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Nod-like Receptor Protein 3 (NLRP3) Inflammasome
Activation and Podocyte Injury via Thioredoxin-Interacting
Protein (TXNIP) during Hyperhomocysteinemia*
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Background: Hyperhomocysteinemia (hHcys) contributes to glomerular injury by activating NLRP3 inflammasomes in
response to increased oxidative stress.
Results: Thioredoxin-interacting protein (TXNIP) aggregated with NLRP3 inflammasomes, and blocking TXNIP prevented
inflammasome activation during hHcys.
Conclusion: TXNIP uniquely links changes in oxidative stress to hHcys-induced NLRP3 inflammasome activation.
Significance: Glomerular injury related to hHcys can be prevented by TXNIP inhibition.

NADPH oxidase-derived reactive oxygen species (ROS) have
been reported to activate NLRP3 inflammasomes resulting in
podocyte and glomerular injury during hyperhomocysteinemia
(hHcys). However, the mechanism by which the inflammasome
senses ROS is still unknown in podocytes upon hHcys stimula-
tion. The current study explored whether thioredoxin-interact-
ing protein (TXNIP), an endogenous inhibitor of the antioxi-
dant thioredoxin and ROS sensor, mediates hHcys-induced
NLRP3 inflammasome activation and consequent glomerular
injury. In cultured podocytes, size exclusion chromatography
and confocal microscopy showed that inhibition of TXNIP by
siRNA or verapamil prevented Hcys-induced TXNIP protein
recruitment to form NLRP3 inflammasomes and abolished
Hcys-induced increases in caspase-1 activity and IL-1� produc-
tion. TXNIP inhibition protected podocytes from injury as
shown by normal expression levels of podocyte markers, podo-
cin and desmin. In vivo, adult C57BL/6J male mice were fed a
folate-free diet for 4 weeks to induce hHcys, and TXNIP was
inhibited by verapamil (1 mg/ml in drinking water) or by local
microbubble-ultrasound TXNIP shRNA transfection. Evi-
denced by immunofluorescence and co-immunoprecipitation
studies, glomerular inflammasome formation and TXNIP bind-
ing to NLRP3 were markedly increased in mice with hHcys but
not in TXNIP shRNA-transfected mice or those receiving verap-
amil. Furthermore, TXNIP inhibition significantly reduced
caspase-1 activity and IL-1� production in glomeruli of mice
with hHcys. Correspondingly, TXNIP shRNA transfection and
verapamil attenuated hHcys-induced proteinuria, albuminuria,
glomerular damage, and podocyte injury. In conclusion, our
results demonstrate that TXNIP binding to NLRP3 is a key sig-
naling mechanism necessary for hHcys-induced NLRP3 inflam-

masome formation and activation and subsequent glomerular
injury.

The Nod-like receptor protein 3 (NLRP3)2 inflammasome,
found to be a key mediator of the innate immune system in
response to a host of initiating factors, has been extensively
demonstrated to be activated in response to a wide range of
danger signals derived from disease and infection (1–5). The
formation of this novel cytosolic multiprotein complex requires
the oligomerization of the three inflammasome components:
NLRP3 protein, the adaptor molecule apoptosis-associated
speck-like protein containing a CARD (caspase recruitment
domain) (ASC), and the cysteine protease caspase-1, which
causes the maturation of proinflammatory cytokines IL-1� and
IL-18. It is assumed that this inflammasome activation and
extracellular secretion of inflammatory cytokines sense diverse
danger signals and instigate the innate inflammatory response
(6). More recently, NLRP3 inflammasome activation has been
reported to trigger many other cell injury responses far beyond
inflammation (7).

Elevated levels of homocysteine (Hcys), a methionine-de-
rived essential amino acid, are associated with a number of
pathologies, including cardiovascular and renal diseases, neu-
rocognitive diseases, and accelerating the aging process in gen-
eral (8 –10). Hyperhomocysteinemia (hHcys) is regarded as an
important independent risk factor in the development of end
stage renal disease, and our recent studies have shown that
activation of NLRP3 inflammasomes contributes to the devel-
opment of hHcys-induced glomerular injury and podocyte
injury in mice (11). This hHcys-induced NLRP3 inflammasome
activating process was shown to depend on NADPH oxidase
and the reactive oxygen species (ROS) derived from its activa-
tion, specifically superoxide (O2

. ) and hydrogen peroxide
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(H2O2), where inhibition of the gp91phox subunit of NADPH
oxidase or scavenging of O2

. and H2O2 suppressed NLRP3
inflammasome activation and furthermore ameliorated subse-
quent glomerular dysfunction (12, 13). However, the exact
mechanism of how this NADPH oxidase-derived ROS is sensed
by podocytes to form the NLRP3 inflammasome and thereby
lead to its activation in glomerular podocyte cells is still largely
unknown. In this regard, the canonical work done by Zhou et al.
(14) provided strong evidence of thioredoxin-interacting pro-
tein (TXNIP) as a binding partner to NLRP3, where association
between these two proteins was necessary for downstream
inflammasome activation. TXNIP, the negative regulator of the
antioxidant thioredoxin, may time-dependently dissociate
from thioredoxin to bind with NLRP3 leading to inflam-
masome formation and activation.

The present study was designed to investigate the role of
TXNIP during hHcys and to explore its potential effects on
NLRP3 inflammasome activation and consequent podocyte
injury and glomerular sclerosis. We first characterized the fea-
ture of TXNIP binding to NLRP3 and its related role in the
formation and activation of NLRP3 inflammasomes using cul-
tured podocytes. Then, we determined the pathological role of
TXNIP-mediated activation of NLRP3 inflammasomes in mice
with hHcys. These studies together elucidate the key role of
TXNIP in bridging redox signals with activation of NLRP3
inflammasomes, leading to podocyte injury and ultimate glo-
merular sclerosis.

EXPERIMENTAL PROCEDURES

Podocyte Culture—Graciously provided by Dr. Paul E. Klot-
man (Division of Nephrology, Department of Medicine, Mount
Sinai School of Medicine, New York, NY), a conditionally
immortalized mouse podocyte cell line was cultured undiffer-
entiated in the presence of 10 units/ml recombinant mouse
interferon-� at 33 °C on collagen I-coated flasks in serum-con-
taining RPMI 1640 medium (15). Readers are directed to the
following reference for complete detail regarding the genera-
tion of this cell line (16). Podocytes were used for experiments
after differentiation at 37 °C for 10 –14 days in the absence of
interferon-�. L-Hcys (40 �M), verapamil (50 �M), and tunicamy-
cin (1 �g/ml), doses selected based on dose-dependent studies,
were added separately or together to cultured podocytes for
24 h (11). Podocytes that were transfected with TXNIP siRNA
(Invitrogen) were incubated with a serum-free medium for 15
min prior to TXNIP siRNA transfection using the siLentFect
Lipid Reagent (Bio-Rad) according to the manufacturer’s
instructions. After 18 h of incubation with the siRNA at 37 °C,
the medium was changed, and cells were treated with 40 �M

Hcys for 24 h.
Animals and Gene Transfection by Ultrasound Microbubble—

Eight-week-old male C57BL/6J mice (The Jackson Laboratory,
Bar Harbor, ME) were used in this study. As an accepted
method of accelerating renal injury, mice were uninephrecto-
mized (17, 18). After allowing 1 week for surgery recovery, a
preparation of plasmid encoding for either TXNIP short hair-
pin RNA (shRNA) or the reporter gene luciferase was mixed
with cationically charged Optison microbubbles (GE Health-
care) and then injected into the femoral artery and locally trans-

fected to the kidney by sonoporation. Another group of mice
received verapamil in the drinking water (1 mg/ml), equating to
a dose of �100 mg/kg/day (19). For 4 weeks, mice were main-
tained on either a normal diet (ND) or a folate-free (FF) diet
(Dyets, Inc., Bethlehem, PA) to induce hHcys. At the end of the
4-week treatment, mice were placed in metabolic cages for 24 h
to collect urine samples. Following metabolic cages, blood and
plasma was collected, mice were sacrificed, and kidney tissue
was harvested for experimental analysis. The Institutional Ani-
mal Care and Use Committee of Virginia Commonwealth Uni-
versity approved all animal procedures and protocols used in
this study.

Size-exclusion Chromatography (SEC)—As described in our
previous studies (12, 13), homogenate from treated podocytes
was prepared using SEC protein extraction buffer: 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid-KOH (pH 7.5),
10 mM KCl, 1.5 mM Na-EDTA, 1 mM Na-EGTA, and 1� prote-
ase inhibitor mixture (Roche Applied Science). Samples were
centrifuged at maximum speed for 10 min at 4 °C, and the
supernatant was filtered through a 0.45-�m centrifuge tube fil-
ter and normalized by measuring the protein concentration.
Samples were normalized by loading 1 mg of protein in a
�500-�l total volume onto a Superose 6 10/300 GL column
using an ÄKTAprime plus fast-protein liquid chromatography
(FPLC) system (GE Healthcare). Fractions were collected (600
�l), and protein was precipitated using trichloroacetic acid and
analyzed by SDS-PAGE electrophoresis. Samples were run on a
12% gel, transferring protein at 100 V for 1 h, blocking with 5%
nonfat dry milk in Tris-buffered saline with 0.1% Tween 20 for
1 h, and using a rabbit anti-NLRP3 (1:500, Abcam, Cambridge,
MA) or mouse anti-TXNIP (1:1000, MBL International,
Woburn, MA) antibody overnight at 4 °C. Next, membranes
were incubated with the appropriate horseradish peroxidase-
labeled IgG (1:5000) at room temperature for 1 h, and the
chemiluminescent bands were exposed with Kodak Omat x-ray
film, using ImageJ software (National Institutes of Health,
Bethesda, MD) to quantify band density.

Indirect Immunofluorescent Confocal Microscopy—Indirect
immunofluorescent staining was used to observe the colocal-
ization of inflammasome and podocyte marker proteins in both
cultured cells as well as frozen mouse kidney sections, with the
method described previously in detail (12, 13). Briefly, podo-
cytes seeded in eight-well chambers were fixed, washed, and
blocked before being incubated in primary antibodies (1:100)
overnight at 4 °C. The primary antibodies used were as follows:
goat anti-NLRP3 (Abcam, Cambridge, MA) with rabbit anti-
ASC (Santa Cruz Biotechnology, Dallas, TX), or goat anti-
NLRP3 with mouse anti-TXNIP (MBL International). Frozen
mouse kidney sections were also fixed in acetone, blocked, then
incubated with the same aforementioned primary antibodies
(1:50) overnight at 4 °C. Some coverslips with podocytes and
frozen kidney sections were only stained for podocyte markers
podocin (1:50; Sigma) or desmin (1:50; BD Biosciences). Double
immunofluorescent staining was performed by Alexa Fluor 488
or Alexa Fluor 555-labeled secondary antibody (1:200 podo-
cytes, 1:50 frozen kidney slides; Invitrogen) incubation for 1 h at
room temperature. Slides were then washed, mounted, and
observed using a confocal laser scanning microscope (Fluoview
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FV1000, Olympus, Japan) and Image Pro Plus software (version
6.0; Media Cybernetics, Bethesda, MD) was used to analyze
colocalization, which was expressed as the Pearson correlation
coefficient.

Caspase-1 Activity and IL-1� and VEGF Measurements—
Caspase-1 activity was measured by a commercially available
colorimetric assay (Biovision, Mountain View, CA), whereas
IL-1� production and vascular endothelial growth factor
(VEGF)-A secretion was measured in the supernatant of cul-
tured podocytes using an enzyme-linked immunosorbent assay
(R&D Systems, Minneapolis, MN) according to the manufactu-
rer’s instructions.

In Vivo Imaging and Monitoring of Gene Expression—To
monitor the efficiency of gene expression through somatic plas-
mid transfection daily, anesthetized mice were injected with an
aqueous solution of luciferin (150 mg/kg intraperitoneal)
before being imaged using the Xenogen IVIS200 in vivo imag-
ing system (PerkinElmer Life Sciences) as described in detail
previously (11).

Real-time Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)—Total RNA was isolated from renal cortical tissue,
reverse transcribed to cDNA, and subjected to PCR amplifica-
tion according to the procedures described previously (20).
TXNIP primers were synthesized by Operon (Huntsville, AL)
with the following sense (CAGCCTACAGCAGGTGAGAAC)
and antisense (CTCATCTCAGAGCTCGTCCG) sequence.

Co-immunoprecipitation—Renal cortical tissue was homog-
enized on ice in immunoprecipitation lysis buffer (30 mM Tris-
HCl, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 10% glyc-
erol, 1� protease inhibitor) followed by brief pulses of hand
sonication. After a 30-min incubation on ice, the lysate was
centrifuged, and the supernatant precleared by incubation with
Protein A/G PLUS-agarose beads (Santa Cruz Biotechnology,
sc-2003) in 4 °C. The precleared supernatant was incubated
with 2 �g of antibody against NLRP3 (Abcam) for 4 h on a
rocker in 4 °C. Beads were added for an additional 1 h, and
then immunoprecipitates were collected by centrifugation at
1,000 � g for 5 min and washed three times with immunopre-
cipitation lysis buffer with centrifugation after each wash. The
pellet was resuspended in 2� sample buffer, boiled, and ana-
lyzed for NLRP3 and TXNIP protein expression by Western
blot, as described above.

Urinary Protein and Albumin Measurements—Total urinary
protein excretion was determined spectrophotometrically
using the Bradford assay (Sigma), and urinary albumin excre-
tion was measured using a commercially available mouse albu-
min ELISA kit (Bethyl Laboratories, Montgomery, TX).

Glomerular Morphological Examinations—Fixed kidney tis-
sues were paraffin-embedded, sectioned, and stained with per-
iodic acid-Schiff. Using a light microscope, glomerular mor-
phology was observed and assessed semiquantitatively as
described in detail previously (13, 21).

Intracellular [Ca2�]i Measurement—Intracellular Ca2�

response to Hcys and verapamil was determined by using the
Ca2�-sensitive fluorescent dye, Fura-2, with a fluorescence
imaging system as described previously (22–24). Briefly, treated
podocytes were loaded with 10 �M Fura-2 at room temperature
for 30 min followed by washing three times with Ca2�-free

Hanks’ buffer supplemented with 2 �M EGTA. The ratio of
Fura-2 emissions after excitation at 340 and 380 nm was mon-
itored by using an inverted Nikon Diaphot 200 microscope
(Tokyo, Japan) and a SPOT RT Monochrome digital camera
(Diagnostic Instruments, Sterling Heights, MI).

Apoptosis Assay—As described in our previous studies, podo-
cyte apoptosis was detected using an annexin V-propidium
iodide double staining kit (Sigma) according to the manufac-
turer’s instructions (25).

High-performance Liquid Chromatography Analysis of Plasma
Hcys Concentration—Hcys levels in mouse plasma were analyzed
by methods described previously in detail (26).

Statistical Analysis—Data are expressed as mean � S.E.,
where significance was determined using one-way or two-way
analysis of variance followed by the Student-Newman-Keuls
post hoc test. �2 test was used to determine significance of ratio
and percentage data. p � 0.05 was considered statistically
significant.

RESULTS

TXNIP Inhibition Prevented Recruitment of TXNIP Protein to
NLRP3 Inflammasome Fractions—In the chromatogram illus-
trating a typical standard and sample elution profile, the elution
of inflammasome proteins in earlier fractions signifies the
aggregation of inflammasome proteins to higher molecular
weight complexes and the formation of inflammasomes (Fig.
1A). Demonstrated by SEC in previous studies, Hcys stimula-
tion of podocytes resulted in increased NLRP3 inflammasome
formation (11, 12). The present study further validated this
concept as shown by the increased expression of NLRP3 pro-
tein in fractions 4 –7, termed the inflammasome fractions in
Hcys-treated podocytes (Fig. 1B). In these podocytes stimu-
lated by Hcys, we also observed the recruitment of TXNIP to
the inflammasome fractions, suggesting TXNIP aggregation to
the NLRP3 inflammasome complex. To further elucidate the
role of TXNIP, we pretreated Hcys-stimulated podocytes with
siRNA or verapamil to inhibit its expression and found that
inhibition of TXNIP not only prevented its own shift to the
inflammasome fractions but also blocked the formation of
NLRP3 complex in podocytes in response to Hcys stimulations.
The relative band intensities at fractions 4 –7 were quantified
and summarized in Fig. 1C. These SEC results provided strong
evidence for a possible role of TXNIP and its aggregation with
the inflammasome complex in Hcys-induced NLRP3 inflam-
masome formation.

Inhibition of TXNIP Attenuated Hcys-induced TXNIP-
NLRP3 Binding and NLRP3 Inflammasome Formation—As an
additional method for detection of NLRP3 inflammasome for-
mation, confocal microscopy was used to observe the colocal-
ization of inflammasome proteins in podocytes. As shown in
Fig. 2A and quantified in Fig. 2, B and C, Hcys increased the
colocalization of NLRP3 (green) and ASC (red) compared with
control cells, suggesting the formation of NLRP3 inflam-
masomes in podocytes. Furthermore, Hcys stimulation also
increased the colocalization of NLRP3 (green) with TXNIP
(red), suggesting that Hcys induces the aggregation of
TXNIP together with NLRP3. However, prior treatment with
TXNIP siRNA or verapamil significantly attenuated the colocal-
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ization of NLRP3 with either ASC or TXNIP. This reveals that
TXNIP expression and its binding to NLRP3 are necessary for
NLRP3 inflammasome formation in Hcys-treated podocytes.

Inhibition of TXNIP Abrogated Hcys-induced Increases in
Caspase-1 Activity and IL-1� Secretion—First demonstrated by
Srinivasula et al. (27), it is known that the formation of NLRP3
inflammasomes results in downstream caspase-1 activation
and subsequent IL-1� maturation. These effects reflect the
functionality of the formed inflammasomes and thus were used
to determine the effect of TXNIP inhibition on Hcys-induced
inflammasome activation in the current study. Hcys treatment
significantly increased caspase-1 activity and IL-1� production

in podocytes compared with control cells, suggesting activation
of NLRP3 inflammasomes (Fig. 3, A and B). Both TXNIP siRNA
transfection and pretreatment with verapamil significantly
attenuated Hcys-induced caspase-1 activity and IL-1B produc-
tion. However, endoplasmic reticulum (ER) stress agent tuni-
camycin was not able to induce NLRP3 inflammasome activa-
tion, eliminating the potential contribution of ER-derived
oxidative stress (Fig. 3, C and D). Additionally, measurement of
intracellular calcium ([Ca2�]i) determined that the inflam-
masome-activating effects of Hcys were not attributable to an
elevation in [Ca2�]i, and furthermore, the inflammasome-in-
hibiting effects of verapamil were not due to inhibition of
[Ca2�]i (Fig. 3E).

Protection from Hcys-induced Podocyte Damage by TXNIP
Inhibition—To assess the extent of podocyte damage, the pro-
tein expression of slit diaphragm molecules such as podocin
and desmin was monitored. Podocin, a podocyte-specific
marker, decreases in expression during injury, whereas podo-
cyte damage marker desmin increases during injury (28, 29).
Immunofluorescence analysis demonstrated that Hcys-treated
podocytes displayed a dramatic decrease in podocin staining
and increase in desmin staining, signifying podocyte damage
(Fig. 4A). However, TXNIP inhibition resulted in the protection
of these podocyte damages as shown by normalized podocin
and desmin protein expression to control levels. Quantification
of fluorescence was summarized in Figs. 4B. Moreover, the abil-
ity of podocytes to secrete VEGF is considered to be an addi-
tional measure of podocyte functionality (30). Hcys-injured
podocytes displayed impaired secretion of VEGF, which was
precluded in TXNIP siRNA- or verapamil-treated cells (Fig.
4C). Additionally, TXNIP inhibition by verapamil prevented

FIGURE 1. TXNIP and NLRP3 recruitment to the high molecular weight
inflammasome fractions upon stimulation with Hcys. A, SEC chromato-
gram illustrating the elution curves of a typical standard and podocyte pro-
tein sample. B, representative Western blot gel documents depicting the shift
of NLRP3 and TXNIP protein during Hcys treatment, which was prevented
during TXNIP inhibition. C, summarized quantification of either NLRP3 or
TXNIP protein residing in the inflammasome fractions (n � 4). mAu, milli-
absorbance units; ST, standard; Ctrl, control; Vehl, vehicle; TXNIPsi, TXNIP
siRNA. *, p � 0.05 versus control; #, p � 0.05 versus Hcys.

FIGURE 2. TXNIP inhibition prevented Hcys-induced NLRP3 inflam-
masome formation. A, confocal microscopic detection of NLRP3 (green) with
ASC (red) and NLRP3 (green) with TXNIP (red) and their colocalization together
(yellow), indicative of the inflammasome formation. B and C, summarized data
showing the quantification of the extent of colocalization between NLRP3
with ASC and NLRP3 with TXNIP (n � 4 – 6). Ctrl, control; Vehl, vehicle; TXNIPsi,
TXNIP siRNA. *, p � 0.05 versus vehicle-control; #, p � 0.05 versus vehicle-Hcys.
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Hcys-induced podocyte cell death (Fig. 4D). Together, these
data suggest that TXNIP mediates Hcys-induced podocyte dys-
function and that inhibition of TXNIP ameliorates the delete-
rious effects of Hcys or inflammation activation on podocytes.

Local in Vivo TXNIP shRNA Transfection Inhibited TXNIP
mRNA and Protein Expression in Mouse Kidneys—To further
determine the role of TXNIP in NLRP3 inflammasome activa-
tion and glomerular injury in mice, we transfected TXNIP
shRNA locally into the kidney. Our previous reports have dem-
onstrated that introduction of plasmids locally into mouse kid-
neys by the ultrasound microbubble technique displayed stable
expression of transfected gene for at least 4 weeks (31). To mon-
itor plasmid transfection efficiency, a plasmid with a luciferase
expression vector was cotransfected together with the targeting
TXNIP shRNA plasmid to act as a reporter. Fig. 5A represents
in vivo expression images of kidneys monitored 3, 7, and 14 days
post-transfection by a rodent animal in vivo imaging system. In
a hemidissected kidney 4 days post-transfection, a strong lucif-

erase signal was detected in the renal cortex, where the
observed signal represents efficient transfection and gene
expression (Fig. 5B). It was demonstrated that efficient trans-
fection of plasmids and gene expression were maintained
throughout experiments and such in vivo imaging of gene
expression was used to determine whether mice can continue
for further functional studies. After transfected mice were
maintained on either a normal or FF diet for 4 weeks, the
TXNIP mRNA levels in the kidney were assessed by real time
RT-PCR to validate the efficiency of plasmid transfection and
gene expression. As shown in Fig. 5C, TXNIP shRNA transfec-
tion significantly decreased TXNIP mRNA expression in mice
on the ND when compared with those transfected only with
luciferase plasmids. Although TXNIP mRNA expression
increased in luciferase-transfected mice maintained on the FF
diet, TXNIP shRNA-transfected mice exhibited substantially
reduced TXNIP mRNA expression. These findings translated
to the protein level, demonstrated by immunofluorescent stain-
ing of TXNIP in the glomeruli of transfected mice (Fig. 5D).
Together, we concluded that TXNIP shRNA was efficiently

FIGURE 3. Attenuation of Hcys-induced NLRP3 inflammasome activation
by TXNIP blockade. A, effect of TXNIPsi and verapamil on Hcys-induced
NLRP3 inflammasome activation, shown as the fold change of caspase-1 acti-
vation versus vehicle control (Vehl-Ctrl) (n � 7– 8). B, measured in the super-
natant of cultured podocytes, TXNIP inhibition suppressed Hcys-induced
IL-1� production (n � 8). C, tunicamycin-treated cells displayed no change in
caspase-1 activity, indicating no significant effect of ER stress on inflam-
masome activation in podocytes (n � 5– 6). D, no change in IL-1� production
in the supernatant of tunicamycin-treated podocytes validated caspase-1
activation results (n � 5– 6). E, measurement of [Ca2�]i demonstrated that
verapamil inhibition of Hcys-induced NLRP3 inflammasome activation was
not due to its calcium channel blocker properties (n � 4). Ctrl, control; Vehl,
vehicle; Tuni, tunicamycin; TXNIPsi, TXNIP siRNA. *, p � 0.05 versus vehicle
control; #, p � 0.05 versus vehicle Hcys.

FIGURE 4. Inhibition of TXNIP preserved podocytes integrity. A, immuno-
fluorescence staining of podocyte-specific marker podocin and podocyte
injury marker desmin, where Hcys-induced decrease in podocin and increase
in desmin expression were attenuated by TXNIPsi and verapamil. B, summa-
rized data showing the relative intensity of podocin and desmin staining (n �
6). C, VEGF was measured in the supernatant of podocytes and used as an
indicator of podocyte functionality, where Hcys-damaged podocytes sup-
pressed VEGF secretion, which was restored upon TXNIP inhibition (n � 6). D,
Hcys treatment increased the population of annexin V� podocytes, indicative
of increased cell death, which was prevented upon verapamil administration
(n � 6). Ctrl, control; Vehl, vehicle; TXNIPsi, TXNIP siRNA. *, p � 0.05 versus
vehicle control; #, p � 0.05 versus vehicle Hcys.
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delivered locally to the mouse kidney and were successfully
being expressed, evident by the markedly reduced TXNIP
expression in glomeruli of mice.

In Vivo TXNIP Inhibition Prevented hHcys-induced TXNIP-
NLRP3 Binding and NLRP3 Inflammasome Formation in
Glomeruli—After 4 weeks of uninephrectomized mice receiv-
ing the FF diet regiment, mice developed hHcys which resulted
in NLRP3 inflammasome formation in their glomeruli, mainly
in podocytes as shown in our previous studies (11, 13). Illus-
trated in Fig. 6A, confocal microscopic analysis demonstrated
that FF diet-fed mice increased colocalization of NLRP3 with
ASC (increased yellow staining) in glomeruli of luciferase trans-
fected mice compared with ND fed mice, suggesting glomerular
NLRP3 inflammasome formation during hHcys. This was fur-
ther accompanied with an increase in TXNIP expression, which
colocalized significantly with NLRP3, and possible binding to
the NLRP3-ASC-caspase-1 inflammasome complex. However,

TXNIP inhibition (either by verapamil or TXNIP shRNA trans-
fection) substantially suppressed colocalization of NLRP3 with
either ASC or TXNIP (Fig. 6A). This colocalization was quan-
tified and summarized in Fig. 6, B and C. Further exemplified by
co-immunoprecipitation studies, hyperhomocysteinemic mice
displayed robust amounts of TXNIP protein pulled down
together with NLRP3 compared with ND fed mice, suggesting
that NLRP3-TXNIP binding was enhanced during hHcys (Fig.
6D). However, this enhanced NLRP3-TXNIP binding was not
observed in glomeruli of TXNIP shRNA-transfected or verap-
amil-treated mice. These NLRP3 inflammasome-inhibiting
effects were not due to reductions in plasma Hcys concentra-
tion from TXNIP shRNA transfection or verapamil administra-
tion (Fig. 6E).

Inhibition of TXNIP Blocked Renal Caspase-1 Activation and
IL-1� Secretion Induced by hHcys—Caspase-1 activity and
IL-1� production was measured to evaluate the effects of in vivo

FIGURE 5. Efficiency of local in vivo transfection of TXNIP shRNA into the renal cortex by the ultrasound microbubble technique. A, images taken 3, 7,
and 14 days post-transfection by an in vivo imaging system daily confirmed transfection efficiency. B, ex vivo image 4 days after transfection of hemidissected
kidney demonstrated successful localized gene expression. C, real time RT-PCR data quantifying mRNA silencing efficiency of the plasmid after 4 weeks of
maintenance on either a ND or FF diet (n � 6). D, immunofluorescent staining of TXNIP in the glomeruli of transfected mice. Luci, luciferase; TXNIPsh, TXNIP
shRNA. *, p � 0.05 versus luciferase-ND.
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TXNIP inhibition on hHcys-induced NLRP3 inflammasome
activation (Fig. 7, A and B). Mice with hHcys induced by the FF
diet displayed increased caspase-1 activation and IL-1� pro-
duction compared with those on the ND, suggesting increased
NLRP3 inflammasome activity in the cortical tissue. This acti-
vation was not apparent in the mice where TXNIP was inhib-
ited by either shRNA transfection or verapamil treatment.

hHcys-induced Glomerular Dysfunction Was Attenuated by
TXNIP Inhibition—This study, as well as many of our previous
studies, clearly demonstrated the ability of our hyperhomocys-
teinemic mouse model to induce significant glomerular dys-
function and ultimate sclerosis (12, 26, 32). Demonstrated in
Fig. 8, luciferase-transfected mice on the FF diet exhibited
severe urinary protein and albumin excretion compared with
control mice on the ND. Furthermore, mice with hHcys dis-
played aberrant glomerular morphology, characterized by a
shrunken phenotype with extracellular matrix and collagen
deposition, capillary collapse, and mesangial cell expansion
(Fig. 8C). Decreased expression of podocyte-specific marker,
podocin, and increase in podocyte damage marker, desmin,
both hallmarks of podocyte injury, was also observed in the

glomeruli of mice on the FF diet (Fig. 8, E and F). In vivo TXNIP
inhibition by shRNA transfection or verapamil treatment was
able to prevent all of the aforementioned destructive changes
induced by hHcys as shown by the reduction of proteinuria,
albuminuria, glomerular pathological changes, and restored
expression of podocin and desmin. These data provided solid
evidence that TXNIP plays a detrimental role in hHcys-induced
podocyte and glomerular damage, which is due to its ability to
mediate NLRP3 inflammasome activation.

FIGURE 6. In vivo inhibition of TXNIP and its effect on NLRP3 inflam-
masome formation. A, confocal microscopy demonstrated the colocaliza-
tion between NLRP3 (green) with ASC (red) and NLRP3 (green) with TXNIP (red)
in the glomeruli of luciferase (Luci), TXNIP shRNA (TXNIPsh), and verapamil-
treated mice maintained on either a ND or FF diet. B and C, summarized data
showing the quantification of the extent of colocalization between NLRP3
with ASC and NLRP3 with TXNIP (n � 6). D, co-immunoprecipitation studies
demonstrated robust in vivo TXNIP-NLRP3 binding in mice with hHcys, which
was not evident after TXNIP inhibition (n � 5). E, plasma Hcys concentrations
(Conc.) of all mice fed a FF diet were all elevated and were unaffected by in vivo
TXNIP inhibition either by shRNA transfection or verapamil administration
(n � 4 – 6). *, p � 0.05 versus luciferase ND; #, p � 0.05 versus luciferase FF.

FIGURE 7. In vivo TXNIP shRNA transfection and verapamil treatment
blocked caspase-1 activation and IL-1� production. A, caspase-1 activity,
shown as fold change versus luciferase ND, in luciferase, TXNIP shRNA, and
verapamil-treated mice with FF diet-induced hHcys (n � 5– 6). B, in vivo TXNIP
inhibition prevented hHcys-induced IL-1� production (n � 6). Luci, luciferase;
TXNIPsh, TXNIP shRNA. *, p � 0.05 versus luciferase ND; #, p � 0.05 versus
luciferase FF.

FIGURE 8. Amelioration of hHcys-induced glomerular damage by in vivo
TXNIP inhibition. A and B, hHcys-induced increases in proteinuria and albu-
minuria were diminished by TXNIP shRNA transfection and verapamil admin-
istration (n � 6 – 8). C, observation of glomerular morphology in periodic acid-
Schiff-stained slides revealed severe pathological changes in the glomeruli of
luciferase FF mice, which were prevented in TXNIP inhibited mice. D, patho-
logical changes in the glomeruli were semiquantitatively scored and summa-
rized as the glomerular damage index (n � 5). E and F, in vivo immunofluores-
cent staining of podocin and desmin to assess glomerular podocyte
condition (n � 6). BW, body weight; Luci, luciferase; TXNIPsh, TXNIP shRNA. *,
p � 0.05 versus luciferase ND; #, p � 0.05 versus luciferase FF.
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DISCUSSION

The present study was designed to explore the role of TXNIP
in hHcys-induced NLRP3 inflammasome activation and asso-
ciated podocyte injury and glomerular sclerosis. It was found
that Hcys treatment of podocytes up-regulated protein expres-
sion of TXNIP, which resulted in increased binding of TXNIP
with inflammasome protein NLRP3. Both in vitro and in vivo
inhibition of TXNIP by its inhibitor verapamil or RNA interfer-
ence blocked TXNIP expression and prevented TXNIP-NLRP3
binding and subsequent NLRP3 inflammasome activation in
response to Hcys. These findings demonstrate the critical role
of TXNIP binding in the activation of NLRP3 inflammasomes
and subsequent podocyte injury and glomerular dysfunction or
sclerosis.

The activation of NLRP3 inflammasomes has been impli-
cated in a growing number of diverse pathological conditions,
ranging from bacterial infections to cardiovascular dysfunction
and metabolic syndrome (33–36). ROS produced by many
known activators of NLRP3 inflammasomes are critical for trig-
gering NLRP3 inflammasome formation and activation (37).
Despite studies that have demonstrated an important role for
ROS in inflammasome activation, it remains unclear how
NLRP3 is able to sense redox changes in a variety of cells, in
particular, in podocytes during hHcys. Through a yeast two-
hybrid screen, it has been shown that TXNIP, a ROS sensor and
an endogenous inhibitor of the antioxidant thioredoxin, is a
binding partner of NLRP3. TXNIP, also known as VDUP-1
(vitamin D3 up-regulated protein 1) and TBP-2 (thioredoxin-
binding protein-2), plays a critical role in growth suppression,
making it particularly important in tumor and cancer progres-
sion by causing G1 cell cycle arrest. It is also a crucial regulator
of lipid metabolism where overexpression of TXNIP during
hyperglycemia, causing �-cell death and impaired insulin
secretion (38). Zhou et al. (14) confirmed an important role for
TXNIP in the pathogenesis of type 2 diabetes by showing that
TXNIP binding to NLRP3 was essential for ROS-mediated
inflammasome activation. Additionally, in human and rat kid-
neys, TXNIP mRNA and protein is most abundantly expressed
in the glomeruli (39), and although some studies have demon-
strated its up-regulation in response to high glucose (40, 41),
there have been no studies to date exploring the effects of Hcys
on TXNIP, in particular, in podocyte or glomerular injury. In
the current study, we sought to determine the effects of Hcys on
TXNIP and whether its binding to NLRP3 mediates inflam-
masome activation in hHcys-induced podocyte and glomerular
injury.

Using genetic manipulations and pharmacologic inhibitors
of TXNIP, we found that TXNIP mRNA and protein expression
was significantly reduced after transfection of siRNA into cul-
tured mouse podocytes (data not shown) and local transfection
of TXNIP shRNA in vivo into mouse kidneys (Fig. 5, C and D).
To complement this genetic manipulation, we used pharmaco-
logic calcium channel blocker verapamil to inhibit TXNIP
expression both in vitro and in vivo. It has been demonstrated
that verapamil, when administered to mice through the drink-
ing water at an average dose of 100 mg/kg/day, decreased dia-
betes-induced cardiomyocyte apoptosis, an effect specifically

due its potent inhibition of TXNIP expression (19). Addition-
ally, verapamil enhanced �-cell survival and function through
its reduction of �-cell TXNIP expression (42), and this may be
due to verapamil-induced transcriptional repression of TXNIP
(43). In the present study, verapamil, at a dose of 50 �M, strongly
inhibited TXNIP expression in podocytes (data not shown),
inhibited TXNIP binding to NLRP3, and prevented Hcys-in-
duced NLRP3 inflammasome formation and activation in
podocytes. In vivo experiments furthermore displayed TXNIP
inhibition hindering caspase-1 activation and IL-1� maturation
in hyperhomocysteinemic mice (Fig. 7). To our knowledge, this
is the first evidence showing the critical role of TXNIP-NLRP3
binding in mediating podocyte inflammasome activation in
response to Hcys stimulation.

Elevated levels of Hcys has been recognized as a pathogenic
risk factor for many sclerotic diseases, ranging from cardiovas-
cular to neurological diseases, as well as our particular interest,
glomerular sclerosis and end stage renal disease. We and others
(8, 44, 45) have provided evidence that prolonged elevation of
blood homocysteine level results in hallmarks typical of glo-
merular sclerosis, including glomerular hypercellularity, capil-
lary collapse, and fibrous extracellular matrix deposition. The
current study demonstrated that hHcys produced many of
these same characteristic features of podocyte and glomerular
injury. Hcys-induced podocyte dysfunction both in vitro and in
vivo was exhibited through down-regulation of podocin and
up-regulation of damage marker desmin, as well as in the
increased proteinuria, albuminuria, and sclerotic morphologi-
cal changes in hyperhomocysteinemic mice (Figs. 4 and 8).
However, inhibition of TXNIP by either genetic manipulation
or by verapamil treatment prevented the Hcys-induced detri-
mental effects on both podocytes in culture and glomerular
structure and function. Verapamil has long been demonstrated
to have glomerular protective effects (46, 47); however, our
study is the first to demonstrate that, at least in hHcys-induced
glomerular injury, this protective effect of verapamil is associ-
ated with its inhibitory action of TXNIP.

In other studies, inhibition of TXNIP expression by verap-
amil has also been reported (48), but this effect has been
extended to other calcium channel blockers and inhibitors such
as diltiazem and NiCl2, as well as with calcium chelator EGTA.
This suggests that this inhibition of TXNIP function is perhaps
not a direct effect of verapamil itself, but more likely due to a
reduction in intracellular calcium concentrations (42). Addi-
tionally, calcium signaling is emerging as an important compo-
nent of NLRP3 inflammasome activation. Brough et al. (49) first
demonstrated such role of calcium signaling when they found
suppressed IL-1� maturation following pretreatment of cells
with a calcium chelator, BAPTA-AM. This process may involve
ER stress, calcium release from ER, and TXNIP binding (49 –
51). Although these possible nonspecific effects may not be
excluded, our multifaceted approach of genetic and pharmaco-
logic interventions give us confidence that the diminished
NLRP3 inflammasome activation by verapamil is indeed due to
the reduction in TXNIP expression and binding. It should be
noted that the contribution of various calcium signaling path-
ways in the mediation or regulation of NLRP3 inflammasome

TXNIP-NLRP3 Binding in Podocyte Inflammasomes

27166 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 39 • SEPTEMBER 26, 2014

 at V
IV

A
, V

A
 C

om
m

onw
ealth U

niv on O
ctober 29, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


activation in podocytes or other cells indeed warrants future
exploration.

Taken together, we provided direct evidence that inhibition
of TXNIP and diminished TXNIP-NLRP3 binding reduced
NLRP3 inflammasome formation and activation, even in the
continued presence of elevated Hcys or during hHcys in mice.
This reduction in TXNIP-mediated inflammasome activation
protected podocytes from the early deleterious effects of Hcys
that, if left unattended, may ultimately progress to glomerular
sclerosis and potential end stage renal disease. This study
revealed TXNIP inhibition as a new protective mechanism of
verapamil and has immense clinical implications in preventing
podocyte and glomerular injury related to hHcys. These find-
ings elucidate a novel molecular mechanism mediating the acti-
vation of inflammasomes in podocytes upon Hcys, which may
uncover new potential therapeutic targets for the treatment
and prevention of end stage renal disease during hHcys.
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