (a) affects peroxisomal activity and pex-
ophagy, (b) damages peroxisomes, (c) how a pre-existing
peroxisomal dysfunction in impaired LYS autophagy affects
responses to stress, and (d) the mechanisms of peroxisomal
involvement in kidney injury. To accomplish this, we studied
the impact of lysosomal (LYS) dysfunction and subverted
autophagy on peroxisomes in vivo using a mouse model with
impaired lysosomes and ex vivo in cells with pharmacologi-
cally induced LYS dysfunction.

Results

Treatment with LPS results in increased serum levels
of inflammatory cytokines, higher albuminuria,
and aggravated renal injury in C57BL/6J-Lystbg-J

mice with impaired LYS function

To investigate the role of LYS dysfunction in AKI, we
compared WT mice with C57BL/6J-Lystbg-J (Lyst-mice)
counterparts characterized by defective LYS function. Under
physiological conditions, there were no differences in serum
creatinine, though mild albuminuria was noted in Lyst-mice
(Fig. 1B, WT vs. Lyst-mice, albumin–creatinine ratio [ACR],
12.1 – 1.9 vs. 28.6 – 5.2 mg/g). A single injection of a nonlethal
dose of LPS resulted in increased serum creatinine levels and
almost fourfold higher albuminuria in Lyst-mice compared with
WT mice after 24 h (Fig. 1A, 0.56 – 0.14 vs. 0.17 – 0.08 mg/dl;
Fig. 1B, ACR 203.4 – 24.4 vs. 59.3 – 9.4 mg/g). Multiplex analysis
of serum cytokines revealed increased granulocyte colony-
stimulating factor/granulocyte monocyte colony-stimulating
factor under basal conditions, and higher inflammatory status
24 h after LPS treatment in Lyst-mice (Fig. 2, Supplementary
Fig. 3; Supplementary Data are available online at www
.liebertpub.com/ars). Histopathologic examination revealed
more severe renal injury in LPS-treated Lyst-mice compared
with WT mice (Fig. 1C,D, Supplementary Fig. 1,2). We did not
measure local renal perfusion, but monitoring of systemic he-
modynamics did not reveal any significant differences between
WT and Lyst-mice, which could account for the different mor-
phological findings. Mean arterial blood pressure (BP) was
similar in WT and Lyst-mice (88.4 – 3.8 vs. 87.8 – 4.0 mmHg,
n = 7–8) under basal conditions, and 24 h after LPS treatment
(83.2 – 5.1 vs. 82.6 – 4.4 mmHg), irrespective of the minor BP
decrease in both treated groups. The average heart rate slightly
increased in treated animals, although without significant dif-
ferences between groups (WT vs. Lyst-mice; untreated 529 – 11
vs. 537 – 12 beats/min; 24 h after LPS, 582 – 9 vs. 586 – 14 beats/
min; n = 7–8). None of the short-treated groups had increased
serum creatinine levels 9 h after LPS, only marginally increased
albuminuria compared to untreated controls (data not shown).
Thus, our data demonstrate aggravated functional, morpho-
logic, and inflammatory responses in Lyst-mice, but do not re-
veal the sites governing these responses.

Therefore, we isolated endothelial cells from Lyst- and WT
mice (vide infra) and analyzed their secretomes. Cytokine
profiling of secretomes from endothelial cells obtained from
the sacrificed animals revealed similar patterns as seen in vivo,
which is consistent with the proposed preeminent role of the
endothelium in LPS-induced cytokine storm (Fig. 2, Supple-
mentary Fig. 3,4).

LPS stimulates proliferation of kidney peroxisomes
in WT mice, and showed a blunted response in C57BL/
6J-Lystbg-J mice with LYS dysfunction

To study the behavior of renal peroxisomes, we examined
the expression of a major peroxisomal membrane protein, 70-
kDa (PMP70), peroxin 14 (Pex14, central part of peroxisomal
protein import machinery), peroxin 11b (Pex11b, regulator of
peroxisomal proliferation and division), and catalase in WT
and Lyst-mice 24 h after LPS administration. Lyst-mice ex-
hibited higher levels of PMP70 and Pex14 compared with
WT mice under basal conditions (Fig. 3B,C, LYS-CON vs.

Innovation

Peroxisomes are redox organelles, and their involve-
ment in the pathogenesis of endotoxic stress is scarcely
investigated at present. We demonstrated that autophagic
degradation of peroxisomes, pexophagy, is a default re-
sponse to endotoxic injury. However, when LPS-activated
lysosomal dysfunction (a frequent companion of chronic
diseases) is superimposed, peroxisomal recycling is im-
paired, leaving functionally compromised organelles with
imbalance between the preserved hydrogen peroxide-
generating beta-oxidation and defective antioxidative cat-
alase system. This intraperoxisomal redox imbalance with
ensuing peroxisomal burnout contributes to increased ox-
idative stress and aggravated kidney damage.
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WT-CON, PMP70 198.8% – 33.9%, Pex14 152.9% – 24.7%). In
WT mice, LPS significantly induced PMP70, Pex14, and
Pex11b expression (Fig. 3B–D, WT-LPS vs. WT-CON, PMP70
213.1% – 39.7%, Pex14 157.0% – 27.7%, and Pex11b 167.3% –
24.4%). In Lyst-mice, LPS repressed Pex14 (Fig. 3C, LYS-LPS
vs. LYS-CON, Pex14 76.3% – 8.4%) and did not significantly
change PMP70 and Pex11b levels. When comparing the ex-
pression of peroxins between both LPS-treated groups, WT

mice demonstrated higher levels of Pex14 (Fig. 3C, WT-LPS
vs. LYS-LPS, Pex14 139.8% – 23.8%), Pex11b (Fig. 3D, WT-LPS
vs. LYS-LPS, Pex11b 138.8% – 31.0%), and slightly increased
PMP70 compared with Lyst-mice. Catalase, the major per-
oxisomal enzyme (41), was decreased in LPS-treated WT mice
(Fig. 3E, WT-LPS vs. WT-CON, 68.1% – 16.8%) and did not
change in Lyst-animals. Lyst-mice had higher basal levels of
p62, due to the impaired autophagy. LPS increased p62 in

FIG. 1. Systemic injection of lipopolysaccharide (LPS) caused a marked increase of (A) serum creatinine levels and (B) albu-
minuria (expressed as albumin to creatinine ratio) in Lyst-mice (lysosomal [LYS]-LPS) compared with untreated Lyst-mice (LYS-
CON) and LPS-treated wild-type (WT) mice (WT-LPS). Lyst-mice (LYS-CON) had slightly higher urinary albumin excretion under
basal conditions and significantly higher albuminuria after LPS treatment compared with WT mice (WT-LPS). (C) Representative
hematoxylin-and-eosin-stained kidney sections demonstrating damage differences pattern in corticomedullary areas of the LPS-treated
animals. Proximal tubules of WT control mice (WT-CON) are lined by normal epithelial cells. LPS-treated WT mice (WT-LPS) showed
swollen epithelial cells with focal desquamation, while LPS-treated Lyst-mice (LYS-LPS) presented marked swelling of the epithelial
cells, desquamation, and focal necrosis of the epithelium. Magnification 100 · . (D) Tubular injury scores were determined using scoring
system, where 0 = none, 0.5 = minimal, 1 = mild, 1.5 = moderate, and 2 = marked. Animals were injected with 5 mg/kg of LPS in
phosphate-buffered saline (PBS) vehicle or vehicle only, and sacrificed after 24 h. Data are means– SEM, *p < 0.05, **p < 0.01, n = 8–9 per
group. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 2. Cytokines and chemokines levels in sera from experimental animals and in supernatants of primary endothelial
cells isolated from WT and Lyst- (LYS) mice, treated with LPS for 24 h. The following parameters are presented: (A)
interleukin (IL)-1a, (B) IL-1b, (C) IL-6, (D) IL-8, (E) granulocyte colony-stimulating factor, (F) monocyte chemotactic protein-1
(MCP1), (G) tumor necrosis factor alpha, and (H) vascular endothelial growth factor. The concentrations of cyto- and
chemokines were measured using a Luminex IS100 analyzer and analyzed using appropriate curve-fitting software (Luminex
100IS, version 2.3). All results are presented as fold-increases compared to WT controls (WT-CON). Animals were injected
with 5 mg/kg of LPS in PBS vehicle or vehicle only, and sacrificed after 24 h. Data are means – SEM, *p < 0.05; **p < 0.01 LPS
versus CON; #p < 0.05 LYS versus WT, n = 5 per group.
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FIG. 3. (A) Representative immunoblots using whole-kidney lysates from WT and lysosome-impaired Lyst-mice treated
with LPS for 24 h. (B) Lyst-mice (LYS-CON) had higher levels of peroxisomal membrane protein, 70-kDa (PMP70), than WT
mice (WT-CON) under basal conditions. LPS treatment strongly induced PMP70 expression in WT mice (WT-LPS) compared
with untreated WT controls (WT-CON), and insignificantly decreased PMP70 in Lyst-mice (LYS-LPS) compared with un-
treated Lyst-mice (LYS-CON). (C) Lyst-mice (LYS-CON) had higher levels of peroxin 14 (Pex14) compared with WT mice
(WT-CON) under basal conditions. LPS significantly induced Pex14 expression in WT mice (WT-LPS) and decreased Pex14 in
Lyst-mice (LYS-LPS). (D) Renal expression of peroxin 11b (Pex11b) did not differ between WT and Lyst-mice under basal
conditions. LPS significantly increased PEX11b expression in WT mice (WT-LPS) while no significant changes in PEX11b
levels were observed in Lyst-mice (LYS-LPS). (E) Lyst-mice (LYS-CON) have higher catalase levels compared with WT mice
(WT-CON) under basal conditions. LPS treatment significantly decreased catalase levels in WT mice (WT-LPS) and caused
only minor fluctuations of catalase levels in Lyst-mice (LYS-LPS). (F) Lyst-mice (LYS-CON) have significantly higher levels of
p62 than WT mice (WT-CON) under basal conditions. LPS induced p62 levels in both wild-type (WT-LPS) and Lyst-mice
(LYS-LPS) compared with untreated littermates (WT-CON and LYS-CON, respectively). Animals were injected with 5 mg/kg
of LPS in PBS vehicle or vehicle only, and sacrificed after 24 h. Kidney lysates were separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by immunoblot using appropriate antibodies. Beta-tubulin
served as a loading control. Data are means – SEM, *p < 0.05, **p < 0.01 LPS versus CON; #p < 0.05, LYS versus WT, n = 4.
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both groups (Fig. 3F, WT-LPS vs. WT-CON 206.1% – 23.6%,
LYS-LPS vs. LYS-CON 142.7% – 14.9%). Collectively, these
data demonstrate that LPS stimulates peroxisomal prolifera-
tion in WT mice, and this response is blunted in Lyst-mice.
Impaired proliferation of Lyst-peroxisomes is further sup-
ported by relative deficiency of Pex11b, implicated in perox-
isomal proliferation and fission, and the distinct phenotypic
features of the Lyst-peroxisomes (22).

Endothelial cells exhibit a biphasic profile of peroxin
expression during LPS stimulation, and lose this
expression dynamics after induction of LYS
dysfunction

Primary endothelial cells isolated from Lyst-mice differ
from cells isolated from WT mice due to their larger volume
and course granular appearance (Supplementary Fig. 5A,B).
Primary human umbilical vein endothelial cells (HUVEC)
treated with lysosomotropic chloroquine developed similar
phenotypic features as Lyst-endothelial cells (Supplementary
Fig. 5C,D). Immunofluorescence staining of WT endothelial
cells demonstrated upregulation of PMP70 and p62 during
LPS stimulation, reminiscent of what was seen in vivo in the
kidneys of these animals (Fig. 4A–C). LPS-treated Lyst-
endothelial cells had a similar number of peroxisomes as
untreated cells, though they exhibited distinct morphologic
features with prevalence of enlarged and elongated forms,
suggestive of a defect in proliferation and fission (photomi-
crographs, Fig. 4A). Primary endothelial cells from WT mice
showed a transient drop of PMP70 and p62, which was
abolished in Lyst-mice (Fig. 4D,E).

Detailed examination of peroxin expression in LPS-
stimulated HUVEC (passages 2–5) demonstrated similarly a
biphasic PMP70 and Pex14 expression, with an initial decline
followed by a gradual increase (Fig. 5). Catalase levels showed
slower recovery than peroxins. Similar as in the kidneys, the
impact of LPS was more profound on Pex14 than PMP70.
Parallel decrease of p62 is indicative of increased autophagic
flux and LYS pexophagy (Fig. 5E). Indeed, immunofluores-
cence studies revealed a reduced peroxisomal density in the
vicinity of lysosomes after LPS exposure (Supplementary Fig.
6). Pretreatment of HUVEC with chloroquine compromised
lysosomes and autophagy, leading to accumulation of p62 and
loss of the biphasic peroxin expression seen in cells with com-
petent lysosomes after LPS application (Fig. 6). In other words,
impairment of LYS function suppressed pexophagy and pre-
vented recycling of peroxisomes during LPS stress. Accelerated

accumulation of p62 and slow decline of PMP70/Pex14 levels
in lysosome-defective cells at advanced stages of LPS treatment
indicate worsening of peroxisomal homeostasis. Immuno-
fluorescence studies confirmed the changes of PMP70, Pex14,
and p62 expression described above (Fig. 7 and Supplementary
Fig. 7). These in vitro findings in endothelial cells corroborate
similar changes in the whole-organ responses to LPS and em-
phasize the role of autophagy/pexophagy in this process.

LPS impairs protein import into peroxisomes

Peroxisomal matrix proteins are synthesized on cytoplas-
mic ribosomes, and their destination is tagged by peroxisomal
targeting signal type 1 (PTS1), required for docking to mem-
brane-associated Pex14, which enables import into peroxi-
somes (28). Therefore, LPS-induced depletion of Pex14 could
possibly compromise protein import into peroxisomes. To
prove it, we transduced primary HUVEC with PTS1–green
fluorescent protein (GFP) and examined the effect of LPS on
peroxisomal import by colocalization with peroxisomal
marker protein PMP70 (Fig. 8A). Under normal culture con-
ditions, the colocalization ratio between PMP70 and PTS1-
GFP was 82.4% – 6.4%. LPS reduced colocalization to
46.2% – 5.3% after 9 h, and to 63.2% – 4.3% after 24 h, consis-
tent with the expression profile of Pex14 (Fig. 8B). Interest-
ingly, when examining the proportion of total PTS1-GFP that
colocalized with PMP70 (e.g., proportion of imported PTS1-
GFP), this increased from 74% under normal conditions to
89% after 9h, and 85% after 24h of LPS treatment (Fig. 8C).
Hence, LPS decreases total peroxisome number (as showed
above), and from the remaining peroxisomes, a smaller frac-
tion (46%) imports more PTS1 protein (89%) than under basal
conditions (74%). In other words, a smaller number of resid-
ual peroxisomes imports PTS1 proteins with higher efficiency.
However, in toto, the preserved peroxisomal fraction, irre-
spective of the increased effort, could not adequately substi-
tute for their overall (and import) dysfunction. Repression of
Pex14 may impair intraorganellar import of catalase that has
an atypical weaker PTS1, and potentiate the adverse effects of
total catalase depletion during LPS exposure (37).

LYS dysfunction results in impaired activation
of catalase and higher levels of ROS in cultured cells
under basal conditions and after LPS treatment

Since we observed higher catalase protein levels in the
kidneys from Lyst-mice and in cells with chloroquine-induced
LYS dysfunction, we inquired whether the elevated levels are

FIG. 4. (A) Double immunofluorescence staining for PMP70 (green) and p62 (red) in primary murine endothelial cells
isolated from WT or Lyst- (LYS) mice. Lyst-endothelial cells (LYS-CON) demonstrated a higher number of peroxisomes
(green) and increased p62 levels (red) compared to endothelial cells from WT mice (WT-CON) under basal conditions. LPS
treatment markedly increased PMP70 and p62 levels in endothelial cells from WT mice (WT-LPS) compared to untreated cells
(WT-CON). Lyst-endothelial cells treated with LPS (LYS-LPS) showed increased p62 levels and only minor differences in
absolute peroxisome numbers; however, these exhibited an altered morphology with a predominance of larger and elongated
forms. Photomicrographs demonstrate morphological features of peroxisomes in detail. Graphs show quantitative expression
differences of (B) PMP70 and (C) p62 in WT or Lyst- (LYS) endothelial cells during in LPS stimulation. Endothelial cells were
treated with 1 lg/ml LPS for 24 h, and cells without treatment served as control. Thirty cells per group were analyzed using
ImageJ software. Data are means – SEM, *p < 0.05, LPS versus CON; #p < 0.05, LYS versus WT, Magnification 600 · , n = 30 cells
per animal (D). (E) Representative immunoblots using protein lysates from WT or Lyst- (LYS) endothelial cells treated with LPS
for up to 24 h. LPS-treated WT endothelial cells (WT-LPS) demonstrate a biphasic expression profile of (D) PMP70 and (E) p62,
which was abolished in endothelial cells from Lyst-mice (LYS-LPS). Data are means – SEM, *p < 0.05, LPS versus CON; n = 4. To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 5. (A) Representative immunoblots using cellular protein lysates from primary human umbilical vein endothelial
cells (HUVEC) treated with LPS for up to 36 h. LPS-treated cells demonstrated biphasic expression profiles of (B) PMP70, (C)
Pex14, and (E) p62, with an initial decrease followed by a gradual increase of protein levels compared with untreated control
cells. (D) LPS induced a profound depletion of catalase followed by a slow recovery of the enzyme levels compared with
untreated cells. Primary HUVEC at passages 2–5 were treated with 1 lg/ml LPS for up to 36 h. HUVEC cultured in a medium
without addition of LPS served as a control. Cell lysates were separated by SDS-PAGE and analyzed by immunoblot using
appropriate antibodies. Beta-tubulin served as a loading control. Data are means – SEM, *p < 0.05, **p < 0.01, n = 4.
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FIG. 6. (A) Representative immunoblots using cellular protein lysates from HUVEC treated with 25 lM chloroquine
(CHL) and stimulated with LPS for up to 36 h. LPS treatment resulted in a slow gradual decrease of (B) PMP70, (C) Pex14,
and (D) catalase levels, and induced accumulation of (E) p62 compared with LPS-untreated cells. (F) Peroxisome proliferator-
activated receptor-alpha (PPARa) transcription activity in LPS-stimulated HUVEC cultured with or without 25 lM CHL for
up to 36 h. Primary HUVEC at passages 2–5 were pretreated 25 lM CHL for 12 h and subsequently stimulated with 1 lg/ml
LPS up to 36 h (in the presence CHL). HUVEC cultured in a CHL-supplemented medium without LPS treatment served as a
control. Cell lysates were separated by SDS-PAGE and analyzed by immunoblot using appropriate antibodies. Beta-tubulin
served as a loading control. Data are means – SEM, *p < 0.05, **p < 0.01, n = 4.
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functionally protective against oxidative stress. Toward this
end, we first examined overall ROS levels in cells with LYS
dysfunction using dichlorodihydrofluorescein diacetate
(DCFH-DA) assay (preferentially senses H2O2), and noticed
higher levels of ROS than in cells without LYS dysfunction,
even under normal conditions (Fig. 9A, 1.27 · ). LPS stimula-

tion of lysosome-competent cells rapidly increased ROS,
peaking after 1 h (Fig. 9A, 8.42-fold increase, HUVEC + LPS vs.
HUVEC), followed by a gradual decline. In lysosome-defective
cells, LPS induced a delayed peak of ROS (Fig. 9A, 5.80-fold
increase, HUVEC + chloroquine + LPS vs. HUVEC + chloro-
quine), with a slower decrease and protracted elevation,

FIG. 7. Representative immunofluorescence images of primary HUVEC stained for PMP70 (A1B, green), Pex14 (C1D,
green), and p62 (A–D, red). Cells were stimulated with 1 lg/ml LPS for 6, 12, and 24 h. Cells cultured in media without
addition of LPS served as a control (CONTROL). LYS dysfunction was induced by addition of 25 lM CHL. Section (A1C)
show HUVEC cultured in normal and (B1D) in CHL-supplemented media. Magnification 600 · .

220 VASKO ET AL.



FIG. 8. (A) Representative images of HUVEC with PMP70 (red) and peroxisomal targeting signal type 1 (PTS1)–green
fluorescent protein (GFP)- (green) labeled peroxisomes treated with 1 lg/ml LPS for 9 and 24 h. Untreated cells served as a
control. Peroxisomes (red) that imported PTS1-GFP (green) are displayed in yellow. (B) Quantification of the PMP70 fraction
that colocalized with PTS1-GFP (fraction of peroxisomes that imported PTS1-GFP). LPS treatment globally decreased the
import of PTS1-GFP. (C) Quantification of the PTS1-GFP proportion that colocalized with PMP70 (proportion of PTS1-GFP
that is imported into peroxisomes). Magnification 600 · . Data are means – SEM, *p < 0.05, n = 30.
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FIG. 9. Oxidative stress levels and catalase enzymatic activities in HUVEC treated with LPS. (A) Reactive oxygen species
(ROS) production examined by fluorescent conversion of dichlorodihydrofluorescein diacetate (DCFH-DA). Cells with LYS
dysfunction had increased levels of ROS under basal conditions, and higher and prolonged levels of oxidative stress during
stimulation with LPS, compared with control cells. (B) Specific measurement of hydrogen peroxide generation demonstrated
a similar pattern (with bigger differences) as the less-specific DCFH-DA assay. (C) Cells with LYS dysfunction exhibited
lower enzymatic activity of catalase under basal conditions and an insufficient increase during LPS stimulation compared
with control cells. LYS dysfunction was induced by 12-h pretreatment with 25 lM CHL, and the cells were subsequently
stimulated with 1 lg/ml LPS in media containing CHL for up to 36 h. LPS-stimulated cells with LYS dysfunction were
compared to cells stimulated with LPS in media without addition of CHL. Data are means – SEM, *p < 0.05, **p < 0.01; n = 8.

FIG. 10. (A) Renal expression of PMP70 and Pex14, examined by immunoblot in kidney lysates from WT or Lyst- (LYS)
mice treated with LPS. In WT mice, LPS caused temporary decrease of PMP70 and Pex14 expression after 9 h and induced
the expression of both after 24 h. In Lyst-mice, LPS only slightly decreased expression of PMP70 and Pex14. (B) Catalase
enzymatic activity in kidney lysates from WT and Lyst-mice (LYS) treated with LPS. Lyst-mice exhibited lower catalase
activities at all time points compared to WT animals. (C) Renal expression of acyl-CoA oxidase (ACOX)1, examined by
immunoblot and PPARa transcription activity in kidney lysates from WT and Lyst-mice treated with LPS. PPARa tran-
scription activity showed a biphasic down–up pattern in WT mice, and progressive decrease in Lyst-mice The expression of
ACOX1 paralleled the profile of PPARa activation, the key regulator of this enzyme. (D) ACOX enzymatic activity a in
peroxisome-enriched kidney fraction was higher in Lyst-mice (LYS) after 9 h and in WT after 24 h. (E) Kidney free-fatty-acid
(FFA) concentration increased in both, with higher levels in WT mice 9 h after LPS treatment. After 24 h, WT mice had lower
levels of FFA than Lyst-mice and showed falling levels compared to 9 h. (F) Measurement of malondialdehyde (MDA)
content in kidney lysates demonstrated that higher levels indicated increased lipoperoxidation in Lyst- than WT mice after 9
and 24 h of LPS treatment. (G) Urinary MDA levels were increased 9 and 24 h after LPS treatment, however, with significant
differences between Lyst- and WT mice detectable after 24 h. Animals were injected with 5 mg/kg of LPS in PBS vehicle or
vehicle only, and sacrificed after 9 and 24 h. Kidney lysates were separated by SDS-PAGE and analyzed by immunoblot
using appropriate antibodies. Beta-tubulin served as a loading control. Data are means – SEM, *p < 0.05, WT versus LYS,
n = 5.
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compared to control cells. When looking specifically at H2O2

that is more specific for peroxisomal ROS (and some authors
question the specificity of DCFH-DA for H2O2), the differences
were even more obvious (Fig. 9B). Next, we examined the
enzymatic activity of catalase in cultured living cells. Here,

control cells demonstrated constantly higher catalase activity
under basal conditions (Fig. 9C, 148.2% – 9.7%, HUVEC vs.
HUVEC + chloroquine), and during LPS stress, compared with
lysosome-defective cells. Considering the higher catalase
abundance in lysosome-defective cells, adjustment of catalase
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activity for total protein would make these differences even
more robust (we measured the activity in living cells and ad-
justed the results for cell number). Finally, LYS dysfunction
compromises antioxidative mechanisms and results in longer
persistence of higher ROS levels.

LPS treatment results in higher oxidative injury
in C57BL/6J-Lystbg-J mice due to the imbalance
between the active hydrogen peroxide-generating acyl-CoA
oxidase and the functionally impaired catalase

Our in vitro data revealed significant changes in peroxi-
somes at an earlier time point after LPS application. For this
reason, we studied peroxisomes in an additional group of
mice treated with LPS for 9 h. At this time point, neither WT
nor Lyst-mice presented significant changes in serum creati-
nine or albuminuria levels compared to untreated mice. Si-
milar, as in vitro, renal PMP70 and Pex14 were reduced early
after LPS administration, and increased 24 h later in WT-mice
(Fig. 10A). Lyst-mice did not show the initial decline of per-
oxins, and however exhibited constantly lower kidney cata-
lase activity (Fig. 10B). Since properly functioning catalase is
indispensable for neutralization of H2O2 generated by per-
oxisomal oxidases, we examined the expression of acyl-CoA
oxidase (ACOX), the first and rate-limiting enzyme of the
peroxisomal FAO. ACOX protein levels were higher in Lyst-
than in WT mice, and the expression pattern was similar to
peroxins in both groups (Fig. 10C). The expression of ACOX
correlated with transcription activity of peroxisome pro-
liferator-activated receptor-alpha (PPARa), the main regula-
tor of peroxisomal FAO enzymes. We could not detect
significant differences in PPARa nuclear protein levels (data
not shown); thus, the activity differences between WT and
Lyst-mice (Fig. 10C) reflect in fact the transcription activity
and not a paucity of protein. In our cell culture experiments,
PPARa activity started to increase 6 h after adding chloro-
quine (cells have been pre-treated for 12 h before LPS appli-
cation), remained elevated, and started to decline at later
stages of LPS treatment (Fig. 6F). To evaluate if the increased
ACOX protein levels were accompanied by higher activity,
we examined ACOX metabolic activity using palmitic acid in

a peroxisome-enriched kidney fraction. ACOX activity was
higher in Lyst-mice early after LPS; however, after 24 h, the
situation was opposite, and activity increased in WT-mice
(Fig. 10D). Palmitic acid can be metabolized by peroxisomal
and mitochondrial FAO under normal conditions. However,
when in excess, only peroxisomal catalase, but not the cyto-
solic or the mitochondrial superoxide dismutase, provides
sufficient protection against its toxicity (11). Reduction or in-
hibition of FAO enzymes results in accumulation of free fatty
acids (FFA). The higher levels of FFA in WT mice 9 h after LPS,
with a significant decrease 24 h later, are consistent with ac-
tivity profile of ACOX (Fig. 10E). Hence, after 9 h of LPS
treatment, Lyst-mice showed a preserved FAO and lower FFA
levels; however, an impaired catalase indicating a redox im-
balance. In fact, the consequence of dysregulation between
peroxisomal pro-oxidative ACOX and antioxidative catalase
was a higher oxidative damage in Lyst-mice, as demonstrated
by increased lipid peroxidation (malondialdehyde [MDA]) in
the kidneys and urine of the treated Lyst-animals (Fig. 10F,G).

Discussion

We demonstrated that LPS induces a proliferative re-
sponse in peroxisomes from WT mice, which was abolished
in Lyst-mice. LPS-treated Lyst-mice presented a heightened
inflammatory response with increased oxidative stress and
aggravated renal injury. Similarly as in vivo, LPS activated LYS
pexophagy, and transiently repressed peroxisomes in vitro.
Lysosome-defective cells lost the biphasic kinetics and accu-
mulated dysfunctional peroxisomes generating redox imbal-
ance and promoting oxidative injury (see summarizing Fig. 11).
To the best of our knowledge, this study is the first to explicitly
analyze peroxisomal dysfunction in LPS-induced AKI.

In a recent study, filtered endotoxin caused severe peroxi-
somal damage in proximal tubules, demonstrated by PMP70
reduction, as early as 4 h after administration (20). We ob-
served, in vivo and in vitro, an initial decrease of PMP70, fol-
lowed by expansion of kidney peroxisomes in LPS-treated
WT mice. PMP70 is a structural marker of peroxisomes, but
also functions as a transporter of long-chain fatty acids for
peroxisomal FAO (19). Preservation of FAO is necessary to
meet the increased energetic demand of stressed kidney. The
negative effects of inhibited FAO, with accumulation of un-
metabolized FFA, have been described in ischemic and cis-
platin-induced AKI (27, 34). Magnetic resonance studies have
demonstrated renal parenchymal changes 6 h after septic in-
sult, which emphasizes the pathogenetic relevance of early
subclinical alterations in the septic kidney (7, 10). Our short-
treated group showed renal alterations, including lipid ac-
cumulation and peroxidation, even before urinary markers
became significantly elevated. Fatty acids are transported into
the peroxisomes via peroxisomal ABC proteins, including
PMP70, and oxidized by ACOX, the rate-limiting FAO en-
zyme. The initially decreased ACOX and the higher renal FFA
levels in WT mice contrasted with Lyst-mice, which had
higher ACOX and lower FFA early after LPS. In addition to
inhibited FAO, lysis of membrane phospholipids by activated
phospholipases is another source of FFA in tissue injury (36,
52). Hence, considering the more severe injury in Lyst-mice,
the excess of FFA would be even higher, further supporting an
active FAO. However, functional uncoupling of pro-oxidative
ACOX and impaired catalase in Lyst-mice disrupts H2O2

FIG. 10. (Continued).
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balance and results in higher oxidative damage already 9 h
after LPS. Hwang et al. showed that peroxisomes are able to
neutralize H2O2 up to a certain level, and further increase of
H2O2 impairs biogenesis and caused dysfunction of peroxi-
somes (18). They also reported that catalase-deficient mice
decrease ACOX levels in long term. It is not clear if this is a
consequence of chronic oxidative injury or rather a protective
downregulation. Peroxisomes exposed to LPS increase the
expression of nitric oxide synthase (45). Elevated nitric oxide
can interact with heme group and inactivate catalase, without
affecting enzyme protein levels (42). LPS exhibited a more
profound effect on Pex14 (catalase import) than PMP70 (FFA
import) expression, which may contribute to redox imbal-
ance. It is possible that PMP70 being a large membrane-
incorporated protein resists LPS toxicity better than the

smaller membrane-associated smaller Pex14. Lastly, the im-
balance between ACOX and catalase generates cumulative
oxidative stress, and globally deteriorates peroxisomal func-
tion (peroxisomal burnout), including FAO that explains the
higher FFA later after LPS exposure in Lyst-mice.

PPARa acts also as a lipid metabolic sensor and regulator of
FAO enzymes. Stimulation of PPARa has been shown to
mitigate cisplatin- and ischemia-induced AKI, although the
exact mechanisms are not well understood (26). LPS sup-
pression of renal PPARa and FAO has been documented be-
fore, and observed by us in WT-mice. Lyst-mice and
lysosome-defective cells showed increased PPARa activity,
although the factors activating PPARa in LYS/peroxisomal
dysfunction remain elusive. Severe peroxisomal deficiency
caused by hepatic deletion of Pex5-activated PPARa, though

FIG. 11. Schematic presentation of the mechanisms contributing to oxidative injury in LYS/peroxisomal dysfunction (for better
demonstration, only peroxisomes and relevant pathways are shown). (A) Under normal conditions, LPS activates pexophagy and
induces a biphasic response with a temporary decrease, followed by an increased peroxisomal proliferation. Both, hydrogen peroxide-
generating peroxisomal b-oxidation and functional antioxidative catalase are decreased simultaneously, preserving the balance
between production and decomposition of hydrogen peroxide. The LPS-induced repression of PMP70 (transport of fatty acids for b-
oxidation across peroxisomal membrane) and Pex14 (import of peroxisomal catalase) may also contribute to this condition. (B) LYS
dysfunction inhibits pexophagy and the biphasic response depicted in (A). Cells accumulate dysfunctional peroxisomes, and exhibit
impaired activation of catalase and antioxidative defense, which together with a relatively preserved b-oxidation ultimately results in
higher oxidative stress and further worsening of peroxisomal function. Hence, an imbalance in peroxisomal metabolic-oxidative
pathways induces with time a global deterioration of peroxisomal functions—peroxisomal burnout (manifesting also in impaired b-
oxidation)—and results in aggravated oxidative injury. EC, endothelial cells; PER, peroxisome; LYSO, lysosome; DYSF, dysfunction.
To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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because of nearly complete absence of ACOX, did not result in
increased oxidative stress (9). In contrast, patients with per-
oxisomal bifunctional protein deficiency have increased
PPARa and ACOX, a higher ACOX/catalase ratio, and suffer
from consequences of increased oxidative stress (13). We
demonstrated that the functional patterns described genetic
peroxisomal defects can temporary arise in the endotoxin-
stressed kidney. Hence, LPS-activated pexophagy not only
refreshes peroxisomal pool, but also helps to prevent in-
traperoxisomal redox disequilibrium. Simulation of peroxi-
somal dysfunction by treatment with FFA or catalase inhibitor
has been shown to activate dermal LYS hydrolases. Although
the authors did not explicitly examined peroxisomes, activa-
tion of lysosomes supports their role in the maintenance of
peroxisomal fitness (8).

LYS dysfunction has been involved in numerous disorders,
for example, Parkinson’s disease, but also in nephrotoxicity of
cyclophosphamide or aminoglycoside antibiotics, used in
treatment of sepsis (1, 24). Therefore, we decided to study the
impact of the more common LYS dysfunction of autophagy,
and not the consequences of specific deletions of autophagy
(Atg) genes. The p62 protein, a marker of autophagic flux, acts
as a cargo receptor for autophagic degradation of proteins and
organelles in lysosomes, which explains the higher levels of
p62 in Lyst-mice (4). LPS treatment moderately increased p62
in control cells, and resulted in a robust accumulation of p62
in lysosome-defective cells. The functional implications of
these through different mechanisms increased p62 (synthesis
vs. accumulation) are not fully understood. High levels of
accumulated p62 in defective autophagy have been shown to
activate NF-jB and inflammation (33). However, in most in-
stances, the mechanisms connecting inflammatory and au-
tophagy networks with more than 400 interacting proteins are
still unclear (3, 25). Many studies that used H2O2 to increase
oxidative stress described destabilization of mitochondrial/
LYS membranes; unfortunately, they overlooked the natural
manufacturers of H2O2 and peroxisomes. Lysosomes are rich
in redox-active iron and therefore sensitive to oxidative stress.
H2O2, particularly when in excess, may diffuse into lyso-
somes, react with iron, and form a toxic hydroxyl radical that
can further impair LYS function (23). The bidirectional rela-
tionship between oxidative stress and inflammation is well
accepted. Lyst-mice developed a heightened inflammatory
response to LPS, and the analysis of serum cytokines revealed
similarity with secretomes of endothelial cells. Mechan-
istically, the enormous surface of endothelial cells contributes,
however, from the functional aspect, and this is consistent
with evidence that endothelium is an active orchestrator of
systemic inflammatory response. We studied endothelium
and the kidney, to make evident potential connections of these
metabolically different compartments, and did not intend just
simply adapt the behavior of endothelial to tubular cells. LPS-
activated endothelium is a source of cytokine burst and
profoundly affects the metabolism of the adjacent tubules.
Cellular survival under stress depends on precisely coordi-
nated response of the entire subcellular system, and as we
presented here, on properly functioning homeostasis-
preserving autophagy–LYS pathways. Peroxisomal behavior
in AKI, presented in our study, may represent a mechanism
potentially involved in common renal pathogenesis at a lower
intensity, however, with long-term implications. Circulating
subclinical endotoxemia has been recently reported as a novel

factor in long-term systemic inflammation in chronic kidney
disease, which emphasizes the need for better understanding
of cellular responses to endotoxic stress (30).

It could be argued that our complex model of defective LYS
function and subverted autophagy obscures cell-specific re-
sponses to LPS. Admittedly, LYS defects have impact on
virtually all cellular compartments, and we realize that pex-
ophagy explains only a fraction of the findings, and is a part of
the responses to endotoxic stress. Nonetheless, major con-
clusions obtained here in animal studies were buttressed by
the results obtained in cells, thus minimizing over-interpre-
tation of the data.

In conclusion, our data strongly suggest that activated
pexophagy, a cellular mechanism per se, fulfills an important
role in quality selection of peroxisomes during LPS exposure.
We demonstrated that pexophagy is a default response to
endotoxic stress in WT mice. However, when LYS dysfunc-
tion (a frequent companion of many diseases) is super-
imposed, impairment of pexophagy results in accumulation
of functionally compromised peroxisomes with in-
traorganellar redox imbalance (peroxisomal burnout) that
contributes to increased oxidative stress and aggravated
kidney damage. Participation of peroxisomes in mammalian
diseases is very scarcely investigated at present. Further re-
search on this underestimated organelle with indispensable
role in oxidative metabolism is needed to identify potential
targets for therapeutic interventions.

Materials and Methods

Antibodies and chemicals

PMP70 and b-tubulin (Sigma Aldrich), mouse Pex14 (Assay
Biotech), human Pex14 (Abgent), Pex11b (Abcam), p62 (Ab-
nova), and catalase (Calbiochem) antibodies were used. LPS
(extracted from Escherichia coli, serotype O127:B8) and chlo-
roquine were purchased from Sigma.

Cell culture

HUVEC (ATCC), passages 2–5, were maintained in endo-
thelial basal medium-2 (EBM-2; Lonza) supplemented with
5% fetal bovine serum (FBS) and growth factors (hydrocorti-
sone, hFGF-B, VEGF, hEGF, IGF-1, ascorbic acid, and hepa-
rin), under conditions of 37�C and 5% CO2. Primary murine
endothelial cells were explant cultures isolated from thoracic
aortas of experimental animals, and passages 2–3 were used
in experiments. The full length of the thoracic aorta was
aseptically removed and placed into an endothelial growth
medium-2 (EGM-2) medium (EBM-2 supplemented with FBS
and growth factors). After removal of the periaortic fi-
broadipose tissue, the vessels were placed in fresh EGM-2.
The aortas were then cross-sectioned, and 1-mm-thick aortic
rings were embedded in Matrigel (BD Biosciences) as previ-
ously described (35).

Experimental animals

The animal study protocol was in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and was
approved by the Institutional Animal Care and Use Com-
mittee. Studies were carried out with 14-week-old C57BL/6J
(WT) and C57BL/6J-Lystbg-J mice (Lyst-mice) obtained from
Jackson Laboratories. Lyst-mice carry a mutation in the Lyst
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gene, which encodes LYST-trafficking regulator of protein
sorting to and from lysosomes (12, 17). Lyst-mice represent a
model with impaired LYS function and autophagy. The ani-
mals were housed at 22�C with 12:12-h light–dark cycle and
were allowed free access to food and water throughout the
study. Both, WT mice and Lyst-mice (n = 8–9 per group) were
injected with 5 mg/kg of LPS in phosphate-buffered saline
(PBS) vehicle, or vehicle only by a single intraperitoneal in-
jection and sacrificed 24 h later. To scrutinize peroxisomal
alterations observed in vitro at an earlier time point, we sac-
rificed WT and Lyst-mice (n = 5 per group) 9 h after LPS in-
jection. BP and heart rate were measured using an automated
tail-cuff monitor system (Coda 8 NIBP; Kent Scientific) in
unanesthetized mice after four morning training sessions. Ten
consecutive stable readings taken on the final day were av-
eraged and used for statistical analysis. Mean arterial BP was
calculated as 1/3 · SBP + 2/3 · DBP.

Treatment of HUVEC with chloroquine and LPS

HUVEC were cultured in the EGM-2 medium as described
above. At 70% confluence, the media were replaced by fresh
media, and 25lM chloroquine was added in experiments
studying LYS dysfunction. After 12 h of preincubation (without
chloroquine) or pretreatment (with chloroquine), LPS was ad-
ded (without media replacement) to obtain a final concentra-
tion of 1 lg/ml. Since peroxisomes are affected by sudden
changes of the nutrient environment, we avoided a starving
phase. Cells were harvested after 3, 6, 9, 12, 24, and 36 h and
protein lysates isolated as described below. The concentration
of LPS and chloroquine used was determined in preliminary
experiments, based on toxicity and cell viability data.

Western blotting

Cells were washed with ice-cold PBS and lysed in an RIPA
buffer containing 50 mM Tris, pH 7.4; 150 mM NaCl; 1% Triton
X-100, 0.5% sodium deoxycholate; Roche complete protease
inhibitors cocktail on ice for 30 min. Lysates were clarified by
centrifugation, and protein concentration was determined by
BCA protein assay (Thermo Scientific). Protein samples were
suspended in tris-glycine sodium dodecyl sulfate (SDS) sample
buffer containing 2.5% b-mercaptoethanol, boiled for 5 min,
and electrophoresis was performed on 4%–20% gradient gels
(Bio-Rad Laboratories), followed by transfer to the Immobilon-
PSQ membrane (Millipore). The membranes were blocked with
5% milk in PBS/0.1% Tween 20 for 1 h, and then incubated
with primary antibodies overnight at 4�C and secondary an-
tibodies (GE Healthcare) for 1 h at room temperature. The
bands were visualized using a SuperSignal chemiluminescence
kit (Thermo Scientific), and the densitometry was performed
with ImageJ software (Version 1.45; NIH).

Immunofluorescence staining for PMP70 and p62

HUVEC were cultured on gelatin-coated eight-well culture
slides (Lab-Tek Chamber Slides, Thermo Scientific) and treated
with 1 lg/ml LPS for 6, 12, and 24 h. After washing with PBS,
cells were fixed with 4% paraformaldehyde (PFA) for 15 min,
permeabilized with 0.1% Triton X-100 for 10 min, and blocked
with PBS/1% bovine serum albumin (BSA) for 1 h. Cells were
then incubated with primary anti-PMP70 (1:600) and anti-p62
(1:750) antibodies for 1 h. After washing with PBS, cells were

reacted with secondary Alexa-Fluor 488 and Alexa-Fluor 594
antibodies (Invitrogen) for 1 h. Slides were mounted with a
Vectashield medium (Vector Laboratories), and the images
taken sequentially using a Nikon TE-2000U microscope. Image
analysis was performed with ImageJ software.

Transduction with PTS1-GFP

HUVEC were cultured on 35-mm gelatin-coated glass-
bottom dishes (MatTek). Cells were grown to 60% confluence
and transduced using baculovirus-mediated transgene
delivery. The vector contains enhanced CMV promoter, C-
terminal PTS1 fused to emerald GFP (Invitrogen) (49).
Null-construct without promoter was used to control the
background fluorescence. Transduction efficiency, assed 16 h
later, was 80%–85%. Twenty-four hour after transduction,
cells were treated with 1 lg/ml LPS for 6 h. For the last 45 min,
50 nM LysoTracker Red (Invitrogen) was added. The media
were then replaced by fresh warm Krebs-Ringer HEPES buf-
fer (119 mM NaCl, 4.75 mM KCl, 2.5 mM CaCl2, 1.2 mM
MgCl2, 1.2 mM KH2PO4, 10 mM HEPES, pH 7.4, and 5 mM
glucose), and images taken with a Nikon TE-2000U micro-
scope. In PMP70/PTS1-GFP colocalization studies, cells were
washed with PBS, fixed with 3% PFA (pH 7.4) for 10 min,
permeabilized with 0.1% Triton X-100 for 5 min, and blocked
with PBS/1% BSA for 1 h. Cells were then incubated with
primary anti-PMP70 (1:600) and secondary Alexa-Fluor 594
antibodies, each step for 1 h. Imaging was performed with a
TE-2000U Nikon microscope and analysis with ImageJ
software.

Albumin and creatinine measurement

Morning spot-urine samples were collected for detection of
albumin excretion. Albuminuria and urinary creatinine con-
centration were determined in the same urine sample using
Creatinine Companion and Albuwell M assays, respectively
(Exocell).

Kidney pathology

The kidneys were perfused in situ with cold PBS, removed,
and mid-coronal sections were fixed in 4% PFA for 16 h.
Paraffin sections (4-lm thick) were stained with hematoxylin
and eosin and examined by a nephropathologist blinded to
the origin of preparations. An average of 3 sections per animal
was examined. Tubular injury score was determined using a
scoring system, where 0 = none, 0.5 = minimal, 1 = mild,
1.5 = moderate, and 2 = marked, as described by Kelleher (21).

Cytokine measurement

Cytokines and chemokines were analyzed in sera obtained
from WT and Lyst-mice, or in supernatants of endothelial cells
from these animals, treated with LPS for 24 h. The concen-
tration of cyto- and chemokines was measured with a Lumi-
nex IS100 automated system (Luminex Corp.), and the data
were analyzed using Luminex 100IS curve-fitting software
(version 2.3).

Catalase activity

HUVEC were seeded in 96-well plate in an EGM-2 medium
until 70% confluent. Then, culture media were replaced by
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fresh media, and in experiments with LYS inhibition, chlo-
roquine was added. After 12 h of preincubation (without
chloroquine) or pretreatment (with chloroquine), 1 lg/ml LPS
was added. Catalase activity was measured using an ultra-
sensitive catalase assay (Amplex Red, Molecular Probes), with
slightly modified manufacturer’s instructions. Briefly, culture
media were removed, and cells washed with PBS. After
30 min of incubation with 40 lM hydrogen peroxide, Amplex
Red reagent containing horseradish peroxidase was added.
Cells were then incubated for 30 min at 37�C in the dark, and
the absorbance was measured at 560 nm using Spectramax
Plus 384 reader (Molecular Devices). Catalase activity was
calculated with SoftMax Pro software (Molecular Devices,
Version 5.0,) and corrected for cell number.

Measurement of cellular oxidative stress

The production of ROS was measured using oxidative
conversion of DCFH-DA, (Sigma), preferentially sensing hy-
drogen peroxide. Cells were cultured in a 96-well plate as
described above, and incubated with PBS containing 25 lM
DCFH-DA for 15 min at 37�C, protected from light. The
fluorescence was measured with excitation at 485 nm and
emission at 530 nm using Mithras LB 940 reader, and ana-
lyzed with MikroWin 2000 software (Berthold Technologies).
Hydrogen peroxide levels were specifically assessed using
Amplex Red hydrogen peroxide assay (Molecular Probes).
Briefly, a reaction mixture containing 50 lM Amplex Red re-
agent, 0.1 U/ml horseradish peroxidase in Krebs–Ringer
phosphate buffer (145 mM NaCl, 5.7 mM sodium phosphate,
4.86 mM KCl, 0.54 mM CaCl2, 1.22 mM MgSO4, 5 mM glucose,
pH 7.4), and 0.05% Triton X-100 was freshly prepared and
prewarmed to 37�C. Cells were washed once with warm
Krebs–Ringer phosphate buffer, and 100 ll of the reaction
mixture was added to each well. After 10-min incubation at
37�C, absorbance was measured at 545 nm using a microplate
reader.

Determination of PPAR transcription factor activity

The PPARa transcription activity was examined in nuclear
extracts isolated from cells and kidney tissue, as previously
described (38). We used a nonradioactive, PPARa-specific
assay utilizing a 96-well plate with an immobilized specific
dsDNA oligonucleotide sequence containing the peroxisome
proliferator-response element (PPRE; Cayman Chemical).
Briefly, nuclear extracts (10 ll) were added to the 96-well plate
with immobilized PPRE, and incubated overnight at 4�C.
Next, the wells were incubated with specific PPARa primary
and horseradish peroxidase-conjugated secondary anti-
bodies, each for 1 h at room temperature. After washing, color
developer was added into the wells, and incubated for 25 min.
The absorbance was measured at 450 nm, and results were
adjusted for protein concentration.

FFA quantification

Tissue lipids were extracted from the harvested kidney as
previously described (6). Briefly, 15 mg of tissue was ho-
mogenized in 300 ll chloroform/1% Triton X-100 and centri-
fuged at 10000 rpm for 10 min. After centrifugation, the lower
clear organic phase was collected, and extracted lipids were
lyophilized. The concentration of long-chain FFA was mea-

sured enzymatically by conversion to acyl-CoA esters cata-
lyzed by acyl-CoA synthetase, followed by oxidation with
production of hydrogen peroxide that was assessed colori-
metrically using a commercial available assay (FFA Quanti-
fication kit) according to the manufacturer’s instructions.
Lyophilized lipids were solubilized in 250 ll of assay buffer,
and 30 ll of the solubilized sample was used in the assay. The
final concentration of FFA was calculated from the absor-
bance values measured at 570 nm. Peroxisomal acyl-CoA
enzymatic activity was measured in the peroxisome-enriched
fraction as described earlier (43).

MDA measurement

Kidney concentration of MDA was analyzed using the Li-
pid Peroxidation assay (Abcam), based on an improved
thiobarbituric acid method. Briefly, 10 mg of kidney tissue
was homogenized on ice in 300 ll MDA lysis buffer, and
centrifuged at 14000 rpm for 10 min. Next, 200 ll of the su-
pernatant was mixed with 600 ll of thiobarbituric acid and
heated at 95�C for 45 min. After cooling to room temperature,
200 ll of the solution was transferred into a 96-well micro-
plate, and the absorbance was read at 530 nm with a micro-
plate reader. Since MDA assays based on thiobarbituric acid
are not reliable when analyzing urine samples (presence of
chromogens), urinary MDA concentration was examined
using a modified method described by Yalçın (51). Briefly, the
reaction mixture was prepared by dissolving 1 ml phosphoric
acid, 1 g sodium metabisulfite, and 0.5 g basic fuchsin (all
from Sigma) in 100 ml of water. After 2 h of incubation, pro-
tected from light, 3 g of activated carbon was added. Five
microliters of filtered reaction mixture was mixed with
diluted urine sample (15 ll urine + 480 ll water). Finally,
150 ll of the mixture was transferred to a 96-well plate (Costar
EIA Plate; Fisher Scientific), and absorbance was measured at
545 nm with a microplate reader.

Statistical analyses

All experiments were repeated at least three times, and
results are presented as mean values – SE. Data sets were
tested for normal distribution, and the differences between
groups were analyzed with t-test or Mann–Whitney test, as
appropriate, using SPSS statistical package (SPSS 17). p val-
ues < 0.05 were considered significant.
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Abbreviations Used

ACOX¼ acyl-CoA oxidase
ACR¼ albumin–creatinine ratio
AKI¼ acute kidney injury

BP¼ blood pressure
DCFH-DA¼dichlorodihydrofluorescein diacetate

EBM-2¼ endothelial basal medium-2
FAO¼ fatty acid oxidation, beta-oxidation
FFA¼ free fatty acids
GFP¼ green fluorescent protein

GM-CSF¼ granulocyte monocyte colony-stimulating
factor

HUVEC¼human umbilical vein endothelial cells
IL¼ interleukin

LPS¼ lipopolysaccharide
LYS¼ lysosomal

MCP1¼monocyte chemotactic protein 1
MDA¼malondialdehyde

PBS¼phosphate-buffered saline
Pex11b¼peroxin 11b, peroxisomal biogenesis factor 11b

Pex14¼peroxin 14, peroxisomal biogenesis factor 14
PFA¼paraformaldehyde

PMP70¼peroxisomal membrane protein, 70-kDa
PPARa¼peroxisome proliferator-activated

receptor-alpha
PPRE¼peroxisome proliferator-response element
PTS1¼peroxisomal targeting signal type 1
ROS¼ reactive oxygen species

TLR4¼ toll-like receptor 4
WT¼wild type
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