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Fluid shear stress inhibits vascular
inflammation by decreasing thioredoxin-
interacting protein in endothelial cells
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Regions in the vasculature that are exposed to steady laminar blood flow are protected from atherosclerosis
as compared with regions where flow is disturbed. We found that flow decreased TNF-mediated VCAM1
expression by inhibiting JNK and p38. JNK inhibition correlated with inhibition of apoptosis signal-regu-
lating kinase 1 (ASK1), a JNK and p38 activator. Thioredoxin-interacting protein (TXNIP) is a stress-respon-
sive protein that inhibits thioredoxin (TRX) activity. Since thioredoxin inhibits ASK1, we hypothesized that
changes in TXNIP-TRX-ASKI1 interactions mediate the antiinflammatory effects of flow. To explore this,
we used perfused vessels and cultured ECs. Exposure of rabbit aortae or ECs to normal flow (12 dyn/cm?, 24
hours) was associated with decreased TXNIP expression and increased TRX activity compared with exposure
to low flow (0.4 dyn/cm?). Normal flow inhibited TNF activation of JNK/p38 and VCAM1 expression. In
cultured ECs, reduction of TXNIP expression by small interfering RNA increased TRX binding to ASK1 and
inhibited TNF activation of JNK/p38 and VCAM1 expression. Conversely, overexpression of TXNIP stimu-
lated JNK and p38. In aortae from TXNIP-deficient mice, TNF-induced VCAM1 expression was inhibited.
The data suggest that TXNIP and TRX are key components of biomechanical signal transduction and estab-

lish them as potentially novel regulators of TNF signaling and inflammation in ECs.

Introduction

Substantial evidence exists that physiologic fluid shear stress
exerts atheroprotective effects in vivo, since atherosclerosis pref-
erentially occurs in areas of disturbed flow or low shear stress,
whereas regions with steady laminar flow and physiologic shear
stress are protected (1, 2). Pathogenic features of atheroscle-
rosis are oxidative stress and inflammation characterized by
endothelial expression of VCAMI1 (3). We have proposed that
steady laminar flow inhibits VCAM1 expression by increasing
antioxidant mechanisms and blocking inflammatory signaling
events. Specifically, using in vitro-cultured ECs (4, 5) and ex vivo
intact vessels (6), we have demonstrated that one mechanism by
which steady laminar flow is atheroprotective involves inhibition
of TNF-mediated activation of the apoptosis signal-regulating
kinase 1-JNK/p38 kinase pathway.

Apoptosis signal-regulating kinase 1 (ASK1), a mitogen-
activated protein kinase kinase kinase, plays essential roles in
cytokine-related signaling and stress-induced apoptosis (7).
Through genetic screening for ASK1-binding proteins, Saitoh
et al. (8) found that thioredoxin (TRX) bound directly to the
N-terminus of ASK1 and inhibited ASK1 kinase activity as
well as ASK1-dependent apoptosis. TRX is a ubiquitous thiol
oxidoreductase that regulates cellular redox status. TRX can pro-
tect against oxidative stress-induced cell injury or inflammation
directly via antioxidant effects and indirectly by protein-protein
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interaction with signaling molecules such as ASK1 (9). TRX also
exhibits growth-promoting effects presumably via an increased
supply of reducing equivalents for DNA synthesis and activation
of transcription factors that regulate cell growth. Thioredoxin-
interacting protein (TXNIP, also termed VDUP1 for vitamin D3~
upregulated protein 1) was originally identified in HL-60 leuke-
mia cells treated with 1,25-dihydroxyvitamin Dj (10). Thereafter,
Nishiyama et al. (11) isolated TXNIP as a TRX-binding protein
using a yeast 2-hybrid system. Biochemical analysis showed that
TXNIP inhibited TRX activity by interacting with the catalytic
center of TRX (cysteines 32 and 35); this suggests that TXNIP
is an endogenous inhibitor of TRX (11, 12). It seems likely that
TXNIP competes with ASK1 for binding to TRX, thereby releas-
ing ASK1 from TRX inhibition.

There is accumulating evidence that TXNIP plays a pivotal
role in cardiovascular disorders, functioning as a sensor for
biomechanical and oxidative stress. Schulze et al. recently report-
ed in vascular smooth muscle that hyperglycemia increased oxi-
dative stress by inducing TXNIP and inhibiting the antioxidant
function of TRX (13). They also showed that diabetic animals
exhibited increased vascular expression of TXNIP. Wang et al.
(14) recently demonstrated in cardiomyocytes that mechani-
cal strain suppressed TXNIP expression, and that increases in
TRX activity followed. It has also been reported by Yoshioka
et al. that TXNIP expression is decreased in pressure-overload
cardiac hypertrophy followed by TRX-induced stimulation of
cardiac cell growth (15). These results support the emerging
concept that TXNIP is a critical regulator of biomechanical sig-
naling in cardiovascular disorders. Therefore we hypothesized
that steady laminar flow should inhibit TXNIP expression in
ECs. Here we demonstrate a potentially novel mechanism for
the atheroprotective effects of fluid shear stress via decreased
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Figure 1

Normal flow downregulated TXNIP expression in ECs. After rabbit aor-
tae were exposed to low flow (0.4 dyn/cm?) or normal flow (12 dyn/cm?)
for 24 hours, EC (A) and VSMC (B) proteins were selectively purified,
and immunoblotting was performed (n = 4-5). Equal protein loading
was confirmed with eNOS or actin antibody. (C) TXNIP expression is
shown as fold change relative to low flow. **P < 0.01 vs. low flow.

TXNIP, increased TRX activity, and decreased activity of JNK,
p38, and VCAM1 expression.

Results

Chronic flow downregulated TXNIP expression in rabbit aortic ECs. To
examine the effects of chronic flow on TXNIP expression, rabbit
aortae were exposed to low (0.4 dyn/cm?) or normal (12 dyn/cm?)
fluid shear stress for 24 hours. EC and VSMC proteins were selec-
tively purified from intact rabbit aorta as described previously (6).
TXNIP expression in ECs was significantly inhibited by exposure
to normal flow compared with low flow (64% + 17% inhibition;
Figure 1, A and C; P < 0.01, »n = 5). Flow did not change TXNIP
expression in VSMCs (Figure 1B;n = 4).

Chronic flow increased TRX activity but not expression in rabbit aortic
ECs. We next examined the effects of flow on TRX, which binds
to TXNIP and is inhibited by TXNIP (11, 12). Exposure to nor-
mal flow for 24 hours significantly enhanced the insulin-reduc-
ing activity of TRX compared with exposure to low flow in ECs
(77% + 22% increase; Figure 2A; P < 0.05, n = 4). Expression of
TRX protein in ECs did not change after flow (Figure 2B; n = 5).
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Figure 2

Normal flow increased the activity but not the expression of TRX in
ECs. After rabbit aortae were exposed to low flow (0.4 dyn/cm?) or nor-
mal flow (12 dyn/cm?) for 24 hours, EC lysates were harvested. (A)
TRX activity was determined by the insulin-reducing assay. Results are
shown as fold change relative to low flow (n = 4). *P < 0.05 vs. low flow.
(B) TRX expression was unchanged in low and normal flow (n = 5).
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Chronic flow downregulated TXNIP expression and upregulated TRX
activity in human umbilical vein ECs. In human umbilical vein ECs
(HUVECsS), exposure to normal flow (fluid shear stress = 12 dyn/
cm?) for 24 hours decreased TXNIP expression compared with
exposure to low flow (0.4 dyn/cm?) (50% + 15% inhibition; Figure
3A; P <0.05,n =4). While flow did not change TRX expression in
HUVECs (Figure 3A; n = 4), normal flow (12 dyn/cm?, 24 hours)
increased TRX activity (40% + 8% increase; Figure 3B; P < 0.05,
n = 4), confirming our findings in rabbit aorta.

TXNIP small interfering RNA inhibited TNF activation of p38, INK,
and VCAM1 expression in HUVECs. We previously found that
exposure to normal flow for 24 hours significantly inhibited
TNF-stimulated JNK and p38 activity (6). TNF-induced VCAM1
expression in ECs was also significantly inhibited by exposure to
normal flow (78% inhibition) (6). It is logical to propose that nor-
mal flow prevents TNF-induced VCAMI1 expression by regulat-
ing TXNIP-TRX-JNK/p38 pathways, since we previously showed
that JNK and p38 mediated TNF-induced VCAM1 expression in
rabbit aortic ECs, and it is known that TRX inhibits the ASK1-
JNK/p38 signaling pathway (8).

To show that inhibition of TXNIP contributes to the
antiinflammatory effects of normal flow, we treated HUVECs with
small interfering RNA (siRNA) against human TXNIP. TXNIP
siRNA significantly decreased endogenous TXNIP protein expres-
sion (53% + 11% decrease) compared with control siRNA without
significant effect on eNOS (Figure 4; P < 0.01, n = 6). Compared
with control siRNA, TXNIP siRNA significantly inhibited activa-
tion of p38 (48% + 12% inhibition) and JNK (42% + 10% inhibition)
by TNF (10 ng/ml, 15 minutes; Figure 5; P < 0.05, » = 3). In con-
trast, TNF activation of ERK1/2 (Figure 5;7 = 3) and NF-kB (mea-
sured by IkB-o. degradation; data not shown; n = 2) was not inhib-
ited, which suggests a specific role for TXNIP in TNF-mediated
signal events related to p38 and JNK. TXNIP siRNA also signifi-
cantly inhibited TNF-induced (10 ng/ml, 6 hours) VCAM1 expres-
sion in HUVECs (48% + 3% inhibition; Figure 6; P < 0.01, n = 3).
TNF-induced VCAMI1 expression was almost completely blocked
by inhibition of p38 (30 uM SB203580; # = 4) but not by inhibi-
tion of ERK1/2 (30 uM PD98059; 1 = 3). Of note, the JNK inhibi-
tor (10 uM SP600125; » = 4) had no effect on VCAM1 expression
in HUVEC s, in contrast to our results in rabbit aorta (6). These
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Figure 3

Normal flow downregulated TXNIP expression and upregulated TRX
activity in HUVECs. After HUVECs were exposed to low flow (0.4
dyn/cm?2) or normal flow (12 dyn/cmz?) for 24 hours, proteins were
harvested. (A) TXNIP and TRX expression was determined by
immunoblotting (n = 4). Equal protein loading was confirmed with
actin antibody. TXNIP expression is shown as fold change relative
to low flow. The ratio in normal flow differed significantly from that in
low flow (n = 4, P < 0.05). (B) TRX activity was determined by the
insulin-reducing assay. Results are shown as fold change relative to
low flow (n = 4). *P < 0.05 vs. low flow.
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data suggest that inhibiting TXNIP decreases EC inflammatory
responses (measured by TNF activation of VCAM1) by preventing
p38 and/or JNK activation.

TXNIP siRNA increased TRX binding to ASK1 in HUVECs. Junn et
al. (12) showed that binding of TRX to ASK1 was significantly
reduced when TXNIP was overexpressed, which suggests that
TXNIP can compete with TRX for binding to ASK1. Thus we
examined the effects of decreasing TXNIP on interaction of TRX
with ASK1. Treatment of HUVECs with TXNIP siRNA increased
ASK1 binding to TRX (Figure 7A; n = 4). TXNIP siRNA did not
change the expression of ASK1 and TRX (Figure 7B). These
results suggest that TXNIP regulates the binding of TRX to
ASK1 in HUVECs.

TXNIP overexpression augmented TNF activation of p38 and JNK in
bovine aortic ECs. To further examine the contribution of TXNIP
to inflammatory responses in ECs, we overexpressed TXNIP in
bovine aortic ECs (BAECs). Overexpression of TXNIP significant-
ly enhanced TNF-mediated activation of p38 (23% + 7% increase;
Figure 8; P < 0.05, n = 3) and JNK (33% + 11% increase; Figure 8;
P <0.05,n=4),indicating an important role for TXNIP-TRX inter-
actions in regulating p38 and JNK in ECs.

TNF-induced VCAM1 expression was decreased in TXNIP-defi-
cient mice. We next examined the role of TXNIP in inflamma-
tory responses in vivo. Recently, an animal model of com-
bined hyperlipidemia (the HcB-19/Dem mouse), including
hypertriglyceridemia, hypercholesterolemia, elevated plasma
apoB, and increased triglyceride-rich lipoproteins, was shown to
have a nonsense mutation in TXNIP, resulting in very low protein
expression (16). It appears that the hyperlipidemia results from
excess triglyceride and cholesterol synthesis by the liver rather
than impaired EC function. Aortae from HcB-19 mice had nearly

Figure 5

TXNIP siRNA inhibited TNF activation of p38 and JNK but not
ERK1/2 in HUVECs. After HUVECs were transfected with either
control or TXNIP siRNA, TNF (10 ng/ml) was added for 15 minutes.
MAPK activation was determined by immunoblotting using phospho-
specific (p-) antibody. Equal loading was confirmed with total MAPK
antibodies. Representative blots from 3 independent experiments
are shown. Quantitation of the ratio of phospho-MAPK in lysates
from cells treated with control or TXNIP siRNA to phospho-MAPK in
lysates from cells not treated with siRNA is shown below each panel
(average of 3 determinations).
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Figure 4

TXNIP protein expression was decreased by siRNA in HUVECs.
HUVECs were transfected with either control or TXNIP siRNA. (A)
TXNIP expression was determined by immunoblotting from 4—6 inde-
pendent experiments. Equal protein loading was confirmed with eNOS
antibody. (B) TXNIP expression is shown as fold change relative to no
siRNA. **P < 0.01 vs. control siRNA.

undetectable TXNIP (Figure 9; n = 2), confirming the previous-
ly published data showing decreased TXNIP mRNA expression
(16). In HeB-19 aorta, TNF-induced (15 ng/ml, 6 hours) VCAM1
expression was suppressed (51% decrease; Figure 9; n = 2). It
appears that even under resting conditions VCAM expression in
HcB-19 aorta is less than in wild-type aorta. These results support
our hypothesis that inhibiting TXNIP expression contributes to
the antiinflammartory effects of flow in ECs.

Discussion

The major findings of the present study are that physiolog-
ic fluid shear stress decreases TXNIP expression and limits
proinflammatory events mediated by the TNF-ASK1-JNK/p38
pathway (Figure 10). We found in intact aortae that physiologic
flow decreased TXNIP expression, and that decreased TXNIP
expression was associated with decreased TNF-mediated VCAM1
expression. To our knowledge, the results are the first demonstra-
tion of the physiologic function of TXNIP in vascular endothelium.
The data support the evolving concept that TXNIP and TRX are
key components of biomechanical signal transduction and estab-
lish them as potentially novel regulators of TNF signaling and
inflammation in the endothelium.

Several results suggest that TXNIP is a critical target for the
antiinflammatory effects of steady laminar flow. TXNIP was
shown to inhibit the catalytic activity of TRX (11, 12). This is
important because only catalytically active (or reduced) TRX can
bind to ASK1 and inhibit ASK1-dependent JNK and p38 activity
(8). Our results show that chronic normal flow increased the cata-
lytic activity of TRX (as measured by insulin reduction) in arterial
ECs, confirming data in cultured ECs (17). Thus, we suggest that
flow inhibition of TXNIP expression makes more reduced TRX
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Figure 6

TXNIP siRNA inhibited TNF-induced VCAM1 expression in HUVECs.
After HUVECs were transfected with either control or TXNIP siRNA,
TNF-o (10 ng/ml) was added for 6 hours. VCAM1 expression was
determined by immunoblotting from 3 independent experiments. Equal
protein loading was confirmed with actin antibody. VCAM1 expression
is shown as fold change relative to control siRNA.

available to bind to ASK1 and inhibits JNK and p38 activation.
We previously showed in cultured ECs that steady laminar flow
of short duration (10 minutes) inhibited TNF activation of ASK1-
JNK pathways by increasing ASK1 association with its inhibitor
14-3-3 but not with TRX (5), which suggests that there are dif-
ferences in regulation of ASK1 between acute and chronic flow.
Another important mechanism by which flow inhibits inflam-
mation is induction of a reduced intracellular redox state, since
flow maintains the key antioxidant molecules TRX and glutare-
doxin (18) in their reduced forms, which bind and inhibit ASK1.
We previously found in cultured ECs that steady laminar flow
inhibited H,O-mediated activation of JNK by inducing a reduced
intracellular redox state as measured by the level of reduced
glutathione (19). Thus it seems likely that steady laminar flow
limits EC inflammation by multiple regulatory mechanisms.
TXNIP was originally identified in HL-60 leukemia cells treat-
ed with 1,25-dihydroxyvitamin Dj (10). It was also shown that
TGEF-B; induced TXNIP in SNU-16/620 human stomach cancer
cells (20). However, the stimuli that regulate TXNIP in cardio-
vascular tissues remain poorly defined. Wang et al. (14) recently
demonstrated in cardiomyocytes that biomechanical strain sup-
pressed TXNIP expression, and that increases in TRX activity fol-
lowed. Overexpression of TXNIP sensitized cells to H,O-induced
apoptosis, whereas overexpression of TRX protected against injury.
It was also demonstrated that PDGF suppressed TXNIP expression
with increases in TRX activity and DNA synthesis in VSMCs (21).
Conversely, overexpression of TXNIP abolished PDGF-induced
TRX activity and DNA synthesis. These results suggest that TXNIP
has proapoptotic effects in cardiomyocytes and VSMCs through
the suppression of TRX activity. In the present study, we found
in ECs that steady laminar flow decreased TXNIP expression
and limited inflammation mediated by the TNF-ASK1-JNK/p38
pathways. Since inflammation and apoptosis are key mechanisms

Figure 8

TXNIP overexpression augmented TNF-induced p38 and JNK activa-
tion in BAECs. BAECs were transfected with either control (p)cDNA3.1)
or pcDNA3.1-TXNIP and then treated with TNF-a (10 ng/ml) for 15
minutes. Activation of p38 and JNK was determined by immunoblotting
using phospho-specific antibody. Equal loading was confirmed with
total MAPK antibodies. Representative blots from 3—4 independent
experiments are shown.
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Figure 7

TXNIP siRNA increased TRX binding to ASK1 in HUVECs. (A) Inter-
action of ASK1 with TRX was examined by immunoblotting with TRX
antibody after HUVEC lysates were immunoprecipitated with ASK1
antibody. (B) Equal loading was confirmed with ASK1, TRX, and actin
antibodies. Results are representative of 4 independent experiments.

in atherosclerosis, we suggest that TXNIP is a potentially novel
biomechanical effector of atherosclerosis.

Methods

Antibodies and reagents. Antibody sources were Santa Cruz Biotechnology
Inc. for VCAM1, ERK1/2, p38, eNOS, actin, and IkB-a; Cell Signaling
Technology Inc. for phospho-ERK1/2, phospho-p38, JNK2, and ASK1;
Promega Corp. for phospho-JNK; and American Diagnostica Inc. for
human TRX1. Rabbit polyclonal antibody against mouse TXNIP and
mouse mAb against human TXNIP were developed as previously described
(14, 21). Reagent sources were Roche Applied Science for TNF-o and
EMD Biosciences Inc. for the JNK inhibitor SP600125, the p38 inhibitor
SB203580, and the ERK inhibitor PD98059.

Cell culture, siRNA oligonucleotide treatment, and plasmid transfection. HUVECs
were purchased from Cascade Biologics Inc. and cultured in Medium 200
supplemented with low serum growth supplement (LSGS; Cascade Biolog-
ics Inc.). Cells at passages 3-5 were used for experiments.

To knock down TXNIP, we treated HUVECs with siRNA against human
TXNIP coding region. The target sequences were 5'-AAGCCGTTAG-
GATCCTGGCTT-3' for human TXNIP and 5'-AATTCTCCGAACGTGT-
CACGT-3' for control nonsilencing siRNA (QIAGEN-Xeragon). HUVECs
at greater than 90% confluence in 60-mm dishes were used for transfection.
For each dish, Lipofectamine 2000 (Invitrogen Corp.) was mixed with Opti-
MEM (Invitrogen Corp.; 200 ul), and then TXNIP or control siRNA (60
ng) was added to the solution, mixed gently, and incubated at room tem-
perature for 20 minutes. This mixture was added to HUVECs in normal
culture media (2 ml), and cells were incubated for 1.5 hours. The medium
was changed, and cells were recovered for 24 hours. The transfection was
repeated, and after 24 hours, cells were used for experiments.

BAECs were purchased from Cambrex Corp. and were cultured in Medi-
um 199 (Mediatech Inc.) supplemented with 10% FetalClone III (HyClone),
basal MEM vitamins, and amino acids (Invitrogen Corp.). Cells at passages

8-10 were used for experiments. BAECs at greater than 90% confluence
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in 35-mm dishes were used for transfection. For each dish, Lipofectamine
2000 (5 ul) was mixed with Opti-MEM (250 ul), and then pcDNA3.1-
TXNIP (14, 21) or pcDNA3.1 (2 ug) was added to the solution, mixed gen-
tly, and incubated at room temperature for 20 minutes. This mixture was
added to BAECs in Opti-MEM (2 ml), and cells were incubated for 3 hours.
The medium was changed, and cells were recovered for 24 hours. Cells were
used for experiments after 18-24 hours of serum starvation.

For short-term exposure to flow, cells were cultured in 60-mm dishes
and placed in a cone and plate viscometer as previously described (4).
For long-term exposure to flow (24 hours), HUVECs in Medium 200
with LSGS were exposed to shear stress generated by a parallel-plate-type
apparatus as previously described (22). Briefly, one side of the flow cham-
ber had HUVECs growing to monolayers. The other side was a polycar-
bonate plate, and the 2 surfaces were held 200 um apart by a GlycoTech
Corp. gasket. A closed circulation was arranged with a silicone tube and
an air bag filled with medium to stabilize the flow. Medium was con-
stantly circulated with a roller/tube pump at 37°C in 95% room air and
5% COs. Shear stress was calculated by the formula 6uQ/a?b, where w is
the viscosity of the perfusate (poise), O is flow volume (ml/s), and a and
b are cross-section dimensions of the flow path (cm).

Perfusion organ culture. Animal experiments were performed according
to the guidelines of the NIH and the American Heart Association for the
care and use of laboratory animals and were approved by the University
of Rochester Animal Care Committee. Male New Zealand white rabbits
(2-3 kg; Covance Research Products) were anesthetized with ketamine
(50 mg/kg, i.v.) and xylazine (2 mg/kg, i.v.). Arterial segments from the
descending thoracic aorta were isolated and cannulated at a constant
pressure (80 mmHg) (6, 23, 24). Isolated aortic segments were connected
to a closed perfusion circuit consisting of a 3-port reservoir, a peristaltic
pump, and a pressure chamber. Vessel segments were placed in a bath
filled with culture medium identical to that used in the intraluminal
compartment, consisting of serum-free DMEM containing antibiotics.
To obtain a physiologic fluid viscosity (0.04 poise), 5% dextran (Sigma-
Aldrich) was added. Previous reports found that this organ culture meth-
od preserved approximately 100% EC and smooth muscle viability (6, 23,
24). Flow rate was adjusted to 7.5 ml/min for low flow and 220 ml/min

Figure 10

Flow regulates TXNIP in ECs. Chronic exposure to normal flow
decreases TXNIP expression, and this results in increased TRX bind-
ing to ASK1. This inhibits cytokine activation of the JNK-p38 pathway
and prevents proinflammatory events such as VCAM1 expression.
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Figure 9

TNF-induced VCAM1 expression was decreased in TXNIP-deficient
mouse aorta. After aortae from HcB-19 and control C3H mice were
treated with TNF (15 ng/ml, 6 hours), vessel protein was harvested.
Expression of VCAM1 and TXNIP was determined by immunoblotting
in 2 aortic samples from 2 animals of each strain. Equal protein loading
was confirmed with actin antibody.

for normal flow. In conditions of steady laminar flow, shear stress (0) is
determined by flow rate (Q), fluid viscosity (1), and vessel diameter (d)
according to the relationship o = 32uQ/mnd>. Based on this calculation,
shear stress was 0.4 dyn/cm? for low flow and 12 dyn/cm? for normal
flow. Organ culture of the aortic segments was carried out under sterile
conditions in an incubator containing 5% CO, at 37.5°C for 24 hours.

Immunoprecipitation and immunoblotting. Immunoprecipitation and
immunoblotting experiments were performed as described previously
(4-6). The resulting autoradiograms were analyzed with NIH Image 1.60.
Experiments were performed at least 3 times, and equal loading of protein
was ensured by measurement of actin expression.

TRX-activity (insulin-reducing) assay. TRX activity was measured using the
insulin disulfide reduction assay as described elsewhere with a slight modi-
fication (12, 14). Cell extracts (10 ug, 34 ul) were incubated at 37°C for 20
minutes with 1 ul of reducing buffer composed of 50 mM HEPES (pH 7.6),
1 mM EDTA, 1 mg/ml BSA, and 2 mM DTT. Then 20 ul of reaction buffer
containing 200 ul of 1 M HEPES (pH 7.6), 16 ul of 0.5 M EDTA, 80 ul of
NADPH (20 mg/ml), and 500 ul of insulin (10 mg/ml) was added. The reac-
tion was started by the addition of 5 ul of bovine TRX reductase (American
Diagnostica Inc.) and continued for 20 minutes at 37°C. The reaction was
terminated by the addition of 125 ul of 10 M guanidine-HCl and 1.7 mM
DTNB (3-carboxy-4-nitrophenyl disulfide), and the absorbance at 405 nm
was measured spectroscopically.

TXNIP-deficient mouse. HcB-19 mice derived from the colony at UCLA (16,
25) were sacrificed immediately after delivery, and aortae were harvested.
The HcB-19 mouse is a variant of the C3H strain that was first described as
a model of human familial combined hyperlipidemia (25). For the present
study, age-matched (8 months) and strain-matched C3H/HeJ mice were used
as controls. While the C3H/HeJ control is not genetically 100% identical to
the HcB-19 mouse, these substrains are very similar. It is possible that subtle
differences in TNF- and flow-mediated responses might alter the results
shown here. Proteins were obtained by homogenization of aortae with Tri-
ton X lysis buffer after treatment with TNF-a for 6 hours at 37°C (6).

Statistical analysis. Data are shown as mean = SEM. Statistical evalua-
tion was done by unpaired Student’s ¢ test, and P < 0.05 was taken as a
significant difference.

Physiologic flow
{ TXNIP expression
t Active TRX
+TRX binding to ASK1
+ JNK/p38 activation by TNF

+VCAM1 induction by TNF
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