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Albuminuria is a hallmark of glomerular disease of various etiologies. It is not only a
symptom of glomerular disease but also a cause leading to glomerulosclerosis, interstitial
fibrosis, and eventually, a decline in kidney function. The molecular mechanism underlying
albuminuria-induced kidney injury remains poorly defined. In our genetic model of
nephrotic syndrome (NS), we have identified CHOP (C/EBP homologous protein)-
TXNIP (thioredoxin-interacting protein) as critical molecular linkers between albuminuria-
induced ER dysfunction and mitochondria dyshomeostasis. TXNIP is a ubiquitously
expressed redox protein that binds to and inhibits antioxidant enzyme, cytosolic thioredoxin
1 (Trx1), and mitochondrial Trx2. However, very little is known about the regulation and
function of TXNIP in NS. By utilizing Chop2/2 and Txnip2/2 mice as well as 68Ga-
Galuminox, our molecular imaging probe for detection of mitochondrial reactive oxygen
species (ROS) in vivo, we demonstrate that CHOP up-regulation induced by albuminuria
drives TXNIP shuttling from nucleus to mitochondria, where it is required for the induc-
tion of mitochondrial ROS. The increased ROS accumulation in mitochondria oxidizes
Trx2, thus liberating TXNIP to associate with mitochondrial nod-like receptor protein
3 (NLRP3) to activate inflammasome, as well as releasing mitochondrial apoptosis signal-
regulating kinase 1 (ASK1) to induce mitochondria-dependent apoptosis. Importantly,
inhibition of TXNIP translocation and mitochondrial ROS overproduction by CHOP
deletion suppresses NLRP3 inflammasome activation and p-ASK1–dependent mitochon-
dria apoptosis in NS. Thus, targeting TXNIP represents a promising therapeutic strategy
for the treatment of NS.

TXNIP j CHOP j mitochondria j ER stress j Trx2

Nephrotic syndrome (NS), characterized by heavy proteinuria/albuminuria due to various
underlying pathologies, is one of the leading causes of chronic kidney disease (CKD) that
occurs in ∼10% of the population and is associated with significant morbidity and mortal-
ity (1). Untreated heavy albuminuria is strongly linked to glomerulosclerosis, interstitial
fibrosis, and progressive loss of kidney function (2). In the past 2 decades, angiotensin-
converting enzyme inhibitors (ACEIs) and angiotensin II receptor blockers (ARBs) have
remained the mainstay to control proteinuria. These agents can decrease proteinuria
primarily through reducing intraglomerular pressure hemodynamically after blockade of
the renin–angiotensin system. As a result, they are incapable of completely eliminating
proteinuria, and their antiproteinuric effect is weak. In addition, ACEIs/ARBs can be
challenging to use in patients with advanced kidney disease due to further reduction of glo-
merular filtration rate and increased risk of hyperkalemia. Thus, identification of more
novel drug targets for the treatment of NS is warranted.
Although the molecular link between albuminuria and kidney failure remains elusive,

emerging evidence has supported a central role of the tubular epithelial cell (TEC) response
to excessive filtered albumin in the progression of proteinuric kidney disease, which is con-
sistent with clinical studies that have shown that decline of kidney function correlates more
closely with the tubulointerstitial fibrosis than with the glomerular damage (2). Filtered
albumin is reabsorbed by TECs, primarily occurring in the proximal tubules via apical
endocytic receptor (megalin/cubilin)-mediated, clathrin-dependent endocytosis (3) and
fluid-phase (clathrin-negative) neonatal Fc receptor-mediated transcytosis (4). Additionally,
albumin uptake takes place in distal/collecting tubular cells (5). Emerging evidence has
highlighted that reclaimed albumin inside the proximal tubular cells (PTCs) activates endo-
plasmic reticulum (ER) stress and unfolded protein response (UPR) (6–9). The UPR is
initiated by three ER transmembrane proteins, PKR-like ER kinase (PERK), inositol-
requiring enzyme-1 (IRE1), and activating transcription factor 6 (ATF6), and activates
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three distinct signaling branches, PERK-eIF2α-ATF4, IRE1α-
Xbp1s, and p90ATF6-p50ATF6 (10). Cells rendered dysfunctional
due to intense or sustained ER stress are eliminated by ER stress-
induced apoptosis, including C/EBP homologous protein (CHOP),
JNK, and caspase-12 apoptotic pathways (10).
CHOP is a member of the C/EBP family of transcription factors,

which are characterized by the presence of the bZIP domain con-
taining a DNA-contacting basic region and a leucine zipper dimer-
ization module (11). CHOP dimerizes and inhibits other C/EBP
proteins, including C/EBPα and β, from binding to their target
DNA sequences. It has been shown that the consensus sequences
for CHOP-C/EBPα binding are RRRTGCAATMCCC (R, purine;
M, adenine or cytosine) (12). For some target genes, CHOP pos-
sesses a transcriptional activation domain, which is inducible by
stress and functions in isolation from its associated C/EBP dimeriza-
tion partners (12). Thus, CHOP may serve a dual role both as a
dominant inhibitor of DNA binding by C/EBP proteins and as a
direct activator of some target genes under stress. In this study, we
have identified thioredoxin-interacting protein (TXNIP) as a down-
stream effector that mediates the action of CHOP during NS.
TXNIP is an important regulator of the cellular redox state. It

binds to and inhibits thioredoxin (Trx)-1 and Trx-2, the two iso-
forms of ubiquitous antioxidant thiol oxidoreductase localized to
the cytosol and mitochondria, respectively (13), thereby resulting
in increased oxidative stress. In diabetes and pancreatic β cells,
TXNIP is induced by high glucose and ER stress and functions as
a critical signaling node that links ER stress and inflammation
(14). However, the molecular mechanism by which TXNIP
activates inflammation has not been elucidated in vivo. Genetic
TXNIP deletion protects mice from diabetes (15). Related to kid-
ney disease, it has been shown that inhibition of TXNIP attenu-
ates homocysteine-induced TXNIP-Nod–like receptor protein
3 (NLRP3) binding and NLRP3 inflammasome formation in cul-
tured podocytes. Moreover, TXNIP blockade in vivo attenuates
glomerular NLRP3 inflammasome activation and glomerular
injury when mice are fed with folate-free diet to induce hyperho-
mocysteinemia (16). Interestingly, when Txnip�/� mice are ren-
dered diabetic, TXNIP deficiency protects again progression of
diabetic nephropathy (DN) (17). Whether TXNIP plays a critical
pathophysiological role in NS has not been studied.
To investigate the function of TXNIP in NS, we utilized a

genetic NS model, Lamb2�/� mice, which recapitulate human
Pierson syndrome (Online Mendelian Inheritance in Man
(OMIM) 609049) that is caused by LAMB2 mutations and charac-
terized by congenital NS/diffuse mesangial sclerosis with ocular and
neurological manifestations (18). LAMB2 encoding laminin β2 is
one of the leading mutated genes in hereditary NS (19). Laminins
are heterotrimeric glycoproteins containing one α, one β, and one
γ chain. The major laminin heterotrimer in the mature glomerular
basement membrane (GBM) is laminin α5β2γ1, or LM-521, syn-
thesized and secreted by both podocytes and glomerular endothelial
cells. Laminin trimerization occurs in the ER and involves associa-
tion of the three chains along their laminin coiled-coil domains to
form the long arm. In adult kidneys, LM-511 (α5β1γ1) is found
throughout all tubular and collecting duct basement membranes,
and LM-111 (α1β1γ1) is also contained in basement membranes
of proximal tubule and loops of Henle (20). Thus, in Lamb2�/�

mice, tubular basement membranes are not affected. In all cases,
Lamb2�/� mice also carry a muscle-specific wild-type (WT) rat β2
transgene (MCK-Lamb2) that rescues the otherwise lethal neuro-
muscular junction defects (21). By utilizing this highly reproducible
and penetrant monogenic NS mouse model, the aim of this study
was to determine the regulation, functional impact, and potential
therapeutic implication of TXNIP in NS.

Results

TXNIP Is Induced by Albuminuria in NS Models. Although it
has been shown that albuminuria/proteinuria induces ER stress in
kidney cells, results as to participation of specific UPR pathways
were conflicting in different in vivo and in vitro studies (6–9). To
determine the UPR branches regulating albuminuria-induced ER
stress response, we isolated glomeruli and renal tubules from
Lamb2�/� mice at postnatal day 25 (P25), when the mice had
developed significant proteinuria. Immunoblot analysis revealed
that the active form of ATF6 (p50ATF6) was increased in both
glomeruli and tubules of Lamb2�/� mice compared to their WT
littermates (Fig. 1 A and B). In contrast, other UPR branches,
phospho-IRE1α (p-IRE1α)/XBP1s, as well as phospho-eIF2α
(p-eIF2α)/ATF4, were not activated in response to albuminuria in
both glomeruli (SI Appendix, Fig. S1A) and tubules (SI Appendix,
Fig. S2A) in Lamb2�/� mice. Given that sustained ER stress can
induce activation of CHOP, JNK, or caspase 12 proapoptotic sig-
naling, we further delineated which ER stress-mediated apoptotic
pathway was involved in albuminuria-induced kidney injury. We
observed that Lamb2�/� glomeruli and tubules exhibited a
marked up-regulation of CHOP (Fig. 1 A and B), but not activa-
tion of p-JNK and caspase 12 (SI Appendix, Figs. S1B and S2B),
compared with WT glomeruli and tubules, respectively. Consis-
tent with the protein expression levels, we found that CHOP
transcript levels in Lamb2�/� mice were increased in both glomer-
uli (Fig. 1C) and tubules (Fig. 1D) versus that in WT controls.

In agreement with previous reports of intracellular albumin
uptake by tubular cells (22) and podocytes (23), dual immunoflu-
orescence (IF) staining of albumin with basement membrane
marker laminin α5 (Lam α5) that stains both glomerular and
tubular basement membranes or podocyte nucleus marker WT-1
highlighted albumin reabsorption inside renal tubules (Fig. 1E),
and podocytes (Fig. 1F, arrow), in Lamb2�/� mice at P25. To
mimic the in vivo condition of podocytes and tubular cells
exposed to albuminuria, we employed the in vitro model of albu-
min overload. When mouse primary podocytes or TECs were
incubated with bovine serum albumin (BSA) for 24 h, protein lev-
els of p50ATF6 and CHOP were increased by the treatment of
BSA in a dose- and time- dependent manner (Fig. 1 G and H),
which recapitulated the in vivo findings. Absence of β2 chain may
cause defective laminin trimerization in the ER of podocytes and
impaired secretion. To make sure that the observed ER stress in
podocytes was due to albuminuria, rather than arising from ER
retention of excess laminin α and γ chains, we checked ER stress
response in passage 0 primary podocytes isolated from WT and
Lamb2�/� mice at P25. We did not detect involvement of ATF6-
CHOP signaling in primary mutant podocytes (SI Appendix, Fig.
S3A). We also confirmed that primary Lamb2�/� TECs did not
exhibit activation of ATF6-CHOP axis (SI Appendix, Fig. S3B).
Together, these results demonstrate that ATF6-CHOP signaling
is selectively activated in both glomeruli and tubules responding
to albuminuria.

Albuminuria is associated with inflammation in patients with
kidney disease (24). Given that in diabetes, TXNIP is a molecu-
lar linker between ER stress and inflammation, we therefore
speculated that TXNIP might be induced by albuminuria and
mediates inflammation in proteinuric kidney disease. Indeed,
when primary cells were treated with BSA, a significant induc-
tion of TXNIP expression was observed in both podocytes (Fig.
1I) and TECs (Fig. 1J). In line with the in vitro findings,
TXNIP exhibited increased abundance in glomeruli in a podo-
cyte distribution pattern as demonstrated by colocalization with
the podocyte nucleus marker WT-1 (Fig. 1K, blue arrows), as
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well as in both lotus tetragonolobus lectin (LTL)-positive proximal
tubules (Fig. 1K, red arrows) and LTL-negative renal tubules (Fig.
1K, white arrows) in Lamb2�/� mice at P25, compared with WT
littermates.
To explore whether CHOP and TXNIP were also induced in

a model of acquired proteinuria, we utilized Adriamycin (ADR)-
induced focal segmental glomerulosclerosis (FSGS)/NS model.
Male Balb/cJ mice at 10 wk of age were injected intravenously
with ADR (12 mg/kg) or saline (vehicle). In the ADR-injected
mice, urinary albumin to creatinine ratio was significantly ele-
vated on day 7 postinjection as compared with saline-injected
controls, and albuminuria became progressively heavier on
day 11 vs. day 7 (SI Appendix, Fig. S4A). On day 11, segmental
mesangial matrix expansion and glomerulosclerosis and global
glomerulosclerosis, as well as prominent tubular protein casts,
appeared in the ADR-treated mice (SI Appendix, Fig. S4B).
Meanwhile, Western blots (WBs) of kidney lysates demonstrated
increased expression of CHOP and TXNIP in the mice
injected with ADR compared with controls (SI Appendix, Fig.
S4C). Double IF staining clearly showed induction of TXNIP in
podocytes (SI Appendix, Fig. S4D, white arrows) and renal

tubules (SI Appendix, Fig. S4E, white arrows) 11 d after ADR
injection. Moreover, kidney mitochondrial fractions showed
increased abundance of TXNIP in the mice subjected to
ADR compared to controls (SI Appendix, Fig. S4F). Overall,
these findings indicate that TXNIP is stimulated in NS mouse
models.

TXNIP Gene Expression Correlates with Disease Severity and
Decline of Kidney Function in Human Proteinuric Kidney
Disease. We next asked whether TXNIP might be relevant in
human proteinuric kidney disease by mining gene expression pro-
files in Nephroseq (https://www.nephroseq.org), a publicly avail-
able database. TXNIP gene expression was significantly increased
in either glomeruli or tubulointerstitium across a spectrum of
kidney disease, including CKD, glomerulosclerosis, and DN
(Fig. 2A). Interestingly, TXNIP mRNA level in the tubulointersti-
tium was significantly elevated in patients with nephrotic-range
proteinuria versus subnephrotic-range proteinuria in human DN,
lupus nephritis (LN), and FSGS samples (Fig. 2A), indicating that
TXNIP gene induction may be dependent on the severity of
albuminuria/proteinuria, rather than a specific etiology of kidney

Fig. 1. TXNIP is induced by albuminuria in a
model of hereditary NS. (A–D) Glomeruli and
tubules were isolated from WT and Lamb2�/�

mice at P25. (A and B) Representative immu-
noblots of p50ATF6, CHOP, and β-actin expres-
sion in isolated glomeruli (A) and tubules (B)
of the indicated genotypes. Densitometry
analysis of p50ATF6 in A and B, mean ± SD
(n = 5 mice per genotype). **P < 0.01. (C and
D) Quantitative PCR analysis of relative tran-
script level of Chop in isolated glomeruli (C)
and tubules (D) of the indicated genotypes.
Gene expression was normalized to 18S.
Mean ± SD (n = 4 mice per genotype).
*P < 0.05; **P < 0.01. (E) Dual IF images of
albumin (red) and laminin α5 (green) on fro-
zen kidney sections of WT and Lamb2�/� mice
at P25 by confocal microscopy. (Scale bar,
40 μm.) (F) Dual IF staining of albumin (red)
and WT1 (green) on frozen kidney sections.
Arrow points to the albumin staining inside
podocytes. (Scale bar, 20 μm.) (G–J) Primary
mouse podocytes and TECs were isolated and
cultured. Cultured primary podocytes (G and I)
and TECs (H and J) were starved for 16 h and
then treated with 20 or 40 mg/mL BSA for
8 or 24 h. Cell lysates were analyzed by WB
for levels of p50ATF6, CHOP, TXNIP, and
β-actin. The WB image shown is representa-
tive of at least three independent experi-
ments. (K) Representative IF images of frozen
kidney sections stained for TXNIP (green) with
WT-1 (red), as well as TXNIP (green) with LTL
(red) and a nuclear counterstain (blue), from
WT and Lamb2�/� mice at P25. Blue arrows
indicate TXNIP staining in podocytes. Red and
white arrows indicate TXNIP staining in
LTL-positive and LTL-negative tubules, respec-
tively. (Scale bar, 20 μm.)
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disease. We further explored the importance of TXNIP gene
up-regulation in patients with NS, including FSGS and membra-
nous nephropathy (MN). Notably, in human FSGS samples, a
strong positive correlation between glomerular TXNIP transcript
level and proteinuria (Pearson correlation coefficient γ = 0.76,
P = 0.047) (Fig. 2B) and a moderate positive correlation between
tubular TXNIP mRNA level and proteinuria (γ = 0.55, P = 0.05)
(Fig. 2B) were observed. In human MN samples, tubular TXNIP
gene expression showed a strong positive correlation with urine pro-
tein to creatinine ratios (PCR) (γ = 0.75, P = 0.03) (Fig. 2C).
More importantly, in NS patients, a strong inverse correlation was
found between tubulointerstitial TXNIP gene expression and esti-
mated glomerular filtration rate (eGFR) based on the Modification
of Diet in Renal Disease (MDRD) equation (γ = �0.63, P <
0.0001) (Fig. 2D). Co-IF staining of TXNIP with WT-1 or LTL
confirmed strikingly increased expression of TXNIP in podocytes
(Fig. 2E, white arrows) or renal tubules (Fig. 2F) in human FSGS
and MN patients.
We further performed bioinformatics analysis to explore

whether TXNIP is potentially regulated by CHOP at the tran-
scriptional level. ATAC-seq (assay for transposase-accessible

chromatin with high-throughput sequencing) peaks represent
open chromatin regions that likely contain active regulatory
sequences for the corresponding tissues. Single-cell profiling of
genome-wide chromatin accessibility of adult mouse kidney tis-
sue demonstrated high chromatin openness of the TXNIP
genomic region but not that of the neighboring genes, Hfe2
and Polr3gl (Fig. 2G) (25). Multiple ATAC-seq peaks from
kidney tissues were detected in the TXNIP genomic region
(Fig. 2G, green bars). Next, we searched the TXNIP genomic
region for putative CHOP binding sites using position weight
matrices (PWMs) of CHOP obtained from the JASPAR data-
base (https://jaspar.genereg.net) (26). PWM MA0019.1 from
the JASPAR database represents binding specificity of the heter-
odimer between CHOP and C/EBPα derived from rat. Since
transcription factors from the same family usually have similar
binding specificity irrespective of species (27), we used this
PWM as input to identify candidate CHOP-C/EBPα binding
sites using bioinformatics tool Patser (28). As shown in Fig. 2G,
red boxes indicate the overlapping regions between CHOP-C/
EBPα heterodimer binding sites (blue bars) and chromatin
accessible sites in adult mouse kidney cells (green bars),

Fig. 2. The relevance of TXNIP up-regulation
in human proteinuric kidney disease. (A) Sum-
mary of Nephroseq (version 5) data filtered
for P < 0.05, fold change > 1.5 (disease versus
control or nephrotic proteinuria versus
subnephrotic proteinuria) in human kidney
disease samples. Tublnt, tubulointerstitium;
Glom, glomeruli; TN, tumor nephrectomy;
HLD, healthy living donor; MCD, minimal
change disease; FSGS, focal segmental glo-
merulosclerosis. (B) Scatterplot showing the
correlation between glomerular or tubuloin-
terstitial TXNIP gene expression and protein-
uria in human FSGS samples. Data were
filtered for P < 0.05, γ > 0.5. (C) Scatterplot
showing the correlation between TXNIP gene
expression in tubulointerstitium and protein-
uria in human MN samples. Data were filtered
for P < 0.05, γ > 0.5. (D) Scatterplot showing
the correlation between TXNIP gene expres-
sion in tubulointerstitium and Log2 GFR
(MDRD) in human NS. Data were filtered for
P < 0.05, γ = �0.63. (E) Representative images
that show the glomerular TXNIP expression
(green) costained with WT-1 (red) from healthy
nephrectomy versus human FSGS and MN
patients, visualized by IF staining on frozen
kidney sections. (Scale bar, 40 μm.) (F) Repre-
sentative images that show tubular TXNIP
expression (green) costained with LTL (red),
visualized by IF staining on paraffin kidney
sections from healthy nephrectomy versus
human FSGS patient, as well as on frozen
kidney sections from healthy nephrectomy
versus human MN patient. (Scale bar, 40 μm.)
(G) Putative CHOP binding site analysis.
Red boxes indicate the overlapping
regions between CHOP-C/EBPα binding sites
(blue bars) and chromatin accessible sites
(green bars) in adult mouse kidney cells.
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suggesting that CHOP-C/EBPα could regulate TXNIP tran-
scription through these bindings sites. These analyses are con-
sistent with the notion that CHOP may serve as an inhibitor of
the ability of C/EBP proteins to activate some target genes
(12). Taken together, these data support that TXNIP may play
an important role in mediating the deleterious effect of albu-
minuria and that TXNIP gene expression may be directly regu-
lated by the CHOP heterodimer.

CHOP Deletion Attenuates TXNIP Expression and Mitigates
Albuminuria, as Well as Improves Kidney Function and Life
Span in Lamb22/2 Mice. To directly test the role of CHOP on
regulation of TXNIP in vivo and their functional impact on albu-
minuria and kidney function, we bred Chop�/� with Lamb2+/�

mice (Lamb2�/� mice died before 6 wk of age) to eventually gen-
erate Lamb2�/� and Lamb2�/�;Chop�/� mice, as well as their
WT littermates. Lamb2�/�;Chop�/� tubules (Fig. 3 A and C) and
glomeruli (Fig. 3 B and D) showed a dramatic reduction of
TXNIP expression at both transcriptional (Fig. 3 A and B) and
translational (Fig. 3 C and D) levels compared with the Lamb2�/�

counterparts, which was in alignment with the bioinformatics

analysis of potential regulatory function of CHOP on the TXNIP
transcription (Fig. 2G). Next, we characterized the phenotype
difference between the single and double knockout mice by deter-
mining spot urinary albumin to creatinine ratio, serum albumin,
and kidney function marker, blood urea nitrogen (BUN) at P25.
As shown in Fig. 3 E–G, CHOP deletion resulted in decreased
albuminuria, increased serum albumin, and improved kidney func-
tion in Lamb2�/� mice. Moreover, lack of CHOP in Lamb2�/�

mice significantly prolonged their survival (Fig. 3H). Finally, light
and transmission electron microscopy (TEM) were used to exam-
ine renal histopathology and ultrastructure in the indicated groups
at P25. Light microscopic examination of hematoxylin and eosin
(H&E)-stained kidney sections revealed severe glomerulosclerosis
in Lamb2�/� mice. In contrast, Lamb2�/�;Chop�/� mice exhib-
ited less diffuse mesangial matrix expansion (Fig. 3I). Periodic
acid–Schiff (PAS) staining showed much fewer tubular protein casts
in Lamb2�/�;Chop�/� mice versus Lamb2�/� mice (Fig. 3I). In
addition, there was less interstitial fibrosis in Lamb2�/�;Chop�/�

mice compared with Lamb2�/� mice, as shown by Gomori’s Tri-
chrome staining (Fig. 3I). Ultrastructural analysis revealed diffuse
foot process (FP) effacement (Fig. 3 J, b, red arrow) and mild

Fig. 3. CHOP deficiency attenuates TXNIP
expression and mitigates albuminuria, as well
as improves kidney function and life span in
Lamb2�/� mice. (A and B) Quantitative PCR
analysis of Txnip from isolated tubules (A)
and glomeruli (B) of WT, Lamb2�/�, and
Lamb2�/�;Chop�/� mice at P25. Mean ± SD
(n = 4 to 5 mice per genotype). *P < 0.05;
**P < 0.01; ***P < 0.001. (C and D) Immunoblot
to detect TXNIP protein from isolated tubules
(C) and glomeruli (D) of WT, Lamb2�/�, and
Lamb2�/�;Chop�/� mice at P25. n = 5 mice per
genotype. (E) Urinary albumin/creatinine ratios
in WT, Lamb2�/�, and Lamb2�/�;Chop�/� mice
at P25. Mean ± SD (n = 17 mice per genotype).
***P < 0.001. (F) Serum albumin levels for the
indicated genotypes at P25. Mean ± SD (n = 6
mice per genotype). *P < 0.05; ***P < 0.001.
(G) BUN levels from mice of the indicated
genotypes at P25. Mean ± SD (n = 17 mice
per genotype). ***P < 0.001. (H) Survival curves
of Lamb2�/� (red line, n = 22) and
Lamb2�/�;Chop�/� mice (blue line, n = 9).
Log-rank test analysis showed a significant
difference between the two groups
(P < 0.0005). (I) HE, PAS, and Gomori’s Tri-
chrome staining of paraffin kidney sections
from WT, Lamb2�/�, and Lamb2�/�;Chop�/�

mice at P25. (Scale bars, 20 [Left] and 100 μm
[Middle and Right].) (J) TEM analysis of the
glomerular filtration barrier from mice of the
indicated genotypes at P25. Red arrows indicate
diffuse FP effacement, white arrow indicates
well-preserved podocyte structures without
much FP effacement, and blue arrow indicates
mild GBM thickening. (Scale bar, 2 μm.)
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GBM thickening (Fig. 3 J, b, blue arrow) in Lamb2�/� mice. By
contrast, although FP effacement was observed in some glomeruli
of Lamb2�/�;Chop�/� mice (Fig. 3 J, c, red arrow), there were still
well-preserved glomeruli without much FP effacement (Fig. 3 J, d,
white arrow), which is consistent with the lower albuminuria in
Lamb2�/�;Chop�/� mice compared with Lamb2�/� mice. During
the disease progression at P35, the double knockout mice devel-
oped heavier albuminuria with higher BUN compared to P25,
although the severity of albuminuria and BUN level were still
significantly lower than those in the single knockout mice at P35
(SI Appendix, Fig. S5 A and B). In addition, these double knockout
mice at the later stage exhibited glomerulosclerosis, abundant pro-
tein casts in the renal tubules, and more interstitial fibrosis, as
manifested by H&E, PAS, and Trichrome staining, respectively
(SI Appendix, Fig. S5C). In summary, consistent with the protein-
uria and kidney function profiles, these studies demonstrate that
suppression of CHOP-TXNIP axis in both glomeruli and tubules
leads to improvement in glomerular filtration barrier ultrastructure
and kidney histopathological features.

CHOP Ablation Blocks TXNIP Shuttling into Mitochondria in
Response to Albuminuria. The increasing evidence has indi-
cated that mitochondria act as docking sites for inflammasome
assembly. Upon activation, NLRP3 redistributes from the ER
to both mitochondria and the mitochondria-associated ER
membrane (29). Furthermore, TXNIP is an NLRP3-binding
protein, and association of TXNIP with NLRP3 in mito-
chondria activates inflammasome (29, 30). In human THP1

macrophage and rat INS-1 pancreatic β cell lines, it has been
shown that when cells are treated with H2O2, oxidative stress
can induce subcellular shuttling of TXNIP to mitochondria
(29, 31). We therefore set out to study whether under
albuminuria-induced ER stress, CHOP would regulate intracel-
lular localization of TXNIP. We purified primary tubular cells
from WT, Lamb2�/�, and Lamb2�/�;Chop�/� mice at P25.
Passages 1 to 2 TECs were treated with 40 mg/mL BSA for
4 h and stained for TXNIP and mitochondria marker Mito-
Tracker, as well as nucleus marker Hoechst 33342, and TXNIP
localization was examined by confocal microscopy. In resting
cells, TXNIP protein was found to localize to nucleus primarily
(Fig. 4A). The localization of TXNIP changed dramati-
cally after treatment with BSA. In WT and Lamb2�/� TECs,
TXNIP relocated into the perinuclear space and colocalized with
Mitotracker, whereas in Lamb2�/�;Chop�/� TECs, TXNIP
retained inside the nucleus, and very little colocalization with
Mitotracker was detected (Fig. 4A). To confirm that the TXNIP
intracellular localization after BSA treatment is impacted by CHOP,
subcellular fractionation studies were performed at 8 h after BSA
treatment. With this approach, the amount of TXNIP and NLRP3
found in the mitochondrial fractions of Lamb2�/�;Chop�/� TECs
was decreased considerably compared to that in Lamb2�/� TECs
after the treatment of BSA (Fig. 4B). To corroborate the findings in
albumin-treated TECs, we isolated mitochondrial fractions from
renal tubules of WT, Lamb2�/�, and Lamb2�/�;Chop�/� mice at
P25. Mitochondrial fractions revealed that deletion of CHOP signif-
icantly blocked the increased expression of TXNIP and NLRP3 in

Fig. 4. CHOP deletion blocks albuminuria-
induced TXNIP shuttling into mitochondria.
(A) Double IF staining of TXNIP (green) and
MitoTracker (red) in primary TECs treated
without or with 40 mg/mL BSA for 4 h. Nuclei
were counterstained with Hoechst 33342
(blue). Individual confocal images were
merged digitally. The images shown are repre-
sentative of four independent experiments.
(Scale bar, 75 μm.) (B) WB analysis of TXNIP
and NLRP3 expression in the mitochondrial
fractions of primary TECs treated without or
with 40 mg/mL BSA for 8 h. COX IV was used
as mitochondrial internal control. The WB
image shown is representative of at least
three independent experiments. (C) Represen-
tative immunoblots of TXNIP and NLRP3
expression in the mitochondrial fractions of
isolated tubules from WT, Lamb2�/�, and
Lamb2�/�;Chop�/� mice at P25. COX IV was
used as mitochondrial internal control. n = 5
mice per genotype.
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the mitochondria of Lamb2�/� tubules (Fig. 4C). These data indi-
cate that CHOP regulates intracellular translocation of TXNIP to
mitochondria in response to albuminuria-induced ER stress.

TXNIP Mediates CHOP-Induced Mitochondrial Reactive Oxygen
Species Overproduction and NLRP3 Inflammasome Activation
in Albuminuria. TXNIP has been reported to be released from
Trx after oxidation of Trx by reactive oxygen species (ROS),
which allows TXNIP to bind to the NLRP3 inflammasome
(30). This prior study prompted us to determine the role of the
CHOP-TXNIP signaling axis in the regulation of production
of mitochondrial ROS, the major intracellular sources of ROS
(90%), in albuminuria. Primary TECs isolated from WT,
Lamb2�/�, and Lamb2�/�;Chop�/� mice at P25 were cultured
and treated with 40 mg/mL BSA for 90 min and then incu-
bated with Galuminox, a recently identified mitochondrial
ROS probe by us, which detects both superoxide and its down-
stream product, hydrogen peroxide, largely in mitochondria
(32). The fluorescence intensity measured by flow cytometry
clearly showed that albumin overload stimulated mitochondrial
ROS generation in WT, Lamb2�/�, and Lamb2�/�;Chop�/�

TECs relative to their respective untreated cells (Fig. 5 A and
B). In contrast, substantially less mitochondrial ROS produc-
tion was detected in Lamb2�/�;Chop�/� TECs treated with
BSA compared with WT and Lamb2�/� TECs treated with
BSA (Fig. 5 A and B). To directly interrogate the role of
TXNIP in mitochondrial ROS generation after albumin over-
load, PTCs were isolated from adult WT and Txnip�/� mice
that showed no abnormalities in growth, viability, and repro-
duction (33). As shown in Fig. 5 C and D, although WT PTCs
showed a marked induction of TXNIP at both translational
and transcriptional levels after treatment with BSA, as expected,
Txnip�/� PTCs demonstrated a complete depletion of TXNIP
in the absence and presence of BSA (Fig. 5 C and D). We fur-
ther confirmed TXNIP deletion in the mitochondrial fraction
of Txnip�/� PTCs with or without BSA treatment (Fig. 5E).
When both WT and Txnip�/� PTCs were treated with
40 mg/mL BSA for 90 min, flow cytometry analysis of Galumi-
nox revealed that in contrast to WT PTCs that exhibited a
marked increase in mitochondrial ROS levels after treatment
with BSA, Txnip�/� PTCs did not manifest much increase in
mitochondrial ROS levels after exposure to BSA (Fig. 5F).

Fig. 5. TXNIP-mediated mitochondrial ROS
production and NLRP3 inflammasome activa-
tion after albumin overload are suppressed
by CHOP depletion. (A and B) Primary TECs
from the indicated genotypes were treated
with 40 mg/mL BSA for 90 min and then
stained with the mitochondrial ROS indicator
Galuminox, and the fluorescence intensity
was measured by flow cytometry. The relative
fluorescence intensity was expressed as
mean ± SD from three independent ex-
periments. NS, not significant; *P < 0.05;
**P < 0.01. Con, control. (C–E) Primary PTCs
were isolated and cultured from WT and
Txnip�/� mice. Cultured PTCs were starved for
16 h and then treated with 40 mg/mL BSA for
8 h. (C) Cell lysates were analyzed by WB for
protein levels of TXNIP and β-actin. The WB
image shown is representative of at least
three independent experiments. (D) Quantita-
tive PCR analysis for mRNA levels of TXNIP.
Gene expression was normalized to β-actin.
Mean ± SD from three independent experi-
ments. ***P < 0.001. (E) Mitochondrial frac-
tions were analyzed by WB for protein levels
of TXNIP. COX IV was used as mitochondrial
internal control. (F) Primary PTCs treated with
or without 40 mg/mL BSA for 90 min were
stained by Galuminox for mitochondrial ROS
levels and assessed by flow cytometry. The
relative fluorescence intensity was expressed
as mean ± SD from three independent experi-
ments. **P < 0.01. (G) 68Ga-Galuminox
(100 μCi) was injected via tail vein into WT,
Lamb2�/�, and Lamb2�/�;Chop�/� mice at P28.
Static PET scans were acquired from 30 to
60 min post–tail vein injection. PET/CT images
as shown are a summation of frames from
30 to 45 min. (H) SUV analysis of 68Ga-Galumi-
nox uptake in kidneys of the indicated geno-
types. Mean ± SD (n = 4 to 6 kidneys per
genotype). *P < 0.05; ***P < 0.001. (I) Repre-
sentative WBs evaluating expression of
NLRP3, cleaved caspase 1, IL-1β, p-IκBα, IκBα,
and NFκB in isolated tubules from the indi-
cated genotypes at P25. n = 3 mice per geno-
type. (J) Quantitative PCR analysis of isolated
tubules from the indicated genotypes at P25
for transcript levels of inflammasome and
proinflammatory genes. Gene expression
was normalized to 18S. Mean ± SD (n = 5
mice per genotype). *P < 0.05; **P < 0.01;
***P < 0.001.
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These findings collectively suggest that TXNIP is required for
mitochondrial ROS production and that attenuated transloca-
tion of TXNIP to mitochondria due to CHOP deficiency
mediates less pronounced generation of mitochondrial ROS
evoked by albumin overload.
To unambiguously prove the suppressed mitochondrial ROS

levels in Lamb2�/�;Chop�/� mice directly in vivo, we took
advantage of noninvasive, sensitive, and quantitative PET/CT
molecular imaging to detect mitochondrial ROS by employing
our newly developed mitochondrial ROS radiotracer 68Ga-
Galuminox (32). This 68Ga-radiotracer (incorporated with a
nonconventional, generator-produced isotope) is capable of
detecting mitochondrial ROS in vivo. Preclinical PET/CT
images (summation of frames over 30 to 45 min) postadminis-
tration of 68Ga-Galuminox are shown in Fig. 5G. Of note,
68Ga-Galuminox showed a 2.9-fold higher uptake in kidneys of
Lamb2�/� mice (standard uptake value [SUV], 5.73 ± 0.24,
n = 6) compared with WT littermates (SUV, 1.96 ± 0.23,
n = 6) and a statistically significant 19% reduction of the
uptake in Lamb2�/�;Chop�/� mice (SUV, 4.65 ± 0.2, n = 4)
compared to Lamb2�/� mice (Fig. 5H).
Mitochondrial ROS-dependent activation of NLRP3 inflam-

masome is a molecular platform acted upon signs of cellular
“danger” to trigger innate immune defenses through matura-
tion of proinflammatory cytokines such as interleukin (IL)-1β
and IL-18, which can activate NFκB to further stimulate NLRP3
synthesis. Key components of a functional NLRP3 inflammasome
are NLRP3, the adaptor protein (apoptosis-associated speck-like
protein containing CARD [ASC]) and caspase-1 (34). Given
decreased protein levels of TXNIP and NLRP3 in the mitochon-
dria, in association with suppressed mitochondrial ROS accumula-
tion in Lamb2�/�;Chop�/� mice, we thus anticipated inhibition of
NLRP3 inflammasome in the double null mice responding to
albuminuria in NS. To prove this hypothesis, renal tubules were
isolated from the different groups of mice at P25. WB revealed
decreased abundance of NLRP3 and cleaved caspase-1 and IL-1β,
as well as down-regulation of NFκB and p-IκBα (inhibitor of
NFκB (IκBα) that is phosphorylated and inactivated) in the dou-
ble null mice compared with Lamb2 null mice (Fig. 5I). Conse-
quently, transcript levels of ASC and IL-1β and their downstream
proinflammatory cytokines, including IL-6, intercellular adhe-
sion molecule (ICAM), monocyte chemoattractant protein-1
(MCP-1), and transforming growth factor β (TGFβ), were sub-
stantially reduced in the double null compared with the single null
mice (Fig. 5J). To confirm the contribution of TXNIP in CHOP-
induced activation of inflammasomes, we purified PTCs from WT
and Txnip�/� mice, and cultured PTCs were incubated with
40 mg/mL BSA for 8 and 24 h. Loss of TXNIP abolished albumin-
induced inflammasome activation, as evidenced by a reduction of
protein levels of NLRP3 and cleaved caspase-1 in the cell lysates
(SI Appendix, Fig. S6A), as well as decreased transcript levels of
NLRP3 and ASC (SI Appendix, Fig. S6B). As a result, TXNIP defi-
ciency markedly repressed transcript levels of proinflammatory cyto-
kines such as IL-1β, IL-6, MCP-1, and ICAM (SI Appendix, Fig.
S6C). Taken together, these studies incorporating quantitative in vivo
molecular imaging support the notion that blockade of TXNIP
translocation to mitochondria by CHOP depletion during albumin-
uria leads to decreased mitochondrial ROS production and subse-
quent NLRP3 inflammasome activation.

Abrogation of CHOP-TXNIP Signaling Dampens ASK1-Mediated
Mitochondrial Apoptosis in Albuminuria. Besides regulating the
cellular redox state and inflammation, TXNIP may play a crucial
role in the signal transduction for apoptosis. Mitochondrial Trx2

binds to apoptosis signal-regulating kinase 1 (ASK1) and inhibits
its activity (35). Upon an increase in mitochondrial ROS, critical
cysteine residues in Trx2 become oxidized, and ASK1 is liberated
from Trx2 binding. The resultant ASK1 autophosphorylation and
activation mediate ROS-induced apoptosis in a mitochondria-
dependent pathway (36). We thus anticipated that in albumin-
uria, increased relocation of TXNIP into mitochondria would
compete with ASK1 for Trx2 binding, and concomitantly
increased mitochondrial ROS levels would further release ASK1
from Trx2, thus promoting mitochondrial apoptosis. To test this
hypothesis, we monitored Trx2 and p-ASK1 levels in the mito-
chondrial fractions of renal tubules isolated from WT, Lamb2�/�,
and Lamb2�/�;Chop�/� mice at P25. As shown in Fig. 6A, corre-
lating with increased mitochondrial TXNIP level in Lamb2�/�

tubules (Fig. 4C), albuminuria provoked a decrease in Trx2 abun-
dance in the mitochondrial fractions of Lamb2�/� tubules since
oxidized Trx2 is unstable and more accessible for degradation
(36, 37), which led to an increase in mitochondrial p-ASK1 abun-
dance (Fig. 6A). Inhibition of the CHOP-TXNIP axis in
Lamb2�/�;Chop�/� tubules reverted the aforementioned changes
(Fig. 6A).

In the mitochondria (intrinsic) apoptotic pathway, cyto-
chrome c (Cyto c), released from the mitochondria into the
cytoplasm, forms the “apoptosome” with Apaf-1 and procas-
pase 9, which in turn induces activation of procaspase 9 and
subsequent apoptosis. We observed a marked decrease of Cyto
c in the mitochondrial fraction (Fig. 6B) and an increase in
cleaved, active caspase 9 (Fig. 6B, red arrows) in albuminuria-
exposed Lamb2�/� tubules versus WT tubules. Repression of
CHOP-TXNIP signaling in Lamb2�/�;Chop�/� tubules allevi-
ated p-ASK1–mediated mitochondrial apoptosis (Fig. 6 A and
B). TEM ultrastructural analyses of mitochondrial integrity
were performed in sections from WT, Lamb2�/�, and
Lamb2�/�;Chop�/� mice at P25 (Fig. 6C). In normal renal
tubules, mitochondria were aligned in well-preserved rows.
Intracellular albumin overload resulted in disorganized and
fragmented mitochondrial arrays (Fig. 6C, black arrow) and
aggregates of swollen mitochondria (Fig. 6C, white and blue
arrows) with mild lysis (Fig. 6C, white arrow) and disrupted
cristae (Fig. 6C, blue arrow) in Lamb2�/� tubules. In contrast,
these ultrastructural derangements observed in Lamb2�/�

tubules were substantially reversed by CHOP depletion in
Lamb2�/�;Chop�/� tubules (Fig. 6C).

We next investigated whether CHOP deficiency in primary
TECs exposed to albumin overload can simulate the in vivo
findings. WT, Lamb2�/�, and Lamb2�/�;Chop�/� TECs were
treated with 40 mg/mL BSA for 8 h. Similarly, we found that
mitochondrial Trx2 baseline level before the albumin treatment
was significantly lower in Lamb2�/� TECs compared to that in
WT or Lamb2�/�;Chop�/� TECs (Fig. 6D), which was inversely
correlated with the mitochondrial TXNIP levels in the primary
TECs of the indicated genotypes (Fig. 4B). Although albumin
overload for the very short term (8 h) resulted in a slight increase
in Trx2 in all groups, the ratio of mitochondrial Trx2/TXNIP in
Lamb2�/� TECs was substantially decreased compared to that in
WT or Lamb2�/�;Chop�/� TECs (Fig. 6D). A concomitant dra-
matic increase in ASK1 phosphorylation and a significant reduc-
tion of Cyto c in the mitochondrial fraction of Lamb2�/� TECs
was observed (Fig. 6D). Moreover, Cyto c leakage from mitochon-
dria led to activation of procaspase 9 (Fig. 6E, red arrows) and
executioner caspase 3 (Fig. 6E). Consistent with the in vivo find-
ings, CHOP deletion blocked p-ASK1–mediated mitochondrial
dysfunction and apoptosis (Fig. 6 D and E). In summary, our
results clearly indicate that abolishment of CHOP-TXNIP
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signaling ameliorates p-ASK1–dependent mitochondrial apoptosis
in tubular cells in NS.

Discussion

Our present study demonstrates for the first time that CHOP-
TXNIP signaling is a key regulator for NLRP3 inflammasome
activation and p-ASK1-mediated mitochondrial apoptosis con-
ferred by increased mitochondrial ROS accumulation in NS. Our
findings reveal that in response to albuminuria-induced ER stress,
CHOP regulates TXNIP subcellular shuttling from nucleus to
mitochondria, which is required for mitochondrial ROS produc-
tion. By utilizing our recently identified molecular imaging probe
68Ga-Galuminox through PET/CT imaging, we directly show
that CHOP deletion suppresses mitochondrial ROS levels in NS.
Our results concur with the notion that mitochondrial TXNIP
competes with Trx2 for NLRP3 binding, as well as competes with
ASK1 for Trx2 binding. The mitochondrial Trx2 oxidization by
mitochondrial ROS releases TXNIP to activate NLRP3 inflam-
masome, as well as dissociates ASK1 to initiate mitochondria-
dependent apoptosis. In addition, it has been shown that
oxidant stress and ER stress operate in a positive feedback man-
ner to worsen the tubulointerstitial injury (38, 39). Thus,

CHOP-TXNIP axis modulates ER-mitochondria crosstalk and
blockade of TXNIP translocation into mitochondria counteracts
deleterious effects of albuminuria in NS (Fig. 7).

Not much is known about the function of mitochondrial
Trx2 in kidney disease. Our study suggests that mitochondrial
Trx2 plays a unique and critical role in tubular cell survival in
NS. Since mitochondria have the most reducing environment
among all cellular organelles, a reduced state is critical for
maintaining the normal function of many mitochondria pro-
teins (40). Trx2, a small redox protein, contains a redox-active
disulfide/dithiol group within the conserved active site sequence
Cys-Gly-Pro-Cys and a mitochondria targeting signal peptide.
Reduced Trx2 catalyzes the reduction of disulfide bonds in
multiple substrate proteins, and oxidized Trx2 is reversibly
reduced by the action of Trx reductase and NADPH (41).
Homozygous deletion of Trx2 causes massive apoptosis and
early embryonic lethality (42). Mice with cardiac-specific Trx2
ablation develop dilated cardiomyopathy at 1 mo, associated
with increased mitochondrial ROS generation and increased
ASK1 apoptotic signaling (36). Whether overexpression of
mitochondrial Trx2 can mitigate NLRP3 inflammasome activa-
tion and intrinsic apoptosis in our NS model warrants further
investigation.

Fig. 6. Inhibition of the CHOP-TXNIP axis alle-
viates mitochondrial ASK1-mediated intrinsic
apoptosis in albuminuria. (A) Representative
WBs of Trx2 and p-ASK1 (Ser967) in the mito-
chondrial fractions of isolated tubules from WT,
Lamb2�/�, and Lamb2�/�;Chop�/� mice at P25.
COX IV was used as mitochondrial internal
control. n = 5 mice per genotype. (B) Represen-
tative WBs of Cyto C from the mitochondrial
fractions and cleaved caspase 9 from the whole
tubular lysates of the indicated groups at p25.
COX IV and β-actin were used as mitochondrial
and whole tubular lysate internal control,
respectively. Red arrows indicate the cleaved
caspase 9. n = 5 mice per genotype. (C) TEM
ultrastructural analysis of mitochondria in the
tubules from mice of the indicated genotypes
at P25. Black arrow indicates fragmented
mitochondria, white arrow indicates aggregates
of swollen mitochondria with mild lysis, and
blue arrow indicates disruption of mito-
chondrial cristae. (Scale bar, 4 μm [Left] and
400 nm [Right].) (D) Mitochondrial fractions of
primary cultured TECs from WT, Lamb2�/�, and
Lamb2�/�;Chop�/� mice at P25, which were
treated without or with 40 mg/mL BSA for 8 h,
were analyzed by WBs for levels of Trx2, p-ASK1
(Ser967), and Cyto C. COX IV was used as mito-
chondrial internal control. (E) Whole-cell lysates
of primary cultured TECs from WT, Lamb2�/�,
and Lamb2�/�;Chop�/� mice at P25, which were
treated without or with 40 mg/mL BSA for 8 h,
were analyzed by WBs for cleaved caspases
9 and 3. β-actin was used as loading control.
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In the current study, we also discover that removing ASK1
from Trx2 inhibition due to TXNIP relocation to mitochon-
dria triggers mitochondria-dependent apoptosis in renal tubules
in NS. This finding has direct translational potential. ASK1, a
serine/threonine kinase, is a member of the 28 MAPKKK fam-
ily and activated in response to proinflammatory stimuli, ROS,
and cellular stress leading to apoptosis (43). ASK1 is localized
in the cytosol as well as in mitochondria, where it binds to
cytosolic Trx1 and mitochondrial Trx2, respectively. Its activity
is regulated by phosphorylation/dephosphorylation whereby
phosphorylation of serine 967 results in activation of ASK1.
Once proapoptotic stimuli dissociate Trx1 or Trx2 from ASK1,
ASK1 in cytoplasm mediates a JNK-dependent while ASK1 in
mitochondria mediates a JNK-independent apoptotic pathway
(35). In our NS model, we do not observe JNK activation
(SI Appendix, Fig. S2B), indicating that mitochondrial ASK1 is
a key mediator inducing cell death in NS. Selonsertib, a kinase
inhibitor targeted to ASK1, has been evaluated in a phase 2 clin-
ical trial for its safety and efficacy in adults with treatment-
refractory moderate-to-advanced diabetic kidney disease.
Exploratory post hoc analyses suggest that selonsertib may slow
eGFR decline over one year, and no dose-dependent adverse
effects are observed during the 1-y trial period (44). It would
be worthwhile to investigate whether Selonsertib has any effect
on NS mouse models and patients. Moreover, a nontoxic small
molecule compound, SRI-37330, was recently discovered as a
novel TXNIP inhibitor to repress its promoter activity. The
exciting results that SRI-37330 treatment leads to a marked
improvement in glucose homeostasis in mouse models of obe-
sity- and streptozotocin-induced diabetes would drive us to test
whether this chemical compound has therapeutic potential in
the treatment of NS.
In conclusion, we provide a report that CHOP-TXNIP is a

critical mediator linking ER stress and mitochondria dysfunc-
tion during heavy albuminuria and ensuing tubulointerstitial
fibrosis. Targeting TXNIP may provide an attractive approach
that is distinctive from the currently available ACEIs/ARBs to
attenuate the detrimental effect of albuminuria in NS.

Materials and Methods

Mice. Lamb2�/� mice have been described previously (45, 46). Txnip�/� mice
were provided by Roger Davis (San Diego State University, San Diego, CA) (33).

Chop�/� mice on the C57BL/6 genetic background (stock no. 005530) were pur-
chased from the Jackson Laboratory. All animal experiments conformed to the
NIH Guide for the Care and Use of Laboratory Animals and were approved by the
Washington University Animal Studies Committee. Mice were maintained on a
12-h light/dark cycle at 18 to 26 °C in an American Association for Accreditation of
Laboratory Animal Care (AAALAC) accredited facility. Both male and female litter-
mates ranging in age from 3 to 6 wk were used for experiments. For survival
experiments, male and female mutant mice were followed up to 12 wk after birth.

Renal Biopsies. Renal biopsy samples were obtained from Washington Univer-
sity Kidney Translational Research Core. The analyzed kidney biopsies were from
adult patients with a diagnosis of FSGS or MN, as determined by IF staining,
H&E staining, PAS staining, PAS–methenamine silver staining, and electron
microscopy. All patients exhibited nephrotic range proteinuria at the time of
biopsy. The paracarcinoma normal kidney tissues were used as controls.

Isolation of Mouse Glomeruli and Tubules. WT, Lamb2�/�, and
Lamb2�/�;Chop�/� mice at P25 were perfused through the heart with magnetic
4.5-μm-diameter Dynabeads (Invitrogen). Kidneys were minced into small pieces,
digested by collagenase A (Sigma-Aldrich) and DNase I (Sigma-Aldrich). The glomer-
uli were filtered and collected using a magnet. The purity of glomeruli was >95%.
The remaining tubulointerstitial tissue was centrifuged for 15 min at 1,000 × g
(47). The resulting pellets were divided and shock-frozen for RNA and protein extrac-
tion or for primary TEC cell culture.

Primary Cell Isolation, Culture, and Treatments. Primary podocytes from
WT and Lamb2�/� mice were prepared as previously described (48). Briefly, iso-
lated glomeruli were plated onto collagen type I–coated culture dishes and cul-
tured in 5% CO2 at 37 °C in DMEM (Gibco): Ham’s F-12 (Lonza) (2:1) containing
3T3-L1 supernatant, 5% FBS (Gibco), 1% Insulin-Transferrin-Selenium (ITS) sup-
plement (Gibco), and 100 U/mL penicillin-streptomycin (Gibco). After 3 d, cell
colonies began to sprout around the glomeruli. These cells (P0) showed an epi-
thelial morphology with a polyhedral shape when confluence was reached.

After primary TECs were isolated from WT, Lamb2�/�, and Lamb2�/�;Chop�/�

mice as described above, single-cell suspension was obtained by pipetting the
isolated tubules and filtering through a 40-μM strainer. The filtrated cells were
resuspended and cultured in 5% CO2 at 37 °C in DMEM/F-12 (Gibco) medium
containing 5% FBS (Gibco), 0.7% ITS supplement (Gibco), 10 ng/mL epidermal
growth factor (Sigma-Aldrich), 4 μg/mL dexamethasone (Sigma-Aldrich), 50 μM
L-ascorbic-2 phosphate (Sigma-Aldrich), and 100 U/mL penicillin-streptomycin
(Gibco) (49).

Primary PTCs from WT and Txnip�/� mice were isolated using the established
method (50). Briefly, kidneys were removed from PBS-perfused mice, minced, and
incubated for 30 min in PBS containing collagenase type 1 (Sigma-Aldrich) and
DNase I (Sigma-Aldrich). The reaction was terminated by adding DMEM/F-12 (Gibco)
medium with 10% FBS, and single-cell suspension was obtained by pipetting the
tissue and filtering through a 40-μM strainer. Lotus tetragonolobus lectin (LTL)-posi-
tive PTCs were separated from the single-cell suspension using the Dynabeads mag-
netic bead conjugation system, whereby biotinylated, anti-LTL (Vector Laboratories)
was incubated with Dynabeads Biotin Binder (Thermo Fisher) at 4 °C for 45 min.
Beads were then washed twice with 1% BSA/PBS buffer and incubated with the
single-cell suspension in a final volume of 1 mL at 4 °C for 45 min. Beads and LTL-
positive cells were then trapped against a magnet, and residual LTL-negative cells
were washed away. The cells were cultured in the same medium as used for TECs.

Podocytes, TECs, and PTCs at passage 1 or 2 were used for experiments.
Before BSA treatment, cells were starved for 16 h and then stimulated with
20 or 40 mg/mL fatty acid–free and low-endotoxin BSA (Sigma-Aldrich) in
serum-free medium for different time durations.

Mitochondrial Fractionation. Fresh tubules and cultured cells were washed
with cold PBS first. Mitochondrial fractions were isolated from tubules using
Mitochondria Isolation Kit for Tissue and from TECs or PTCs using Mitochondrial
Isolation Kit for Cultured Cells (Thermo Fisher Scientific) according to the manu-
facturer’s protocols.

Antibodies. Commercially available antibodies were obtained as follows: anti-
caspase 12, anti-caspase 3, anti-caspase 9, anti-cleaved caspase 1, anti-p-JNK,
anti-JNK, anti-p-eIF2α, anti-eIF2α, anti-IRE1α, anti-CHOP, anti-NLRP3, anti-COX IV,
anti-IL1β, anti-cleaved caspase1, anti-p-IκB, anti-IκB, anti-NFκB, and anti-cytochrome

Fig. 7. Scheme depicting that CHOP-TXNIP signaling axis in renal tubular
cells modulates mitochondria-dependent NLRP3 inflammasome activation
and mitochondrial p-ASK1–mediated intrinsic apoptosis in NS.
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c antibodies were from Cell Signaling Technology; anti-ATF6 and anti-p-IRE1α anti-
bodies were from Novus Biological; anti-p-ASK1(Ser967) antibody was from Sigma-
Aldrich; anti-XBP1s antibody was from BioLegend; anti-TXNIP antibody was
from MBL International Corporation; anti-WT-1 antibodies were from Santa Cruz
Biotechnology or Abcam; and anti-ATF4 and anti-Trx2 antibodies were from Santa Cruz
Biotechnology. HRP-conjugated anti-mouse β-actin antibody was from Sigma-Aldrich
and HRP-conjugated secondary antibodies were from Cell Signaling Technology.

Western Blot Analysis. Isolated glomeruli and tubules, primary podocytes,
TECs, and PTCs were lysed by RIPA buffer (Cell Signaling Technology) containing
protease inhibitor mixture (Sigma-Aldrich) and phosphatase inhibitor tablets
(Roche). The protein concentrations of tissue and cell lysates were determined by
Bio-Rad Protein assay using BSA as a standard. WBs were performed as previously
described (48). Protein band intensities were quantified using Image J software.

Measurement of Mitochondrial ROS Levels. The mitochondrial ROS levels
were measured by Galuminox (32). TECs and PTCs of different genotypes were
stained with 20 μM Galuminox at 37 °C in the dark for 1 h. After incubation, the
cells were washed with PBS. Fluorescence was measured by a Calibur 3 flow
cytometer (BD Biosciences) at the fluorescence-activated cell sorting core facility
of the Washington University School of Medicine. The results were analyzed by
the CellQuest program.

IF Staining and Confocal Microscopy. Frozen sections were fixed with 4%
paraformaldehyde in PBS for 5 min at room temperature and blocked with 1%
normal BSA for 1 h at room temperature. IF staining on paraffin sections with cit-
rate (pH 6.0) antigen retrieval was performed as described previously (51). For
TXNIP staining, the slides were stained with mouse IgG1 anti-TXNIP antibody
(MBL) overnight at 4 °C. For albumin staining, the slides were incubated with a
goat anti-albumin (R&D Systems) antibody together with a rabbit anti-Lam α5
(a kind gift from Jeffrey Miner, Washington University School of Medicine, St.
Louis, MO) or a rabbit anti-WT1 (Santa Cruz Biotechnology) antibody overnight
at 4 °C. Slides were analyzed under a fluorescence microscope (Nikon).

For immunocytochemistry, TECs were seeded on coverslips coated with
5 mg/mL rat collagen I (Trevigen) in 24-well plates. The cells were treated with
250 nM MitoTracker Red CMXRos (Invitrogen) at 37 °C for 20 min and then
fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton
X-100 for 5 min, and blocked with 1% BSA for 30 min at room temperature, fol-
lowed by incubation with the mouse IgG1 anti-TXNIP antibody overnight. The
slides were washed with PBS and incubated with Alexa 488-conjugated second-
ary antibody (Molecular Probes) and Hoechst 33342 to stain nuclei. The slides
were then mounted with antiquench solution and visualized using Nikon A1Rsi
Confocal Microscopy. Images were acquired with NIS-Elements AR software
(Nikon) and analyzed using Image J software (NIH).

Light and Electron Microscopy. For light microscopy, kidneys were fixed in
4% paraformaldehyde, dehydrated through graded ethanols, embedded in
paraffin, sectioned at 4 mm, and stained with H&E, PAS, and Gomori’s Trichrome
by the Morphology Core. For TEM, tissues were fixed, embedded in plastic, sec-
tioned, and stained as described previously (51).

Preclinical PET/CT Imaging. Radiolabeled 68Ga-Galuminox was synthesized
using a procedure described previously (32). Imaging studies were performed in
WT, Lamb2�/�, and Lamb2�/�;Chop�/� mice at P28. Both sexes were used. For
these studies, mice were anesthetized with isoflurane (2%) via an induction cham-
ber and maintained with a nose cone. After anesthetization, the mice were secured
in a supine position and placed in an acrylic imaging tray. Following intravenous
tail vein administration of 68Ga-Galuminox (100 μL; 100 μCi; 2% ethanol in saline,
3.7 MBq), static preclinical PET scans were performed over 30 to 60 min, using
Inveon PET/CT scanner (Siemens Medical Solutions). PET data were stored in list
mode, and reconstruction was performed using a Three Dimensional-Ordered Sub-
set Expectation Maximization (3D-OSEM) method with detector efficiency, decay,
dead time, attenuation, and scatter corrections applied. For anatomical visualiza-
tion, PET images were also coregistered with CT images from an Inveon PET/CT
scanner. Regions of interests were drawn over the kidney, and SUVs were calcu-
lated as the mean radioactivity per injected dose per animal weight.

Urine and Serum Analysis. Urine samples were collected by manual restraint
or using a metabolic cage. Blood samples were collected from the tail vein.

Urinary creatinine concentration was quantified by a QuantiChrom creatinine
assay kit (BioAssay Systems). Urinary albumin and serum albumin concentrations
were measured by a QuantiChrom albumin assay kit (BioAssay Systems). BUN
levels were measured by using a QuantiChrom urea assay kit (BioAs-
say Systems).

mRNA Quantification by Real-Time PCR. Total RNA from isolated glomeruli,
tubules, PTCs, or TECs was extracted using the RNeasy kit (QIAGEN) and then
reverse-transcribed using an RT-PCR Kit (Superscript III; Invitrogen). Gene expres-
sion was evaluated by quantitative real-time PCR with SYBR Green PCR Master
Mix (Qiagen) in an Applied Biosystems QuantStudio 6 Flex Real-Time PCR Sys-
tem (Thermo Fisher Scientific) using mouse 18s rRNA or β-actin as an internal
control. Quantitative PCR was conducted in triplicates for each sample. Primer
sequences are provided in SI Appendix, Table 1.

CHOP Putative Binding Site Analysis. ATAC-seq peaks and bigwig files from
Cusanovich et al. (25) were downloaded from the Cistrome DB (cistrome.org/)
(52, 53). CHOP PWM MA0019.1 was obtained from the JASPAR database
(https://jaspar.genereg.net). PWM MA0019.1 was used as input for Patser pro-
gram (28) to identify candidate CHOP bindings sites in the TXNIP genomic
sequence using parameter -c -d2 -li. The Patser program calculates the probabil-
ity of observing a sequence with a particular score or greater for the given
matrix and determines the default cutoff score based on sample size–adjusted
information content of each PWM. Motif positions were converted to BED file
format. ATAC-seq signal files and motif position files were loaded to The Inte-
grative Genomics Viewer (54) for visualization and figuration generation.

NephroSeq Dataset. Data were obtained from the NephroSeq database, version
5. TXNIP gene expression data were downloaded for “Disease vs. Control Analyses,”
“GFR Analyses,” and “Proteinuria Analyses.” The data of “Disease vs. Control” and
“Proteinuria” were filtered for P < 0.05 and fold change > 1.5, and the graph was
visualized using ggplot2. The correlation data of “GFR” and “Proteinuria” were fil-
tered for P< 0.05, γ < �0.5, and P< 0.05, γ > 0.5, respectively.

Statistics. Statistical analyses were performed using GraphPad Prism 5 soft-
ware. Data were expressed as mean ± SD of three or more independent experi-
ments. A two-tailed Student’s t test was used to compare two groups. One-way
ANOVA with post hoc Tukey test was used to compare multiple groups. P < 0.05
was considered statistically significant.

Data Availability. All study data are included in the article and SI Appendix.
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