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Introduction
TLRs and NOD-like receptors (NLRs; also known as nu-
cleotide-binding, lots of leucine-rich repeats-containing pro-
tein members) are important regulators of innate immunity 
during pathogen infection and sterile tissue injury (Kopp and 
Medzhitov, 1999; Martinon et al., 2002; Leemans et al., 2014). 
We have previously found that TLR2, TLR4, and NLRP3 
are critically involved in the control of inflammation, tubu-
lar epithelial cell (TEC) injury, and tubulointerstitial fibrosis 
in animal models of acute and chronic kidney injury (Lee-
mans et al., 2005, 2009; Pulskens et al., 2008, 2010; Iyer et al., 
2009). In sterile tissue injury, TLRs and NLRs are activated 
by damage-associated molecular patterns and subsequently 
mediate production and inflammasome-dependent process-
ing of proinflammatory cytokines by caspase-1 (Leemans  
et al., 2014).

In contrast, NLRX1 has anti-inflammatory effects by 
negatively regulating antiviral immune responses in an inflam-
masome-independent fashion (Moore et al., 2008) and affects 
canonical NF-κB signaling via inhibition of TRAF6 binding 
to IκB kinase (Xia et al., 2011). A unique feature of NLRX1 
is its localization at the mitochondrial matrix mediated by an 

N-terminal addressing sequence (Arnoult et al., 2009). Other 
studies show a role for NLRX1 in regulating cell death, either 
by affecting susceptibility of tumor cells to extrinsic apoptosis 
(Soares et al., 2014; Singh et al., 2015) or by regulating neu-
ronal apoptosis through control of mitochondrial dynamics 
(Imbeault et al., 2014). These studies suggest a potential role 
of NLRX1 in mitochondrial control of apoptotic cell death, 
but no underlying mechanism was further investigated.

NLRX1 lacks both a pyrin and a caspase activation and 
recruitment domain, which are required for caspase-1 activa-
tion, either directly or through the adaptor ASC (Allen, 2014). 
Several mitochondrial proteins, including mitochondrial an-
tiviral signaling protein (Moore et al., 2008), dynamin-related 
protein 1 (DRP1; Imbeault et al., 2014), and ubiquinol- 
cytochrome c reductase core protein II (UQC​RC2; also 
known as cytochrome b-c1 complex subunit 2, mitochon-
drial; Arnoult et al., 2009), have been found to associate with 
NLRX1 and may be involved in inflammasome-independent, 
noncanonical NLR signaling. Of these, UQC​RC2 provides 
an interesting connection to mitochondrial function, because 
gene mutations lead to mitochondrial complex III deficiency 
nuclear type 5, which is characterized by recurrent metabolic 
decompensation and involves a 50% decrease in complex III 
activity (Miyake et al., 2013).

Mitochondrial dysfunction is the most prominent source of oxidative stress in acute and chronic kidney disease. NLRX1 is a 
receptor of the innate immune system that is ubiquitously expressed and localized in mitochondria. We investigated whether 
NLRX1 may act at the interface of metabolism and innate immunity in a model of oxidative stress. Using a chimeric mouse 
model for renal ischemia-reperfusion injury, we found that NLRX1 protects against mortality, mitochondrial damage, and 
epithelial cell apoptosis in an oxidative stress–dependent fashion. We found that NLRX1 regulates oxidative phosphorylation 
and cell integrity, whereas loss of NLRX1 results in increased oxygen consumption, oxidative stress, and subsequently apoptosis 
in epithelial cells during ischemia-reperfusion injury. In line, we found that NLRX1 expression in human kidneys decreased 
during acute renal ischemic injury and acute cellular rejection. Although first implicated in immune regulation, we propose 
that NLRX1 function extends to the control of mitochondrial activity and prevention of oxidative stress and apoptosis in tissue 
injury.
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Mitochondria have been reappraised as critical media-
tors of acute kidney injury (AKI; Ishimoto and Inagi, 2016). 
Mitochondrial dysfunction, and production of reactive oxy-
gen and nitrogen species (ROS and RNS, respectively) occur 
in TECs during reperfusion, supposedly as a direct conse-
quence of ATP depletion during ischemia (Devarajan, 2006). 
ROS- and RNS-induced modifications of proteins, lipids, 
or DNA result in disruption of cellular homeostasis and, to-
gether with mitochondrial cytochrome c release, in apoptosis 
(Ott et al., 2007). This, combined with a potential role for 
NLRX1 in mitochondrial-mediated cell death, prompted 
us to investigate if NLRX1 is involved in the pathogenesis 
associated with renal ischemia-reperfusion injury (IRI), the 
most common form of AKI in hospitalized patients (Susan-
titaphong et al., 2013).

In the present study we demonstrate that loss of NLRX1 
significantly increased accumulation of ROS in both animal 
and cell models for IRI. Loss of NLRX1 was associated with 
an increased rate of oxidative phosphorylation (OXP​HOS) 
compared with controls. NLRX1 KO cells underwent oxi-
dant-dependent apoptosis, which could be blocked by inhib-
iting UQC​RC2 expression. Our data suggest that NLRX1 
is a regulator of mitochondrial function, which controls  
OXP​HOS and prevents excessive ROS formation during 
IRI, thereby preventing apoptosis of TECs.

Results
Loss of NLRX1 increases tubular epithelial 
apoptosis during renal IRI
We examined the role of NLRX1 in renal IRI using WT 
and Nlrx1 KO mice. To induce AKI, one renal artery was 
clamped for 30 min, followed by a 1- or 5-d reperfusion 
phase. In WT animals, Nlrx1 transcription was reduced at day 
1 after ischemia but returned to baseline transcription at day 5 
(Fig. 1 A). Punctate expression of NLRX1 protein was most 
prominent in proximal TECs, characterized by an F actin–
rich brush border (Fig. 1 B), but absent from glomerular cells, 
capillary endothelium, and collecting ducts (not depicted). 
During IRI, labeling for NLRX1 was predominantly pres-
ent in detached epithelial cells and sporadically in interstitial 
cells (Fig. 1 B). We found that Nlrx1 transcription is present 
in cultured TECs and inflammatory cells, including different 
macrophage subsets and granulocytes (Fig. 1 C). At day 1 of 
reperfusion, we found no difference in the degree of tubular 
necrosis in the corticomedullary region of ischemic kidneys 
from WT and Nlrx1 KO mice but a significantly higher de-
gree of tubular necrosis in Nlrx1 KO mice at day 5 after isch-
emia (Fig. 1 D). This was further reflected by plasma lactate 
dehydrogenase (LDH) levels (Fig.  1 E). In contrast, tubular 
epithelial apoptosis was significantly increased at both days 
1 and 5 after ischemia in Nlrx1 KO mice compared with 
WT controls (Fig. 1 F).

Next we examined the influx of inflammatory cells 
in renal tissue during IRI. We did not observe a difference 
in granulocyte (Fig.  1  G) and macrophage accumulation 

(Fig. 1  I) between WT and Nlrx1 KO animals during IRI 
except for a modest increase in the number of macrophages at 
day 5 after ischemia in the kidneys of Nlrx1 KO mice. Inter-
estingly, expression of CXCL1 (Fig. 1 H) and CCL2 (Fig. 1 J), 
important chemokines for neutrophil and macrophage mi-
gration to the ischemic kidney, respectively, were significantly 
increased in kidneys from KO compared with WT animals.

To determine renal function, we induced bilateral IRI 
by clamping both renal arteries to induce ischemia. We found 
that plasma creatinine was significantly increased in Nlrx1 
KO mice at day 1 after ischemia (Fig. 1 K). Whereas all WT 
animals survived until day 5, out of eight KO animals, five 
died before day 5 (Fig. 1 L); therefore, we did not include this 
time point in the analysis of renal function.

To further differentiate between the involvement of 
renal and leukocyte NLRX1 expression in IRI, we performed 
a series of BM transplantations to generate chimeric mice. To 
investigate the involvement of NLRX1 expression by leu-
kocytes, we transplanted WT BM into Nlrx1 KO recipients 
(WT → KO). To determine the relevance of renal NLRX1 
expression, BM from Nlrx1 KO mice was transplanted into 
WT recipients (KO → WT). As a control, WT recipients re-
ceived BM from WT littermates (WT → WT). Transplanta-
tion efficiency was determined by flow cytometric analysis of 
CD45.1 and CD45.2 expression for WT and Nlrx1 KO leu-
kocytes, respectively (not depicted). BM chimeras with >75% 
donor-derived leukocytes were included for further analysis.

We induced bilateral renal IRI in the chimeras and sac-
rificed animals at day 1 of reperfusion, without any premature 
deaths occurring. In all groups, tubular damage was severe 
at this time point and extended from the corticomedullary 
area into the renal cortex. Cortical tubular epithelial necro-
sis (Fig.  1  M), plasma LDH levels (Fig.  1  N), and tubular 
apoptosis (Fig. 1 O) were all increased in WT → KO ani-
mals compared with WT → WT controls. Although KO → 
WT animals showed a strong trend toward increased tubular 
necrosis and LDH levels compared with WT → WT con-
trols, tubular epithelial apoptosis was not as pronounced as in 
the WT → KO animals. Combined, these data show that in 
contrast to tubular apoptosis, the degree of tubular necrosis 
appears to be less affected by expression of epithelial NLRX1. 
We also found that inflammatory cell influx did not differ 
between WT and NLRX1 KO animals, with the exception 
of a small increase in F4/80 macrophages in NLRX1 KO 
animals at day 5 after IRI. The increase in TEC apoptosis in 
the absence of epithelial NLRX1 is thus the most striking 
feature during renal IRI. We therefore continued to examine 
the mechanism behind this.

Loss of NLRX1 promotes tubular oxidative stress during IRI
To examine how TECs from Nlrx1 KO animals were more 
susceptible to apoptosis during renal IRI than WT animals, 
we performed stainings for 4-hydroxynonenal (Fig. 2 A) and 
nitrosylated tyrosine (Fig. 2 B) to indicate lipid peroxidation 
and protein nitrosylation, respectively. Tubular epithelial la-
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Figure 1. N LRX1 deficiency increases tubular apoptosis during IRI. (A) Transcription analysis of NLRX1 in kidneys from WT animals obtained the 
indicated time points during IRI (n = 5 per time point). (B) Confocal microscopic imaging of kidney tissue from respectively control WT, ischemic (day 1) WT, 
and NLRX1 KO mice stained for NLRX1 (red), F actin (green) and nuclei (blue). (C) Agarose gel electrophoresis for NLRX1 transcription of WT and KO BM, 
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beling was dramatically increased in kidneys from Nlrx1 KO 
animals at day 1 after ischemia compared with WT controls, 
suggesting increased mitochondrial ROS and RNS pro-
duction in these animals.

We next performed high-resolution transmission elec-
tron microscopy on tissue sections to examine mitochondrial 
morphology and fragmentation (Knott et al., 2008). We did 
not observe differences in mitochondrial morphology be-
tween TECs of normal WT and KO mice (Fig.  2, C and 
D). Kidneys from WT animals showed limited mitochon-
drial fragmentation in proximal epithelial cells at day 1 after 
ischemia (Fig. 2 E), whereas mitochondria from Nlrx1 KO 
(Fig.  2 F) animals showed increased mitochondrial damage 
(Fig.  2  G) and the sporadic presence of a phagosome-like 
structure containing mitochondria (Fig. 2 H).

Transcription of glutathione peroxidase 1 and 3 were 
significantly increased in Nlrx1 KO mice, whereas peroxire-
doxin 1 and superoxide dismutase 2 were not different be-
tween WT and Nlrx1 KO animals (Fig.  2  I). This suggests 
that decreased transcription of detoxification enzymes is not 
the cause of increased oxidative stress in KO mice. These data 
show that NLRX1 deficiency during renal IRI promotes mi-
tochondrial dysfunction and radical production, which may 
underlie the increase in tubular epithelial apoptosis.

NLRX1 deficiency increases apoptosis dependent on 
mitochondrial oxygen radical production
To further examine the mechanism by which loss of NLRX1 
affects oxidative stress, we isolated primary TECs from kid-
neys of WT and Nlrx1 KO mice. Cells were exposed to hy-
poxia for 60 min by submersion under a layer of paraffin oil 
(Stokman et al., 2011), followed by 45 min of reoxygenation 
in medium. Mitochondrial superoxide accumulation was de-
termined by MitoSOX Red. Accumulation of superoxide 
was significantly increased in primary TECs from Nlrx1 KO 
mice after hypoxia, whereas TECs from WT mice appeared 
more resistant (Fig. 3 A). A 24-h duration of reoxygenation 
resulted in a significant increase in cleaved caspase-3 in cells 
from both WT and Nlrx1 KO mice compared with nor-
moxic controls (Fig. 3 B).

Renal IRI results in severe proximal tubule dam-
age, whereas other nephron segments are less susceptible 
(Bonventre and Yang, 2011). Because primary cultures 
contain epithelial cells from all nephron segments and 
contaminating interstitial fibroblasts, we continued using 
the conditionally immortalized proximal tubular epithe-
lial immortalized mouse proximal TEC (IM-PTEC) cell 
line (Stokman et al., 2010), which expresses NLRX1 
(Fig.  3  C). We generated NLRX1 KO cells (cNLRX1), 
and control cells were transfected with the empty vector 
only (cEmpty; Fig.  3  C). Interestingly, superoxide accu-
mulation was already increased in cNLRX1 cells under 
normoxic conditions (Fig. 3 D). Reoxygenation after hy-
poxia significantly increased superoxide accumulation in 
cNLRX1 cells compared with both normoxic controls and 
cEmpty cells exposed to reoxygenation (Fig. 3, D and G). 
Similarly, we found that caspase-3 cleavage was increased 
after hypoxia in cNLRX1 cells compared with cEmpty 
controls (Fig.  3, E and H). In line, culture in a hypoxia 
chamber for 48 h increased caspase-3 cleavage in cNLRX1 
cells compared with cEmpty controls (Fig. 3, F and I). Ex-
posure to the superoxide dismutase-inhibiting compound 
diethyldithiocarbamate or the glutathione-depleting agent 
diethyl maleate resulted in increased superoxide accumu-
lation in cNLRX1 cells compared with cEmpty controls 
(Fig. 3, J and K). These data confirm that loss of NLRX1 
is associated with increased oxidative stress and apoptotic 
cell death after hypoxic cell stress.

To examine the role of oxidative stress in the regula-
tion of apoptosis in NLRX1-deficient cells, we incubated 
cells with N-acetyl cysteine, MitoTEM​PO, and resveratrol 
for 24 h after hypoxia. Antioxidant treatment decreased apop-
tosis of cNLRX1 cells to a degree similar as cNLRX1 cells 
maintained at normoxic conditions (Fig.  4  A). Treatment 
with cyclosporine A (CsA), an inhibitor of the mitochon-
drial permeability transition pore, also reduced apoptosis 
compared with normoxic controls (Fig.  4  B). In contrast, 
treatment with TNF did not enhance susceptibility to apop-
tosis in cNLRX1 cells (Fig. 4 B). Compared with normoxic 
controls, resveratrol and CsA prevented increased LDH levels 

total BM-derived macrophages (Mφ), and ex vivo differentiated M1 and M2 Mφ, granulocytes, primary cultured TECs and the proximal tubular epithelial 
IM-PTEC cell line, amplicon sizes: NLRX1, 90 bp and TBP, 89 bp. (D–J) Analysis of unilateral IRI outcome in WT mice (white bars, n = 8 per time point) and 
NLRX1 KO mice (black bars, n = 8 per time point). (D) Semiquantitative histological scoring of tubular necrosis of kidney sections; representative periodic 
acid-Schiff with digestion images are shown. (E) Plasma LDH levels expressed in units per liter. Immunohistochemistry was performed on kidney sections for 
(F) cleaved caspase-3, (G) Gr-1, and (I) F4/80; representative images are shown for each staining. Positive (F) TECs or (G) Gr-1 expressing cells were counted 
per high-power field (HPF), and (I) F4/80 expressing cells were quantified by digital image analysis and expressed as percentage positive staining per HPF. 
ELI​SA was performed on kidney homogenates for (H) CXCL1 and (J) CCL2. Chemokine levels are corrected for total protein contents of the homogenates. 
(K) Analysis of bilateral IRI outcome in WT mice (white bars, n = 2 in sham group, n = 8 in IRI group) and NLRX1 KO mice (black bars, n = 2 in sham group, 
n = 8 in IRI group). Plasma creatinine levels of mice subjected to bilateral injury and sacrificed at day 1. (L) Survival of WT (n = 8) and NLRX1 KO (n = 8) 
mice at day 5 after bilateral ischemia; white area represents live animals, black area represents dead animals. (M–O) Analysis of bilateral IRI outcome in 
BM chimeric animals: WT BM into WT recipients (WT → WT, white bars, n = 7), WT BM into KO recipients (WT → KO, black bars, n = 7), and KO BM into WT 
recipients (KO → WT, gray bars, n = 7). Analysis of (M) semiquantitative histological scoring of tubular necrosis of kidney sections, (N) plasma LDH levels, 
and (O) immunohistochemical detection of cleaved caspase-3 stained TECs per HPF. Bars, 50 µm (B); 100 µm (D, F, G, I, M, and O). All data are expressed as 
mean ± SEM and were analyzed using a Mann-Whitney U test (*, P < 0.05; **, P < 0.01). a.u., arbitrary units; contr, contralateral kidney; NS, not significant.
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Figure 2.  Increased oxidative stress and disturbed mitochondrial morphology in NLRX1 KO mice during IRI. Digital image analysis of immuno-
histochemistry for (A) 4-hydroxynonenal (4-HNE) and (B) nitrosylated tyrosine on kidney tissue sections from WT and KO animals (white and black bars, 
respectively, n = 8 per group) at the indicated time points during IRI (left). Representative images are presented right for each stain. Bars, 100 µm. All data 
are expressed as mean ± SEM and were analyzed using a Mann-Whitney U test (*, P < 0.05; **, P < 0.01). contr, contralateral kidney. (C–F) Transmission 
electron microscopic imaging of kidney sections obtained from (C and E) WT and (D and F) NLRX1 KO animals. Proximal tubules in contralateral kidneys 
from (C) WT and (D) NLRX1 KO animals show normal mitochondrial morphology. (E) Kidney section from a WT animal at day 1 after ischemia shows mild 
mitochondrial fragmentation (indicated by black arrows). (F) Kidney section from an NLRX1 KO animal at day 1 after ischemia shows extensive mitochon-
drial fragmentation (indicated by black arrow) and mitochondrial collapse (indicated by white arrows). Bars, 2 µm. (C′–F′) High-magnification imaging of 
mitochondria from (C′ and D′) contralateral kidneys and (E′ and F′) injured kidneys. (G) Semiquantitative scoring of mitochondrial damage in WT and NLRX1 
KO mice at day 1 during IRI (white and black bars, respectively, n = 3 per group). Examples of each score are presented. Data are expressed as mean ± SEM 
and were analyzed using a Mann-Whitney U test (*, P < 0.05). White arrows indicate sites of membrane rupture. (H) Transmission electron microscopic 
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during reoxygenation of cNLRX1 cells but not of cEmpty 
cells (Fig. 4 C). These findings confirm that increased apop-
tosis in NLRX1 KO cells results from mitochondrial dam-
age and oxidative stress.

NLRX1-deficient cells show mitochondrial morphological 
abnormalities with normal enzyme function
Mitochondrial morphology changes during reoxygenation 
were examined by labeling cells with the mitochondrial dye 
MitoTracker followed by confocal microscopy (Fig.  5  A). 
During normoxic conditions, cEmpty control cells (Fig. 5 A, 
top) showed a normal mitochondrial network, which was 
fragmented under hypoxic conditions. Upon reoxygenation, 
mitochondrial fusion led to a restored network. Interestingly, 
cNLRX1 cells (Fig.  5  A, bottom) showed a more diffuse 
labeling for mitochondria under normoxic conditions, fol-
lowed by severe fragmentation during hypoxia. Reoxygen-
ation showed a delayed recovery.

These findings were substantiated by analysis of the 
mitochondrial permeability transition pore using JC-1 
(Fig. 5 B), in which we observed a decreased mitochondrial 
membrane potential in normoxic cNLRX1 cells compared 
with cEmpty controls. Reoxygenation in cNLRX1 cells 
was also accompanied by delayed recovery to normal mem-
brane potential as under normoxic conditions when com-
pared with cEmpty cells.

Loss of NLRX1 increases OXP​HOS activity
NLRX1 was shown to interact with UQC​RC2, a subunit 
of the mitochondrial complex III (Arnoult et al., 2009; 
Rebsamen et al., 2011). Because our data suggest that loss 
of NLRX1 primarily exacerbates mitochondrial dysfunc-
tion during hypoxic cell stress, we examined if NLRX1 
deficiency affects OXP​HOS. We examined the mitochon-
drial oxygen consumption rate (OCR) using a Seahorse 
Bioanalyzer. We found that under normoxic conditions, 
the OCR of cNLRX1 cells was significantly increased 
compared with cEmpty controls, specifically basal respi-
ration, ATP production, and maximal respiration (Fig.  5, 
C and D). The extracellular acidification rate, which re-
flects glycolytic activity in cells, showed an inverse cor-
relation to the OCR in cNLRX1 cells (Fig.  5  E). We 
confirmed increased complex II/III activity in vivo by 
examining cytochrome c reduction in isolated renal mi-
tochondria from WT and NLRX1 KO mice (Fig.  5  F). 
We examined if metabolic enzyme activity was affected in 
NLRX1-deficient cells. Activity of citrate synthase, hex-
okinase, LDH, and short-chain-3-hydroxyacyl-CoA dehy-

drogenase were not significantly different in cEmpty and 
cNLRX1 cells (Fig. 5 G), indicating that loss of NLRX1 
does not alter baseline enzyme activity. These data show 
that in NLRX1-deficient cells, OXP​HOS is increased and 
glycolysis slightly decreased compared with controls, inde-
pendent of upstream metabolic enzyme activity.

Interestingly, ATP levels in cNLRX1 cells were signifi-
cantly decreased under normoxic conditions or during re-
oxygenation compared with cEmpty cells (Fig.  5  H). This 
suggests that although oxygen consumption and mitochon-
drial activity are increased in cNLRX1 cells, ATP consump-
tion is likewise increased, or alternatively, ATP synthesis may 
be more inefficient compared with controls.

Knockdown of UQC​RC2 or exposure to polyunsaturated 
fatty acid prevents apoptosis in cNLRX1 cells
Inactivating mutations in the UQC​RC2 gene reduces 
complex III activation in humans (Miyake et al., 2013). Be-
cause NLRX1 has been shown to associate with UQC​RC2 
(Arnoult et al., 2009; Rebsamen et al., 2011), we investi-
gated if UQC​RC2 is responsible for increased apoptosis 
of cNLRX1 cells after hypoxia. We treated both cEmpty 
and cNLRX1 cells with siRNA specific for UQC​RC2 
(Fig. 6 A) and subjected these cells to hypoxia followed by 
reoxygenation. As a control, both cell lines were treated with 
siRNA to GFP. Treatment of cNLRX1 cells with siRNA for 
UQC​RC2 significantly reduced apoptosis compared with 
cells transfected with siRNA to GFP (Fig.  6  B). Knock-
down of UQC​RC2 prevented increased mitochondrial 
ROS during reoxygenation in both cEmpty and cNLRX1 
cells (Fig. 6 C). These data show that mitochondrial ROS 
production during reoxygenation is dependent on expres-
sion of UQC​RC2 but that, only in cNLRX1 cells, this also 
results in increased apoptosis.

A recent study identified the polyunsaturated fatty 
acid docosahexaenoic acid (DHA) as one of three fatty acid 
ligands for NLRX1 (Lu et al., 2015). Therefore we exam-
ined if DHA could reduce apoptosis after reoxygenation 
in an NLRX1-dependent fashion. Palmitate, a saturated 
fatty acid, was used as a control. In cEmpty cells treated 
with DHA, caspase-3 cleavage was not increased during 
reoxygenation compared with control-treated cells or cells 
treated with palmitate. In cNLRX1 cells, caspase-3 cleav-
age was not affected by both DHA and palmitate treatment 
during reoxygenation. These findings show that the un-
saturated fatty acid DHA, but not the saturated fatty acid 
palmitate, reduces apoptosis in an NLRX1-dependent fash-
ion during reoxygenation.

imaging of a kidney section obtained from an NLRX1 KO animal at day 1 after ischemia showing a phagosome-like structure containing mitochondria. 
Mitochondrial fragmentation (black arrows) and mitochondrial collapse (white arrows) are indicated; n, nucleus. (I) Transcription of glutathione peroxidase 
(GPX) 1 and 3, peroxiredoxin 1 (PRDX1), and superoxide dismutase 2 (SOD2) in kidney tissue from WT and KO animals (white and black bars, respectively, 
n = 8 per group) at the indicated time points during IRI. Bars, 500 nm, 1 µm, or 2 µm as indicated. Data are expressed as mean ± SEM and were analyzed 
using a Mann-Whitney U test (*, P < 0.05).
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Figure 3.  Loss of NLRX1 increases ROS production and apoptosis after hypoxia. Primary isolated TECs obtained from WT (white bars) or NLRX1 KO 
(black bars) mice were subjected to hypoxia and (A) labeled with MitoSOX Red for 45 min during reoxygenation and (B) stained for cleaved caspase-3 at 
24 h of reoxygenation. (C) Western blot for NLRX1 on parental IM-PTEC, cEmpty, and cNLRX1 cells. WT and NLRX1 KO kidney was used as control. B actin 
was used as loading control. Protein molecular weight is indicated in kilodaltons. Digital image analysis of cEmpty (white bars) or cNLRX1 (black bars) cells 
subjected to hypoxia and (D) labeled with MitoSOX Red for 45 min during reoxygenation and (E) stained for cleaved caspase-3 at 24 h of reoxygenation. 
Representative images for (G) MitoSOX Red labeling (red) and a nuclear counterstain (blue) as analyzed in D and for (H) cleaved caspase-3 (green) with 
counterstains for F actin (red) and nuclei (blue) as analyzed in E. (F) Analysis of cleaved caspase-3 after 48 h in a hypoxic chamber and (I) representative 
images for cleaved caspase-3 (green) with counterstains for F actin (red) and nuclei (blue). (J) Digital image analysis of cells incubated for 3 h with the 
indicated compounds and labeled with MitoSOX Red. DDC, diethyldithiocarbamate; DEM, diethyl maleate. (K) Representative images with MitoSOX Red 
labeling (red) and a nuclear counterstain (blue) used for analysis presented in J. Data are expressed as mean ± SEM and were analyzed using an unpaired  
t test or ANO​VA (nephrotoxicants; *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. respective normoxic control; #, P < 0.05; ##, P < 0.01; ###, P < 0.001 vs. cEmpty 
control). All conditions were determined in triplicate; representative data from three independent experiments are shown. Bars, 50 µm (G–I) and 10 µm (K).
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Decreased NLRX1 expression during acute tubular necrosis 
and acute cellular rejection in patients
Decreased NLRX1 expression was associated with sever-
ity of lung injury in COPD patients (Kang et al., 2015). We 
therefore examined tubular NLRX1 expression by immuno-
histochemistry on biopsy material from patients diagnosed 
with acute tubular necrosis (ATN) or acute cellular rejection 
(ACR). ATN results most commonly from renal IRI (De-
varajan, 2006), whereas ACR involves a T cell–specific al-
lo-immune response that is triggered by prior ischemia and 
delayed graft function (Menke et al., 2014). As controls we 
used protocol biopsies taken at 6 mo after transplantation 
from normally functioning transplanted kidneys and pretrans-
plantation kidney allografts.

In normal kidney tissue, tubules showed clear cytoplasmic 
NLRX1 labeling (Fig. 7 A). We observed strong NLRX1 label-
ing in smooth muscle cells lining renal blood vessels (Fig. 7 B). 
In contrast, NLRX1 expression was absent or low in biopsies 
diagnosed with ATN (Fig. 7 C) or ACR (Fig. 7 D), show-
ing that NLRX1 is significantly decreased in tubular injury 
(Fig. 7 F). Interestingly, we did find that NLRX1 expression 
was present in inflammatory cells in ACR biopsies (Fig. 7 E).

Discussion
The rapidly expanding field of immunometabolism investi-
gates the interaction between metabolic switches and immu-

nological activity of cells. Immune activation may drastically 
alter a cell’s metabolic signature to support cell proliferation 
and increased functional activity, for example during T lym-
phocyte activation (Wang et al., 2011) and dendritic cell ac-
tivation (Everts et al., 2014). In this study we provide a novel 
connection of NLRX1, a designated innate immune system 
receptor, with control of epithelial cellular metabolism during 
conditions of cytotoxic cell stress. Although first implicated 
in immune regulation, we find that NLRX1 function may 
be extended to control of mitochondrial activity and pre-
vention of apoptosis in peripheral tissue injury. Our results 
show that NLRX1 expression regulates oxidative stress in 
renal IRI by controlling mitochondrial activity and oxygen 
consumption, consequently regulating TEC apoptosis. Loss 
of NLRX1 in animal and cell models significantly increased 
expression of markers for mitochondrial oxidative stress 
during IRI and was accompanied by severe mitochondrial 
morphological alterations. The central role of mitochondrial 
dysfunction leading to oxidant production and apoptosis was 
further demonstrated by the antiapoptotic effect of antiox-
idants and CsA-mediated inhibition of the mitochondrial 
transition pore in NLRX1 KO cells. This suggests that loss of 
NLRX1 is associated with increased tissue injury. Suppression 
of NLRX1 occurs in chronic obstructive pulmonary disease 
and was associated with increased disease severity (Kang et al., 
2015). Similarly, we observed a transient reduction in NLRX1 

Figure 4.  Antioxidant treatment reduces apoptosis in cNRX1 cells. (A) Cells were treated with the indicated antioxidant compounds for 24 h under 
normoxic conditions (white bars) or after hypoxia (black bars). Cleaved caspase-3 staining was analyzed by digital image analysis. NAC, N-acetyl cysteine.  
(B) Cells were treated with the indicated compounds for 24 h under normoxic conditions (white bars) or after hypoxia (black bars). Cleaved caspase-3 stain-
ing was analyzed by digital image analysis. (C) Cells were treated with the indicated antioxidant compounds for 24 h under normoxic conditions (white bars) 
or after hypoxia (black bars). LDH levels in conditioned medium and cell fraction were determined and expressed as the ratio of medium LDH over cellular 
LDH. All data are expressed as mean ± SEM and were analyzed using an unpaired t test (*, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. respective normoxic control; 
N.S., not significant). All conditions were determined in triplicate; representative data from three independent experiments are shown.
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transcription during renal IRI in WT animals and in biopsies 
from patients diagnosed with ATN and ACR, suggesting that 
loss of NLRX1 may be involved in initiation of the injury re-
sponse to renal ischemia and may result from a general reduc-

tion in transcription of genes that are not directly involved 
in cellular support or repair after injury. Finally, we found no 
clear difference in the degree of tubular necrosis between WT 
and NLRX1 KO mice (Fig. 1, B and L), suggesting that other 

Figure 5.  Loss of NLRX1 disrupts mitochondrial morphology but increases mitochondrial activity. (A) Confocal microscopic images of cEmpty (top) 
and cNLRX1 cells (bottom) labeled with MitoTracker Deep Red (red) at the indicated time points. Nuclei (blue) were counterstained; bars, 10 µm. White 
arrows indicate examples of mitochondrial fragmentation. Conditions were examined in triplicate; representative images are shown. reox, reoxygenation. 
(B) Analysis of mitochondrial membrane potential using JC-1 labeling under normoxic conditions or at indicated time points after hypoxia for cEmpty cells 
(open circles) and cNLRX1 cells (closed circles). All conditions were examined in sixfold. Representative data from three independent experiments are shown. 
(C) Seahorse Bioanalyzer OCR readout of a typical mitochondrial function assay using cEmpty (open circles) and cNLRX1 (closed circles) without adjustment 
for cell number. AA, antimycin A; rot, rotenone. Conditions were determined in sixfold; representative data from three independent experiments are shown. 
(D) OCR data from C adjusted for cell input for cEmpty cells (white bars) and cNLRX1 cells (black bars). (E) Seahorse Bioanalyzer extracellular acidification 
rate (ECAR) readout of a typical mitochondrial function assay using cEmpty cells (open circles) and cNLRX1 cells (closed circles) without adjustment for cell 
number. Conditions were determined in sixfold. Representative data from three independent experiments are shown. (F) Complex II/III activity determined 
in isolated kidney mitochondria from WT (white bars) and NLRX1 KO mice (black bars; n = 3 per group). (G) Enzyme activity of citrate synthase, hexokinase, 
LDH, and SCH​AD determined in normoxic cEmpty and cNLRX1 cells. All conditions were examined in triplicate; representative data from three independent 
experiments are shown. (H) ATP levels in cEmpty cells (white bars) and cNLRX1 cells (black bars) were measured at the indicated time points and adjusted 
to total protein contents per sample. Conditions were examined in sixfold. Representative data from three independent experiments are shown. All data are 
expressed as mean ± SEM and were analyzed using an unpaired t test except enzyme activity by Mann-Whitney U test (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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mechanisms, besides loss of NLRX1 expression, are more in-
volved in necrotic cell death in renal IRI. We observed a slight 
decrease in LDH release in cNLRX1 cells during reoxygen-
ation compared with cEmpty cells. An explanation could be 
that, in contrast to our in vivo model in which necrosis may 
be induced by granulocyte activation (Jansen et al., 2017), in 
vitro LDH release can only be the result of reoxygenation.

Recently, NLRX1 was shown to be a regulator of 
apoptosis in tumor and transformed cells (Soares et al., 
2014; Singh et al., 2015). Loss of NLRX1 in tumor cells or 
SV40-transformed cells, but not in nontransformed cells, in-
creased susceptibility to cell death induced by TNF combined 
with cycloheximide (Soares et al., 2014). We found that TNF 
exposure during reoxygenation did not increase apoptosis in 
our NLRX1 KO cells compared with normoxic controls. We 
used a conditionally immortalized cell line, which was used 
for cell assays after 1-wk culture under restrictive conditions, 
resulting in loss of SV40 expression (Stokman et al., 2011). 
Therefore our findings are in line with studies that show 
that NLRX1 decreases susceptibility to extrinsic apoptosis in 
SV40-transformed cells only. In contrast, the study by Singh 
et al. (2015) shows that introduction of NLRX1 in HEK293 
cells increases TNF-induced cell death. In addition they found 
that NLRX1 expression, rather than loss of NLRX1 expres-
sion, is responsible for increased oxidative stress upon TNF 
stimulation but suggested that this is dependent on caspase-8 
activation and failed to show a direct correlation between 
oxidative stress and apoptosis.

NLRX1 was initially implicated in regulation of an-
tiviral immunity by blocking association of TRAF6 to IκK 
(Allen et al., 2011; Xia et al., 2011). We found no clear ef-
fect of NLRX1 deletion on inflammatory cell accumula-
tion in comparison with WT animals during IRI, with the 
exception of chemokine production (Fig. 1, E–H). Expres-
sion of CXCL1 and CCL2 by proximal TECs during IRI 
is dependent on functional TLR2 activation (Leemans et al., 
2005), upstream of NF-κB activation. We therefore cannot 
completely rule out that NLRX1 is involved in negative reg-
ulation of NF-κB signaling during IRI. However, our data 
clearly point toward mitochondrial dysfunction and increased 
ROS production as the principal mechanism behind the in-
crease in tubular epithelial apoptosis in mice and cells that 
lack NLRX1. In addition, by using BM chimeric animals, we 
established that loss of renal NLRX1, but not BM NLRX1, 
results in increased tubular epithelial apoptosis.

Figure 6.  Knockdown of UQC​RC2 and exposure to polyunsaturated 
fatty acid prevents apoptosis in cNLRX1 cells. (A) Western blot analysis 
of UQC​RC2 expression in cEmpty and cNLRX1 cells treated with siGFP or 
siUQC​RC2, as indicated. Relative expression (Rel. expr.) for UQC​RC2 was 
determined by densitometric analysis for UQC​RC2 and respective β actin 
bands. Protein molecular weight is indicated in kilodaltons. (B and C) Cells 
were treated with the indicated siRNA and subjected to hypoxia followed 
by reperfusion for 24 h. (B) Cleaved caspase-3 staining and (C) MitoSOX 

Red were analyzed by digital image analysis for normoxia (white bars) and 
reoxygenation (black bars) samples. (D) Cleaved caspase-3 staining was 
analyzed by digital image analysis for normoxia (white bars) and reoxy-
genation (black bars) during 24 h of exposure to the indicated fatty acids. 
Data are expressed as mean ± SEM and were analyzed using an unpaired 
t test (*, P < 0.05; **, P < 0.01; ***, P < 0.001 vs. normoxic control). All 
conditions were determined in triplicate; representative data from three 
independent experiments are shown.
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A recessive inactivating mutation in the UQC​RC2 gene 
found in related individuals resulted in neonatal onset of hy-
poglycemia, lactic acidosis, ketosis, and hyperammonemia and 
was the basis for complex III functional deficiency (Miyake 
et al., 2013). Its exact role in regulation of OXP​HOS remains 
unknown, but UQC​RC2 has been classified as a pseudo- 
mitoprotease, comprising a group of catalytically deficient 
mitochondrial proteases with a regulatory function (Quirós 
et al., 2015). We found that loss of NLRX1 increased  
OXP​HOS in cells and tissue, suggesting that NLRX1-mediated 
regulation of UQC​RC2 is responsible for control of complex 
III activity. We found that increased apoptosis in NLRX1 KO 
cells after hypoxia was dependent on accumulation of ROS. 
In line with this, siRNA-mediated knockdown of UQC​RC2 
suppressed apoptosis of NLRX1-deficient cells, providing ev-
idence for a direct or indirect interaction between NLRX1 
and UQC​RC2 resulting in decreased complex III activity. 
Knockdown of UQC​RC2 may affect complex III formation 
and activity and could therefore negatively influence ROS 
production merely by disruption of the electron transport 
chain. However, pharmacological inhibition of complex III 
by antimycin A increased apoptosis 10-fold in cEmpty and 
cNLRX1 cells compared with control-treated cells (unpub-
lished data). Thus UQC​RC2 deficiency may alter complex 
III formation with moderate effects on complex activity (Mi-
yake et al., 2013) without complete electron transport chain 
disruption. In addition, we found that although OCR mea-
surement hinted at increased ATP production in cNLRX1, 
ATP levels are significantly decreased in cNLRX1 cells com-
pared with controls, suggesting increased ATP consumption 
by cNLRX1 cells or inefficient ATP synthesis. Depletion of 

ATP from proximal TECs during IRI is one of the principal 
mechanisms triggering mitochondrial ROS formation (De-
varajan, 2006). Therefore decreased ATP levels in cNLRX1 
cells may additionally contribute to increased ROS formation 
and apoptosis. Our results are in line with those of Singh et 
al. (2015), who showed that knockdown of NLRX1 is associ-
ated with increased complex III activity but does not increase 
ATP levels compared with control cells.

Surface plasmon resonance spectroscopy revealed that 
the polyunsaturated fatty acids DHA, punicic acid, and ele-
ostearic acid bind the C-terminal end of the leucine-rich re-
peat domain of NLRX1 and modulate intestinal injury in an  
NLRX1-dependent way (Lu et al., 2015). These findings indi-
cate that NLRX1 activity can be modulated by fatty acid lev-
els. We found that the polyunsaturated fatty acid DHA, but not 
the saturated fatty acid palmitate, prevented apoptosis during 
reoxygenation dependent on NLRX1 (Fig. 6 D), confirming 
that polyunsaturated fatty acids modulate NLRX1 function. 
Several studies demonstrate the anti-inflammatory proper-
ties of DHA and its metabolites in models for kidney injury 
(Duffield et al., 2006; Li et al., 2017). Although we found that 
DHA decreases apoptosis in an NLRX1-dependent fashion 
using a cell model for AKI, we acknowledge that DHA is not 
a selective ligand for NLRX1. For example, DHA metabolites 
inhibited NLRP3 inflammasome activation in a model for 
glomerular injury (Li et al., 2017). In addition, DHA may act 
on different cell types, as DHA-derived resolvins primarily 
decreased activation of inflammatory cells in AKI (Duffield et 
al., 2006). The lack of pharmacological activators or inhibitors 
is therefore a limitation of the present study. Concerning the 
other NLRX1 ligands described by Lu et al. (2015), we were 

Figure 7. D ecreased tubular NLRX1 expression in ATN and ACR biopsies. (A) Representative example of NLRX1 immunostaining performed on a 
protocol biopsy at 6 mo after renal transplantation. Expression of NLRX1 by (B) renal vascular smooth muscle cells. Absent or low NLRX1 labeling in biopsies 
diagnosed with (C) ATN and (D) ACR. (E) NLRX1 expression by inflammatory cells but not tubular epithelium in ACR. (F) Semiquantitative scoring of tubular 
staining intensity for NLRX1. Data are expressed as mean ± SEM and were analyzed using a Mann-Whitney U test (*, P < 0.05 vs. both controls). Pre-Tx, 
pretransplantation kidney (n = 3); prot Bx, protocol biopsy at 6 mo after transplantation (n = 4); ATN (n = 11) and ACR (n = 10). Bars, 50 µm.
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unable to find a reliable commercial source for punicic acid 
without contaminating impurities, and we did not examine 
eleostearic acid, because the original study did not fully inves-
tigate how this fatty acid acts on intestinal injury compared 
with DHA and punicic acid.

We found that in epithelial cells, NLRX1 may act as an 
inhibitor of mitochondrial activity and blocks excessive oxi-
dative stress in a model for AKI. In contrast to other pattern 
recognition receptors that worsen outcomes by triggering 
immune response activation, NLRX1 is to our knowledge 
the first pattern recognition receptor that has a protective role 
in renal tissue injury. Our study challenges current ideas on 
NLRX1 function and proposes a direct link between an in-
nate immune receptor and control of mitochondrial function.

Materials and methods
Reagents and antibodies
Rat-anti–mouse-Gr-1 (cat 553126; BD), -CD45.1 (cat  
553772; BD) and -CD45.2 (cat 552950; BD), rabbit- 
anti–mouse-NLRX1 (cat 17215-1-AP; ProteinTech), 
rat-anti–mouse-F4/80 (cat MCA497; AbD Serotec), 
mouse-anti–mouse-β actin (cat A5316; Sigma-Aldrich), rab-
bit-anti–human-NLRX1 (cat HPA038630; Sigma-Aldrich), 
and rabbit-anti–mouse-UQC​RC2 (cat SAB1411387; Sig-
ma-Aldrich), rabbit-anti–cleaved caspase-3 (cat 9661; Cell 
Signaling Technology), rabbit-anti–human-NLRX1 (cat 
ab107611; Abcam) and 4-hydroxynonenal (cat ab46545; 
Abcam), and nitrosylated tyrosine (cat AB5411; EMD Milli-
pore) were purchased. Secondary Alexa Fluor 488– and Alexa 
Fluor 594–labeled antibodies were purchased from Thermo 
Fisher Scientific. Antimycin A, CsA, N-acetyl-cysteine,  
MitoTEM​PO, resveratrol, Hoechst 33342, NADH, sodium 
pyruvate, diethyldithiocarbamate, diethyl maleate, palmitate, 
and cis-4,7,10,13,16,19-DHA were purchased from Sig-
ma-Aldrich. Recombinant mouse TNF-α was purchased 
from ProSpec. Paraffin oil (paraffin liquidum, 110–230 mPa·s) 
was from Spruyt-Hillen.

Mice and animal experimental procedures
Homozygous NLRX1 KO mice were generated as described 
previously (Soares et al., 2013) from B6.C-Tg(CMV-cre)1C-
gn/J mice and congenic NLRX1 floxed B6 mice and bred 
at our institute. Age-matched (8–10-wk-old) male WT 
C57BL6/J were obtained from Charles River. All animals re-
ceived food and water ad libitum. Mice were anesthetized 
using Midazolam (Actavis) and Hypnorm (Vetapharma) and 
maintained on heat pads for the whole duration of the proce-
dure. To induce renal IRI, an abdominal midline incision was 
made and renal pedicles were clamped using nontraumatic 
vascular clips. For bilateral IRI, pedicles were clamped for 20 
min (n = 8 for WT mice and NLRX1 KO mice) or 25 min 
for BM chimeric mice (n = 7 per group; see below). Sham-op-
erated animals (n = 2 per group) received identical treatment 
without clamping of the renal pedicles. For unilateral IRI, 
the left pedicle was clamped for 30 min (n = 8 per group), 

whereas the contralateral kidney served as an internal control. 
Restoration of renal perfusion was confirmed after release of 
clamps by visual inspection. The abdomen was irrigated with 
a sterile saline solution, after which the incision was closed 
using nonabsorbable sutures (6.0; Tyco Healthcare). All mice 
received a subcutaneous injection of 0.1 mg/kg Temgesic 
(Schering-Plough) postoperatively. Animals were sacrificed at 
day 1 or 5 after ischemia by heart puncture for blood collection 
under isoflurane anesthesia followed by cervical dislocation. 
Blood samples were transferred to lithium-heparin gel tubes. 
Kidneys were collected and fixed in formalin (for immunohis-
tochemistry), in Karnovsky solution (for electron microscopy) 
or snap-frozen in liquid nitrogen for further processing.

For isolation of primary TECs, kidneys were removed 
and maintained on ice in HBSS supplemented with 50 U 
penicillin and 50 µg/ml streptomycin. The renal capsule was 
removed and tissue minced using scalpels. A single-cell sus-
pension was made using collagenase digestion in DMEM/
F12 medium for 30 min at 37°C, cell straining over a 70- and 
40-µm filter mesh and cultured in HK-2 medium (see below) 
for up to 1 wk under normal culture conditions.

All experimental procedures were approved by the Ani-
mal Care and Use Committee of the Academic Medical Cen-
ter. All animals received food and water ad libitum.

Generation of BM chimeric mice
Total BM was collected from donor mice by flushing femurs 
and tibiae with sterile PBS supplemented with 10% FCS 
(Invitrogen) and penicillin (50 U/ml)/streptomycin (50 µg/
ml; Invitrogen). Recipient mice were lethally irradiated with 
two doses of 4.5 Gy, divided by 3 h minimally, using a 137Cs 
irradiator (CIS Bio International). After the last irradiation 
dose, mice received an intravenous injection of total volume 
of 300 µl per mouse containing 5 × 106 donor BM cells and 
2 × 105 spleen cells of the recipient strain to induce acute ra-
dioprotection. Three groups were created: BM from NLRX1 
KO mice into WT recipients (KO → WT), BM from WT 
mice into NLRX1 KO recipients (WT → KO), and BM 
from WT mice into WT recipients (WT → WT).

For 6 wk after transplantation, mice received ster-
ile acidified tap water (12 mM HCl) that contained 0.16% 
neomycin sulfate (Sigma-Aldrich). Functional BM engraft-
ment was determined by expression analysis of CD45.1 (WT 
C57BL6/J animals) and CD45.2 (NLRX1 KO animals) by 
peripheral leukocytes using a FAC​SCalibur (BD Biosciences) 
flow cytometer. Chimeras with donor BM engraftment of 
>75% or higher were used for further experiments. Note that 
this approach was not used for WT → WT control BM trans-
plantation animals. No gross hematological abnormalities 
were detected in all animals after transplantation.

Histopathological analysis and measurement 
of renal function and LDH
For histopathology scoring, sections were stained with peri-
odic acid-Schiff reagents after diastase digestion. Tubular ne-
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crosis was determined by a pathologist in a blinded fashion 
by quantifying the percentage of affected tubules per 10 high 
power fields in the corticomedullary region graded on a scale 
from 0–5: 0 = 0%; 1 = <10%; 2 = 10%–25%; 3 = 25%–50%; 
4 = 50%–75%; and 5 = >75%. Plasma LDH was measured at 
the Department of Clinical Chemistry of our institution in 
a routine fashion using CREA plus (Roche). NLRX1 ex-
pression was determined on patient renal biopsies that were 
taken according to protocol at 6 mo after kidney transplanta-
tion (n = 4), pretransplantation grafts that were not approved 
for transplantation (n = 3), and biopsies of patients diagnosed 
with ATN (n = 11) or ACR after kidney transplantation  
(n = 10). All biopsy material was fixed in formalin before 
paraffin embedding. NLRX1 immunohistochemical staining 
was scored semiquantitatively using a scale from 0–3: 0 = no 
staining; 1 = low staining intensity; 2 = intermediate staining 
intensity; 3 = high staining intensity. All renal biopsies were 
taken for diagnostic purposes only. This research project used 
only leftover biological material, anonymous and delinked 
from patient records, and as such was not subject to any re-
quirement for ethical review or approval.

Immunohistochemistry and ELI​SA
For paraffin embedding, tissue samples were fixed for 24 h in 
formalin and processed in a Tissue-Tek VIP (Sakura). Tissue 
sections (4 µm thick) were dewaxed, and sections were treated 
with 0.3% hydrogen peroxide in methanol for 15 min. For 
cleaved caspase-3, 4-hydroxynonenal and nitrosylated tyro-
sine and NLRX1 stainings, sections were boiled for 10 min in 
a citrate buffer, pH 6.0, and for the Gr-1 and F4/80 staining 
incubated in a pepsin buffer (0.01 U/ml) at 37°C for 15 min. 
Sections were blocked with Ultra V block (Thermo Fisher 
Scientific) for 30 min and incubated with primary antibodies 
overnight at 4°C. Sections were incubated with HRP-conju-
gated secondary antibodies for 30 min. Antibodies and block-
ing solution were diluted in PBS. Sections were stained with 
3,3-diaminobenzidine, and alternatively, nuclei were counter-
stained with hematoxylin or methylene green. Images were 
obtained using an Olympus BX51 microscope (lenses: UP-
lanFl 20×/0.50 and UPlanAPO 40×/0.85) fitted with a DP70 
camera and the provided acquisition software (Olympus).

Frozen tissue was lysed in Greenberger lysis buffer 
(300 mM NaCl, 30 mM Tris, 2 mM MgGl2, 2 mM CaCl2, 
and 1% Triton X-100, pH 7.4, supplemented with Protease 
Inhibitor Cocktail II; Sigma-Aldrich). Duoset ELI​SAs for 
CXCL1 (KC) and CCL2 (MCP1) were from R&D Systems 
and performed according to the supplied protocol. Data were 
adjusted for total protein concentration as determined by bi-
cinchoninic acid protein assay (Thermo Fisher Scientific).

Mitochondrial isolation and determination of 
complex II/III activity
Kidney mitochondria were isolated as described by Frezza 
et al. (2007). In short, kidneys were taken from WT and 
NLRX1 KO mice and maintained on ice in a buffer contain-

ing 0.2 M sucrose, 0.01 M Tris, and 1 mM EGTA. Tissue was 
minced and homogenized using a glass-Teflon potter. Mi-
tochondria were collected after centrifugation at 7,000 g, as 
described by Frezza et al. (2007). Complex II/III activity was 
determined using the MitoTox OXP​HOS complex II+III 
activity kit (Abcam) according to the provided protocol. Cy-
tochrome c reduction was measured at 550 nm using a Clar-
ioSTAR plate reader. Data were expressed as Vmax, defined 
as delta mOD per minute.

Cells and cell culture
All cells were cultured in HK-2 medium (DMEM/F12 me-
dium [Invitrogen] with 10% FBS [Invitrogen], 5 µg/ml insu-
lin and transferrin, 5 ng/ml sodium selenite [Thermo Fisher 
Scientific], 20 ng/ml triiodo-thyrionine [Sigma-Aldrich], 50 
ng/ml hydrocortisone [Sigma-Aldrich], and 5 ng/ml prosta-
glandin E1 [Sigma-Aldrich] with l-glutamine and antibiotics 
[both from Invitrogen]). Conditionally IM-PTECs (Stokman 
et al., 2010) were cultured at 33°C in the presence of 10 ng/
ml IFN-γ (ProSpec) and maintained at 37°C without IFN-γ 
for an additional week before start of the assay, resulting in 
loss of SV40 expression (Stokman et al., 2011). Primary TECs 
were isolated and cultured as described above.

For generation of NLRX1 KO cells, we used CRI​
SPR/Cas9-mediated KO. The following guide strands were 
cloned in the LentiCRI​SPR vector v2 (Addgene): 5′-CAC​
CGC​AGG​GAT​AGA​TTG​GAC​GTGT-3′ and 5′-AAA​CAC​
ACG​TCC​AAT​CTA​TCC​CTGC-3′. The resulting plasmid 
was transfected into HEK293T cells together with pVSVg 
and psPAX2 (both from Addgene) using Genius transfection 
reagent (Westburg). Supernatant of transfected cells contain-
ing viral particles was supplemented with 8 µg/ml polybrene 
(Sigma-Aldrich) and added to IM-PTECs cultured under 
permissive conditions for 24 h. After puromycine selection, 
cells were cultured as described above, and protein KO was 
confirmed by Western blotting.

For siRNA-mediated protein knockdown, cells were 
transfected with 50 nM siRNA specific for GFP (GFP Du-
plex I) or UQC​RC2 (SMA​RTpool Accell; GE Healthcare) 
using INT​ERF​ERrin transfection reagents (Polyplus-trans-
fection) for 6  h. Cells were maintained in HK-2 medium 
with 5% FCS for 2 d until the start of the assay.

RNA isolation and real-time PCR
Frozen tissue was lysed in TriReagent, and RNA was pre-
cipitated by isopropanol after chloroform phase separation. 
cDNA was synthesized using M-MLV reverse transcription 
(Thermo Fisher Scientific). Transcription was analyzed using 
real-time quantitative PCR on a LightCycler480 (Roche). 
Primers (Table 1) were synthesized by Eurogentec.

Cell assays
In vitro hypoxia-reoxygenation injury was induced as de-
scribed previously (Stokman et al., 2014) by paraffin oil 
submersion for 60 min. Reoxygenation was induced by re-
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placement of the oil layer by culture medium for 45 min 
(acute) or 24 h (long term). To examine mitochondrial su-
peroxide production, cells were labeled with 1 µM MitoSOX 
Red (Thermo Fisher Scientific) for 45 min. For incubation in 
nitrogen gas, cells maintained in normal culture medium were 
placed in a Modular Incubator Chamber (Billups Rothen-
berg), which was flushed for 10 min with nitrogen (5 liters/
min). After sealing, the chamber was placed in a standard 
cell incubator for 48 h. Normoxic controls were maintained 
under normal culture conditions.

To examine nephrotoxicant-induced oxidative stress, 
cells were incubated for 3 h with sodium diethyldithiocarba-
mate trihydrate or diethyl maleate (both from Sigma-Aldrich) 
and with MitoSOX Red for the last 45 min.

DHA and palmitate were conjugated to 2% (wt/
vol) fatty acid–free, low-endotoxin BSA (Sigma-Aldrich) 
in DMEM/F12 medium at 37°C for 60 min and used for 
cell stimulation at a 50  µM concentration in HK-2 me-
dium containing 2.5% FCS.

To determine LDH, 50 µl of cell-conditioned medium 
was added to 50  µl fresh medium containing 0.4% Triton 
X-100, mixed and added to 200 µl substrate buffer (100 mM 
sodium phosphate, 12.5 mM β-nicotinamide adenine dinu-
cleotide, and 1.13 mM sodium pyruvate, pH 7.5). Absorbance 
was measured directly and after 10 min at 340 nm using a 
CLA​RIOstar plate reader (BMG LAB​TECH).

For mitochondrial membrane polarity measurement, 
cells were plated in black 96-well µClear plates (Greiner) and 
subjected to hypoxia-reoxygenation as described above. Mito-
chondrial polarity was determined using the MITO-ID Mem-
brane potential cytotoxicity kit (Enzo Life Sciences). Dual 
fluorescence was measured using a CLA​RIOstar plate reader. 
Data are expressed as the ratio between JC-1 monomer (514 
nm Ex/529 nm Em) and aggregate (514 nm Ex/590 nm Em).

To determine cellular oxygen consumption, cells were 
plated in the provided 96-well assay plates 1 d before the start 
of the assay. Mitochondrial function was determined using 
the XF Cell Mito Stress Test as described in the provided 
protocol, and OCR and extracellular acidification rate were 
measured on a XFe96 Extracellular Flux Analyzer (Seahorse 
Bioscience). Values were adjusted for total cell input per well 
using a crystal violet cell staining. In short, cells were stained 
with 0.4% crystal violet in methanol, washed with deionized 

water, and eluted with methanol. Absorbance of crystal violet 
was measured at 570 nm.

Immunofluorescence and microscopy
Cells were cultured on 12-mm glass coverslips. For mito-
chondrial labeling, cells were incubated with MitoTracker 
DeepRed (Thermo Fisher Scientific). Cells were fixed in 4% 
phosphate-buffered formaldehyde. Kidney tissue cryosections 
(10 µm) were fixed in acetone. Antibody labeling was done 
in PBS with 0.5% BSA and 0.1% Triton X-100. Cells were 
counterstained with FITC or Texas-Red-labeled phalloidin 
(Thermo Fisher Scientific) and/or Hoechst 33342 (Sig-
ma-Aldrich). Coverslips were mounted on glass slides using 
Aqua-Poly/Mount (Polysciences). Epifluorescence micros-
copy was performed on a Leica DM5000B (lenses: 20×/0.70 
and 63×/1.40–0.60), and confocal laser scanning microscopy 
(lens: 63×/1.40) was performed on a Leica TCS SP8 X, both 
using the LAS X acquisition software package (Leica).

For transmission electron microscopy, tissue was col-
lected in Karnovsky fixative and postfixed in 1% osmium 
tetroxide. Tissue samples were block-stained with 1% uranyl 
acetate, dehydrated in dimethoxypropane, and embedded in 
epoxyresin LX-112. Light microscopy sections were stained 
with toluidine blue. Electron microscopy sections were 
stained with tannic acid, uranyl acetate, and lead citrate and 
examined using a Philips CM10 transmission electron micro-
scope (FEI). Images were acquired using a digital transmission 
Morada 10–12 electron microscopy camera (Soft Imag-
ing System) using the Research Assistant software package 
(RVC). We scored morphological disruption of mitochon-
dria on a semiquantitative scale (0–3): 0 = no injury nor-
mal morphology, compact electron dense structure; 1 = mild 
injury: decrease in number of cristae, light swelling, loss of 
electron dense appearance, 2 = severe injury: (near) complete 
loss of cristae, severe swelling of mitochondria; 3 = complete 
disruption: rupture of the outer membrane, collapse of the 
mitochondrial structure. All mitochondria per five individual 
fields (18,500× magnification) per sample were scored, and 
the mean score per field was plotted.

Enzyme activity
Cells were collected and lysed in 0.5% (wt/vol) Triton X-100. 
Activity of citrate synthase, hexokinase, and LDH was deter-

Table 1.  Primer sequences used for quantitative PCR analysis

Gene Full name Forward primer (5′-3′) Reverse primer (5′-3′)

TBP TATA box binding protein GGA​GAA​TCA​TGG​ACC​AGA​AC GAT​GGG​AAT​TCC​AGG​AGT​CA
GAP​DH Glyceraldehyde 3-phosphate dehydrogenase TGT​CCG​TCG​TGG​ATC​TGAC CCT​GCT​TCA​CCA​CCT​TCT​TG
PPIA Peptidylprolyl isomerase A TGC​CAG​GGT​GGT​GAC​TTT​AC GAT​GCC​AGG​ACC​TGT​ATG​CT
GPX1 Glutathione peroxidase 1 TTC​GGA​CAC​CAG​GAG​AAT​GG TAA​AGA​GCG​GGT​GAG​CCT​TC
GPX3 Glutathione peroxidase 3 CTC​GGA​GAT​ACT​CCC​CAG​TCT TGG​GAG​GGC​AGG​AGT​TCT​TC
PRDX1 Peroxiredoxin 1 GGT​ATC​CTG​CTC​CCA​ACT​TCA ATC​TCC​GTG​GGA​CAC​ACA​AA
SOD2 Superoxide dismutase 2 ACA​ACT​CAG​GTC​GCT​CTT​CAG TCC​AGC​AAC​TCT​CCT​TTG​GG
NLRX1 NOD-like receptor X1 TGC​CAT​TTG​CCC​AGG​ACC​TCTT GCT​CCA​CTG​GAT​CAA​GAA​GGA​GAT​ATGC
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mined as described previously (Zuurbier et al., 2005). Activity 
of short-chain-3-hydroxyacyl-CoA dehydrogenase was de-
termined spectrophotometrically using MES, KH2PO4, DTT, 
NADH, and acetoacetyl-CoA, pH 6.2.

Western blotting
Cells and tissue were lysed in a buffer containing 10% glyc-
erol, 1% Nonidet P40, 50 mM Tris-HCl, pH 7.4, 200 mM 
NaCl, 2.5  mM MgCl2 and protease inhibitor cocktail II 
(Sigma-Aldrich). A 5× Laemmli sample buffer containing 
β-mercaptoethanol solution was added to the samples before 
boiling for 5 min, followed by protein separation and blot-
ting on Immobilon-P (EMD Millipore). Immunoblots were 
blocked in Tris-buffered saline with 5% (wt/vol) ELK nonfat 
milk powder (FrieslandCampina) and incubated overnight 
with primary antibodies. For detection, immunoblots were 
incubated with peroxidase-conjugated secondary antibodies 
(Dako), and the presence of proteins was visualized using ECL 
(GE Healthcare) and exposure to Super Rx film (Fujifilm).

Statistics
Data are expressed as mean ± SEM. Data were tested using 
D’Agostino’s K2 normality test and analyzed using an un-
paired Student’s t test or Mann-Whitney U test for normal 
or non-Gaussian data distribution, respectively, or ANO​VA 
combined with Bonferroni’s post hoc test, as indicated in the 
figure legends. Necrosis, mitochondrial damage, and NLRX1 
staining scores were analyzed using the Mann-Whitney U 
test. A p-value ≤ 0.05 was considered to indicate statistical 
significance. All statistical analyses were performed using 
GraphPad Prism 5 (GraphPad Software).
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