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Background: Lectin-like oxidized low-density lipoprotein scavenger receptor-1 (LOX-1) is known to be
involved in many pathophysiological events, such as inflammation.
Methods: To clarify the role of LOX-1 in mtDNA damage and NLRP3 inflammasome activation, we studied
wild-type (WT) and LOX-1 knockout (KO) mice given thioglycollate, an inflammatory stimulus.
Results: We observed intense inflammatory response (CD45 and CD68 expression) and mtDNA damage in
spleen and kidneys of WT mice given thioglycollate. The abrogation of LOX-1 (use of LOX-1 knockout
mice) reduced the inflammatory response as well as mtDNA damage (P < 0.05 vs. WT mice). We also
observed that mice with LOX-1 deletion had markedly reduced expression of caspase-1 (P10 and P20
subunits) as well as cleaved IL-1b and IL-18. These mice also had much less mtDNA damage and only lim-
ited NLRP3 inflammasome expression.
Conclusions: These in vivo observations indicate that LOX-1 plays a key role in mtDNA damage which
then leads to NLRP3 inflammasome activation during inflammation.

Published by Elsevier Inc.
1. Introduction

Lectin-like oxidized low-density lipoprotein scavenger recep-
tor-1 (LOX-1) is one of the major receptors responsible for binding,
internalizing and degrading ox-LDL [1,2]. Activation of LOX-1 has
been known to be related to many pathophysiological events,
including apoptosis, inflammation and atherogenesis [3]. As a
molecular platform for immune defense, NLRP3 inflammasome
triggers caspase-1, which results in the cleavage and secretion of
IL-1 family cytokines, such as IL-1b and IL-18 [4].

As energy-producing organelles, mitochondria can suffer dam-
age under oxidative stress resulting in cellular dysfunction and
inflammation [5]. Similar to bacterial DNA, mitochondrial DNA
(mtDNA) contains inflammatogenic unmethylated CpG motifs,
whereas nuclear DNA is modified by the addition of methyl groups
on certain sequences known as CpG motifs [6,7]. This differential
feature allows immune cells to recognize DNA of invading bacteria.
LOX-1 has been shown to be important in inflammation and to
act as a cell adhesion molecule [8,9]. In rats with endotoxin-
induced inflammatory reaction, Honjo et al. [10] showed that
LOX-1 antibody prevented or attenuated subsequent inflammatory
response. Shin et al. [11] found that remnant lipoprotein particles
stimulated NAD(P)H oxidase-dependent superoxide formation and
induction of cytokines in human endothelial cell line via activation
of LOX-1. However, there is paucity of data to suggest the rele-
vance of LOX-1 in NLRP3 inflammasome activation.

We hypothesized that LOX-1 could play an important role in
mtDNA damage similar to that generated by bacterial DNA during
an infection and NLRP3 inflammasome activation following an
inflammatory stimulus. The present study was designed to test this
hypothesis.
2. Materials and methods

2.1. Animals

The generation of LOX-1 knockout (KO) mice on C57BL/6 back-
ground [also referred to as wild-type (WT) mice] has been
described previously [3]. All animals were housed in the breeding
colony at our institution. All experimental procedures were per-
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formed in accordance with protocols approved by the Institutional
Animal Care and Usage Committee, and conform to the Guidelines
for the Care and Use of Laboratory Animals published by the US
National Institutes of Health. All mice were males and used when
10 weeks old. Absence of LOX-1 in the LOX-1 KO mice was con-
firmed by Western blot analysis in mice spleen and kidney
(Fig. 1A left). Immunohistochemistry also showed total absence
of LOX-1 these tissues (Fig. 1A right).

2.2. In vivo inflammation model

Male WT and LOX-1 KO mice with similar weight were injected
intraperitoneally 0.5 ml of sterile thioglycollate (4% wt/vol, BD Bio-
sciences, Franklin Lakes, NJ), or saline (control). 72 h after injection,
mice were euthanized for collection of blood and various organs.

2.3. ELISA and Western blot

IL-1b and IL-18 were measured in mice serum samples by
ELISA (BD Biosciences). For Western blot, antibodies directed at
D. E

B. C

0

1000

2000

3000

4000

WT 
control

LOX-1 
KO 

control

WT 
THIO

LOX-1 
KO  

THIO

IL
-1

β
(p

g/
m

l) *

A.

LOX-1

β-actin

Spleen Kidney

0

0.5

1

Vs
.  

β-
ac

tin

β-actin

17 kD, Spleen

17 kD, Kidney

*

Vs
.  

β-
ac

tin

0
0.5
1

1.5
2

2.5

WT 
control

LOX-1 
KO 

control

WT 
THIO

LOX-1 
KO 

THIO

Spleen
Kidney

LO
X-

1 
ex

pr
es

si
on

42 kD

52 kD

IL-1β, P17

IL-1β, P17

Fig. 1. LOX-1 deletion inhibits inflammatory response in mice spleen and kidney. (A) L
mice. LOX-1 is completely missing in LOX-1 KO mice. Left panel shows absence of LOX-
spleen and kidney. (B) and (C) Injection of thioglycollate (THIO) intraperitoneally induc
mice, this response is significantly less in LOX-1 KO mice. (D) and (E) IL-1b and IL-18 conc
represent data in mean ± SD based on 5 independent experiments (n = 5), ⁄P < 0.05, LOX
caspase-1 p10, caspase-1 p20 and NLRP3 were purchased from
Santa Cruz Biotechnology (Santa Cruz, Paso Robles, CA); and anti-
bodies directed at IL-18 and IL-1b were purchased from Abcam
(San Francisco, CA).

2.4. mtDNA damage analysis

Real-time quantitative PCR assay (q-PCR) was applied to assess
mtDNA damage as described by Yu et al. [5]. Briefly, mtDNA and
nuclear DNA (nDNA) were isolated using a genomic DNA extrac-
tion kit (QIAGEN, Chatsworth, VA), and specific primers were used
to amplify a fragment of the mitochondrial and/or nDNA. Using
comparative Ct method, DNA damage was quantified by comparing
the relative amplification of large fragments (approximately 10 kb)
of DNA from treated samples to those of controls and normaliz-
ing this to the amplification of smaller (<250 bp) fragments.
DNA lesion frequencies were calculated using Poisson
transformation.

mtDNA damage was also assessed as mtDNA/nDNA ratio [12].
The relative amount of mtDNA (mtDNA/nDNA ratio) was
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determined by q-PCR with NovaQUANT™ Human/Mouse Mito-
chondrial to Nuclear DNA Ratio Kit (EMD Millipore, Billerica, MA).
2.5. Immunohistochemical analysis

5 l thick spleen and kidney sections were stained with
different antibodies and analyzed using Mouse/Rabbit Spe-
cific HRP/DAB detection IHC kit (Abcam). Image J. v 1.46 (NIH,
Bethesda, MD) was used to quantify immunohistochemical
staining.
2.6. Statistical analysis

Data from at least three independent experiments were used for
statistical analysis. Results are shown as mean ± SD. Multiple
means were compared using one-way analysis of variance
(ANOVA). Student’s t-test was used to assess significant differ-
ences. A P value <0.05 was considered significant.
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3. Results

3.1. IL-1b and IL-18 expression during inflammation and the effects of
LOX-1 deletion

To substantiate that thioglycollate induces inflammation, IL-1b
and IL-18 were measured in the spleen and kidney tissues. Wes-
tern blot revealed that thioglycollate triggered expression of IL-
1b and IL-18 (Fig. 1B and C). Serum levels of IL-1b and IL-18, mea-
sured by ELISA, increased several-fold following thioglycollate
administration (Fig. 1D and E). Importantly, the increase in IL-1b
and IL-18 expression in spleen and kidney and in the serum sam-
ples following thioglycollate was much less in the LOX-1 KO than
in the WT mice (Fig. 1B through D).

3.2. Expression of CD45, CD68 and Phos-NF-jB and mtDNA damage
during inflammation and the effect of LOX-1 deletion

CD45 and CD68 are considered general makers of inflammation
[13]. NF-kB is an ubiquitously expressed redox-sensitive transcrip-
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tion factor regulating various biological functions, including mito-
chondrial damage and activation of NLRP3 inflammasome [2,6,14].
As shown in Fig. 2A and B, we observed that CD45, CD68 and Phos-
NF-kB signals were very prominent in both spleen and kidney of
WT mice given thioglycollate. The expression of CD45, CD68 and
Phos-NF-jB p65 was much less in the LOX-1 KO mice despite thi-
oglycollate administration. Tissue immunohistochemistry con-
firmed the results of Western blot analysis. These observations
indicate that LOX-1 deletion attenuates inflammatory response
and activation of NF-kB.

Next, we used q-PCR to assess mtDNA damage. DNA lesions by
oxidative damage (e.g. strand breaks, base modifications, and aba-
sic sites) can block polymerase progression during polymerase
chain reaction. Therefore, total mtDNA damage can be assessed
by comparing the amplification of a large segment of mtDNA with
amplification of a short target to control for mtDNA copy number
[5]. As shown in Fig. 3A, mtDNA damage was very prominent fol-
lowing thioglycollate administration in both spleen and kidney of
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WT mice. Of note, spleen and kidney tissues from LOX-1 KO mice
had much less mtDNA damage, indicating that LOX-1 activation
is responsible, at least in part, for mtDNA during inflamma-
tion.mtDNA content reflects a fine balance between mitochondrial
dysfunction and mitochondria-nuclear cross talk. Hence, we evalu-
ated the ratio of mtDNA and nuclear DNA (nDNA) copy numbers
(mtDNA/nDNA) as another indicator of mtDNA damage. As shown
in Fig. 3B, the mtDNA/nDNA ratios were higher in LOX-1 KO mice
than in WT mice (in both spleen and kidney), indicating that LOX-1
deletion protects mtDNA from damage during the inflammatory
cascade.

3.3. Expression of caspase-1 and NLRP3 during inflammation and the
effect of LOX-1 deletion

Caspase-1 activation is a key event in the innate immune
response to infectious and noxious stimuli, and promotes the
cleavage and secretion of the pro-inflammatory cytokines IL-1b
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and IL-18 [4,15]. Autoproteolytic separation of its p10 and p20 sub-
units is considered a pivotal step in caspase-1 activation [15].
Indeed, we observed intense signal for both P10 and P20 compo-
nents of caspase-1 in the spleen and kidney of WT mice given
thioglycollate (Fig. 3C); the cleavage products IL-1b and IL-18
were also very prominent (Fig. 4A). Importantly, LOX-1 deletion
reduced the expression of caspase-1 P10 and P20 components as
well as cleaved IL-1b and IL-18 (Fig. 3C and 4A). Of note, the results
of Western blot and immunohistochemical analysis were
congruent.

Next, we examined if LOX-1 regulates the expression of the
NLRP3 inflammasome formation during inflammation. As shown
in Fig. 4B, both Western blot and immunohistochemical staining
indicated that LOX-1 deletion inhibited NLRP3 inflammasome
expression by about 40%. These changes were noted in spleen as
well as in kidney, and the magnitude of change was similar.
4. Discussion

As an innate proteolytic complex, NLRP3 inflammasome is
known to be activated by a variety of danger signals released from
damaged and dying cells, such as ROS, extracellular ATP, damaged
mtDNA and oxidized lipids [14,15]. Damaged mtDNA in turn
impairs the function of mitochondria, and promotes inflammation,
apoptosis, autophagy and cell senescence [6,16]. LOX-1 is emerging
as a potent pro-inflammatory regulator [2,3,6]. Based on the find-
ings in the present study, we suggest that LOX-1-mtDNA damage
axis plays an important role in the activation of NLRP3 inflamma-
some that regulates the processing and secretion of pro-IL-1b and
pro-IL-18 into mature and active cytokines.

As an inflammation stimulus, thioglycollate induces LDL oxida-
tion and, ox-LDL is a potent stimulus for LOX-1 expression [17–19],
suggesting a potent link between LOX-1 and inflammation. In the
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present study, we show that LOX-1 activation plays an important
role in thioglycollate-induced inflammation in mice tissues. Sys-
temic inflammatory response was evidenced by a marked increase
in serum levels of IL-1b and IL-18. The levels of both IL-1b and IL-
18 were much lower in the LOX-1 KO mice. Further, we found that
LOX-1 deletion inhibited the expression of CD45 and CD68, well-
recognized inflammatory markers [13]. These changes in response
to thioglycollate were seen in different organs (spleen and kidney)
and LOX-1 deletion reduced thioglycollate-mediated changes in
spleen as well as in kidney.

Once inflammation sets in, it activates the transcription factor
NF-jB that further triggers mtDNA damage [6]. In keeping with
this concept, we found increase in Phos-NF-kB in the tissues of
WT mice given thioglycollate. Again, LOX-1 deletion significantly
reduced the expression of this redox-sensitive transcription factor.

The enhanced expression of NLPR3 related signaling (caspase-1
activation and cleavage products IL-1b and IL-18) seen in the
spleen and kidney of thioglycollate-treated mice may be a
response to damaged mtDNA [5]. This phenomenon appears
dependent on LOX-1 expression and activation, as suggested ear-
lier [6]. This relationship was confirmed in vivo by the observation
that LOX-1 deletion reduced the extent of damage to mtDNA in
spleen and kidney of mice given thioglycollate; simultaneously,
there was a marked reduction in the expression NLRP3 inflamma-
some. These data suggest a role of LOX-1 in mtDNA damage and
NLRP3 expression, possibly via inhibition of NF-jB activation, dur-
ing inflammation.

In these studies, we examined the role of LOX-1 in mtDNA dam-
age and NLRP3 inflammasome expression in two different tissues –
kidney and spleen. These two organs play vastly different roles in
inflammatory states. Kidneys serve homeostatic functions such as
the regulation of electrolytes, maintenance of acid–base balance,
and regulation of blood pressure. Hu et al. [20] demonstrated a role
for LOX-1 activation in injury to renal glomeruli and tubules during
sustained hypertension. Lu et al. [21] observed intense LOX-1
expression and oxidant stress in kidneys in association with cyto-
kine surge in systemic circulation during sustained myocardial
ischemia. Dominguez et al. [22] showed that kidneys of obese rats
develop intense oxidative stress, leukocyte infiltration, depressed
mitochondrial enzyme level and function, and peritubular fibrosis,
and LOX-1 antibody ameliorates many of these changes. These
observations suggest that LOX-1 may be relevant at least in part
in renal injury induced by inflammatory states as diverse as hyper-
tension, myocardial ischemia and metabolic syndrome. Spleen on
the other hand is a part of the mononuclear phagocyte system,
and plays an important role in immune response through humoral
and cell-mediated pathways. Graham et al. [23] found increased
expression of LOX-1 as well as for pro-inflammatory cytokines
IL-6, TNF-a, IL-1b, and IFN-c in splenic T-lymphocytes isolated
mice fed a high fat diet. However, there is paucity of studies linking
LOX-1 to splenic function. Our study is probably the first to dem-
onstrate a direct role for LOX-1 in mtDNA damage and NLRP3
inflammasome activation in kidney as well as spleen during sys-
temic inflammatory state.

A host of disease states are associated with intense inflamma-
tory reaction, and are dependent, at least in part, on LOX-1 activa-
tion [24,25]. From the data presented here, we conclude that in
systemic inflammatory states, LOX-1 activation may underlie NF-
jB phosphorylation, mtDNA damage and NLRP3 inflammasome
activation. This is followed by the expression of caspase-1 P10/
20, and cleaved IL-1b and IL-18, the major pro-inflammatory pro-
teins. Our studies in mice missing LOX-1 clearly showing blockade
or significant attenuation of these events, suggest that LOX-1 is
upstream of mtDNA damage-NLRP3 inflammasome activation dur-
ing systemic inflammation.
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