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The unfolded protein response (UPR) or endoplasmic reticu-
lum (ER) stress response is a physiological process enabling cells
to cope with altered protein synthesis demands. However, under
conditions of obesity, prolonged activation of the UPR has been
shown to have deteriorating effects on different metabolic path-
ways. Here we identify Bax inhibitor-1 (BI-1), an evolutionary
conserved ER-membrane protein, as a novel modulator of the
obesity-associated alteration of the UPR. BI-1 partially inhibits
the UPR by interacting with IRE1« and inhibiting IRE1« endo-
nuclease activity as seen on the splicing of the transcription fac-
tor Xbp-1. Because we observed a down-regulation of BI-1
expression in liver and muscle of genetically obese ob/ob and
db/db mice as well as in mice with diet-induced obesity in vivo,
we investigated the effect of restoring BI-1 expression on meta-
bolic processes in these mice. Importantly, BI-1 overexpression
by adenoviral gene transfer dramatically improved glucose
metabolism in both standard diet-fed mice as well as in mice
with diet-induced obesity and, critically, reversed hyperglyce-
mia in db/db mice. This improvement in whole body glucose
metabolism and insulin sensitivity was due to dramatically
reduced gluconeogenesis as shown by reduction of glucose-6-
phosphatase and phosphoenolpyruvate carboxykinase expres-
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sion. Taken together, these results identify BI-1 as a critical reg-
ulator of ER stress responses in the development of obesity-
associated insulin resistance and provide proof of concept
evidence that gene transfer-mediated elevations in hepatic BI-1
may represent a promising approach for the treatment of type 2
diabetes.

The prevalence of obesity steadily increases worldwide (1).
Obesity causes insulin resistance, thus predisposing to the
development of type 2 diabetes (2). Therefore, research on the
molecular mechanisms responsible for obesity-associated inhi-
bition of insulin signal transduction has rapidly expanded in
recent years. One mechanism of insulin resistance that appears
to be of central importance is the activation of inflammatory
and stress pathways by endoplasmic reticulum (ER)* stress
(3-5). ER stress stimulates three distinct unfolded protein
response (UPR) signaling pathways through sensors that
include inositol-requiring enzyme 1 (IREla), PKR-like ER
kinase, and activating transcription factor 6 (ATF6) (6, 7).
These sensors couple the identification of misfolded proteins in
the ER to the activation of signal transduction processes pro-
moting expression of genes required for folding of newly syn-
thesized proteins and degradation of the unfolded proteins in
an effort to reestablish homeostasis and normal ER function
(for review, see Ref. 7). Indeed, a variety of conditions linked to
obesity including lipid accumulation, high demand for protein
synthesis, and glucose deprivation have been described to trig-
ger ER stress in vitro and in vivo (6, 8). Moreover, signs of ER

*The abbreviations used are: ER, endoplasmic reticulum; UPR, unfolded pro-
tein response; IRE1q, inositol-requiring enzyme 1; ATF6, activating tran-
scription factor 6; Bl-1, Bax inhibitor-1; XBP-1, X-box-binding protein 1; JNK,
c-Jun N-terminal kinase; Ad, adenoviral; ND, normal diet; HFD, high fat diet;
GSK, glycogen synthase kinase; G6P, glucose-6-phosphatase; SREBP1, ste-
rol response element-binding protein 1; PEPCK, phosphoenolpyruvate
carboxykinase; HA, hemagglutinin; PPAR, peroxisome proliferator-acti-
vated receptor; FASN, fatty acid synthase; CHOP, C/EBP homologous
protein.
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stress were found in liver and adipose tissue of genetically obese
mice and mice exposed to a high fat diet, indicating that the
metabolic abnormalities associated with obesity cause ER stress
in vivo (3). Importantly, improving the folding capacity of the
ER by administration of chemical chaperones has been shown
to have beneficial effects on the glucose metabolism of geneti-
cally obese mice (4). Altogether, these studies show that the
effect of chronic ER stress on glucose homeostasis in obesity
may represent a central and integrating mechanism underlying
both peripheral insulin resistance and impaired insulin secre-
tion, leading to the development of type 2 diabetes as a conse-
quence of obesity.

The anti-apoptotic protein Bax Inhibitor-1 (BI-1) (9) was
originally identified as an inhibitor of ER stress-induced apo-
ptosis. BI-1 contains six transmembrane regions and localizes
to ER membranes, and its cytoprotective function is well con-
served in plants and mammals (10-12). We have recently
described that BI-1 deficiency promotes ER stress in the con-
text of ischemia-reperfusion (13). Besides its cytoprotective
function upon ER stress, BI-1 also inhibits the splicing of Xbp-1
by IREl« and was shown to manipulate calcium release upon
ER stress (14-16). IREl« is a serine-threonine protein kinase
and endoribonuclease that, upon activation, initiates the
unconventional splicing of the mRNA encoding X-box-binding
protein 1 (XBP-1) (17-19). Spliced XBP-1 is a potent transcrip-
tional activator that increases expression of a subset of UPR-
related genes involved in efficient protein folding, maturation,
and degradation in the ER (20). Besides exhibiting an endonu-
clease activity, the cytosolic domain of activated IREl« binds
tumor necrosis factor-associated factor 2 and triggers the acti-
vation of the c-Jun N-terminal kinase (JNK) signaling pathway
(21). IRE1a-deficient cells remain insulin sensitive when chal-
lenged with chemical agent-induced-ER stress, underscoring
the importance of this UPR branch in insulin resistance (3).
Liver tissue of BI-1-deficient mice show evidence of increased
stress kinase activity (JNK, p38 mitogen-activated protein
kinase) implying BI-1 is required to surpass signal transduction
downstream of IRE1l« kinase activity. Although BI-1 seems to
show specificity for inhibiting the IRE1« branch of the UPR, its
exact mechanism of action remains unclear (14).

Because BI-1 was shown to be an inhibitor of the IRElw
branch of the UPR and because this branch is known to be
involved in development of high fat diet-induced insulin resist-
ance, we investigated the role of BI-1 in vivo in the regulation of
metabolic processes. Here we show that both in diet and genetic
models of obesity and glucose intolerance, hepatic (and skeletal
muscle) Bi-1 mRNA expression is reduced by more than 40%.
Restoration of hepatic BI-1 expression by adenoviral gene
transfer dramatically ameliorates glucose intolerance in leptin
receptor-deficient (db/db) and high fat diet (HFD)-fed mice
and improves fasting as well as fed blood glucose levels. We
demonstrate that this improvement in whole body glucose
metabolism is caused by inhibition of hepatic gluconeogenesis.
Additionally, we show that restoration of BI-1 expression
severely blunts the IRE1a-dependent splicing of XBP-1 mRNA
by forming a complex with IRE1a. Taken together, we identify
BI-1 as a critical regulator of IREla-dependent splicing and
major hepatic regulator of glucose homeostasis.
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EXPERIMENTAL PROCEDURES

Animals—All animal procedures were conducted in compli-
ance with protocols approved by local government authorities
(Bezirksregierung Koln) and were in accordance with National
Institutes of Health guidelines. Mice were housed in groups of
3-5at 22-24 °Cin a 12-h light/12-h dark cycle with lights on at
6 a.m. Animals were fed either normal chow food (Global
Rodent T.2018.R12 from Harlan Teklad containing 12% of cal-
ories from fat) or a high fat diet (C1057 from Altromin, contain-
ing 55.2% of calories from fat, with linoleic acid as the most
abundant fatty acid). Water was available ad libitum, and
food was only withdrawn if required for an experiment. At
the end of the study period, the animals were killed under
CO, anesthesia.

Adenovirus-mediated Gene Transfer in Vivo—The adenovi-
ral vector expressing BI-1 (Ad BI-1) was generated using the
Gateway® system (Invitrogen). Sequence-specific recombina-
tion between BI-1 expression plasmid cassette and adenovirus
backbone plasmid pAd/PL-DEST™ (Invitrogen) was carried
out using the Gateway® LR Clonase™ enzyme mix (Invitro-
gen). Linearized recombinant adenoviral genomes were trans-
fected into 293 cells allowing growth of recombinant adenovi-
ruses. Adenoviral stocks were purified twice by CsCl gradient
centrifugation, dialyzed extensively against virus storage buffer
(137 mm NaCl, 5mm KCl, 10 mm Tris, pH 7.4, 1 mm MgCl,), and
stored in small aliquots at —80 °C until further use. Titers of
purified adenoviral vectors were determined as infection units
by immunofluorescence staining using fluorescein isothiocya-
nate-conjugated anti-Ad5-hexon antibody K6100 (DakoCyto-
mation). For adenovirus-mediated gene transfer in vivo,
C57Bl/6 mice on a HFD or normal diet (ND) and db/db mice
were injected in the tail vein with 10e9 infectious units of the
respective adenovirus as previously described (22).

Glucose and Insulin Tolerance Tests—Glucose tolerance
tests were performed on animals that had been fasted overnight
for 16 h. After determination of fasted blood glucose levels,
each animal received an intraperitoneal injection of 2 mg/g of
body weight of glucose (20% glucose; Delta Select). Blood glu-
cose levels were detected after 15, 30, 60, and 120 min.

Insulin tolerance tests were performed on random-fed ani-
mals. After determination of random fed blood glucose levels,
each animal received an intraperitoneal injection of 0.75 milli-
units/g of body weight of insulin (Actrapid®; Novo Nordisk).

Analytical Procedures—Blood glucose values were deter-
mined from whole venous blood using an automatic glucose
monitor (GlucoMen® GlycO; A. Menarini Diagnostics). Serum
levels of cholesterol, triglycerides, aspartate aminotransferase
and alanine aminotransferase were determined in a diagnostic
laboratory by standard procedures.

In Vivo Insulin Signaling—In vivo insulin signaling was per-
formed on animals that had been fasted overnight for 16 h. Mice
were anesthetized by intraperitoneal injection of avertin (tri-
bromoethyl alcohol and tert-amyl alcohol; Sigma), and ade-
quacy of the anesthesia was ensured by loss of pedal reflexes.
The abdominal cavity of the mice was opened, and 100-ul sam-
ples containing 13 milliunits of regular human insulin
(Actrapid; Novo Nordisk) diluted in 0.9% saline were injected
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FIGURE 1. Bi-1 expression is decreased in mouse models of obesity and diabetes. g, shown is relative
expression of Bi-1 mRNA in the liver, skeletal muscle (SM), and white adipose tissue (WAT) from diabetic (db/db)
(filled gray bars), obese (ob/ob) (filled black bars), and age-and sex-matched lean control mice (open bars)
(mean = S.E. of 15 animals in each group). Statistical significance was determined by t test and is denoted by
asterisks (* p = 0.05; ** p < 0.01; *** p < 0.001). b, shown is relative expression of Bi-T mRNA in the liver and
skeletal muscle from mice HFD (n = 12) (gray bars)- and ND (n = 8) (white bars)-fed C57BI/6 mice (mean * S.E.
is shown of each group). Statistical significance was determined by t test and is denoted by asterisks (***, p <

0.001).

into the vena cava inferior. Sham injections were performed
with 100 ul of 0.9% saline. Samples of liver were harvested 2 min
after injection and snap-frozen in liquid nitrogen.

Histology—Liver tissue was excised and snap-frozen in Jung
Tissue Freezing Medium® (Leica Microsystems), transferred to
a cryostat (CM3050S; Leica Microsystems), and cut into 7-um-
thin sections. Specimens were collected on clean poly-L-lysine-
coated glass slides (Polysine™"; Menzel), dried at room temper-
ature overnight, and then stained using hematoxylin and eosin
or Oil red O.

Immunoblot Analysis—Liver samples were homogenized in
lysis buffer (50 mm HEPES, pH 7.4, 1% Triton X-100, 0.1 m
sodium fluoride, 10 mm EDTA, 50 mm sodium chloride, 10 mm
sodium orthovanadate, 0.1% SDS, 10 ug/ml aprotinin, 2 mm
benzamidine, and 2 mm phenylmethylsulfonyl fluoride) using a
Polytron homogenizer (IKA Werke). Particulate matter was
removed by centrifugation at 13,000 rpm for 1 h at 4 °C. West-
ern blot analyses were performed according to standard proto-
cols using the following primary antibodies: anti-CHOP (Santa
Cruz, #7351); anti-ATF6(N) (Santa Cruz, #22799); anti-XBP-1
(Santa Cruz, #7160); anti-GRP78 (Santa Cruz, #13968); anti-
actin (Sigma, #5441); anti-HA (Santa Cruz, #805); anti-GFP
(Mobitec, #a6455); anti-phospho-AKT (Ser-473), anti-phos-
pho-AKT (Thr-308), and anti-AKT (Cell Signaling, #9271,
#4056, #4685); anti-glycogen synthase kinase (GSK) 38 and
pGSK3a/B (Cell Signaling, #9315 and #9331); anti-glucose-6-
phosphatase (G6P) (Santa Cruz, #25840); anti-C/EBPa (Santa
Cruz, #61); anti-IREla (Abcam, #37073); anti-SREBP1 (Santa
Cruz, #8984); anti-fatty acid synthase (Santa Cruz, #20140);
anti-PPARYy (Upstate, #07-466). Equal loading was assured by
Ponceau S staining. Antibody detection was accomplished
using horseradish peroxidase-conjugated secondary antibodies
(anti-mouse immunoglobulin G or anti-rabbit immunoglobu-
lin G, Sigma) and an enhanced chemiluminescence method
(Amersham Biosciences). Immunoblots were scanned, and sig-
nals were quantified using ImageQuant software.

Immunoprecipitation—For co-immunoprecipitation, HeLa
cells were lysed (0.1% Triton X-100, 0.5% sodium deoxycholate,
100 mm KCl, 50 mm Tris, pH 7.6) and precipitated with anti-HA
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beads (Roche Applied Science,
#11815016001) for 4 h at 4 °C. The
beads were washed five times with
lysis buffer, and the bound proteins
were analyzed by immunoblotting
using anti-IREla and anti-HA
antibodies.

Gene Expression Analysis—Gene
expression was analyzed using
quantitative reverse transcription-
PCR. RNA was extracted from liver
using Trizol (Invitrogen) according
to the manufacturer’s instructions.
RNA was reverse-transcribed with
SuperScript reverse transcriptase
(Invitrogen) and amplified using
TagMan Universal PCR Master
Mix. Quantitative PCR was per-
formed on an ABI-PRISM 7700
sequence detector (Applied Biosystems). Calculations were
performed by a comparative cycle threshold (Ct) method; the
starting copy number of test samples was determined in com-
parison with the known copy number of the calibrator sample
(ddCt). The relative gene copy number was calculated as 2 to
the power of —ddCt. Assays were linear over 4 orders of mag-
nitude. Probes for target genes were from TagMan Assay-on-
Demand kits (Applied Biosystems). Expression analysis of Xbp 1
was performed using the following oligonucleotides (Eurogen-
tec): 5'-CGC AGC AGG TGC AGG CCC A-3' (spliced Xbpl
probe); 5'-GCA GCA CTC AGA CTA TGT GCA CCT CT-3’
(unspliced Xbp1I probe); 5'-GAA TGG ACA CGC TGG ATC
CT-3' (sense primer); 5'-TCA GAA TCT GAA GAG GCA
ACA G-3' (antisense primer). Samples were adjusted for total
RNA content by hypoxanthine-guanine phosphoribosyltrans-
ferase (Hprt).

Statistical Analysis—Statistical significance was determined
by two-tailed unpaired Student’s ¢ test. All p values below 0.05
were considered significant, denoted by asterisks (*, p = 0.05; **,
p = 0.01; ***, p = 0.001).
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RESULTS

BI-1 Gene Expression Is Down-regulated in Murine Models of
Obesity and Diabetes—To determine whether BI-1 is poten-
tially involved in the ER stress response dysregulation associ-
ated with obesity, we first analyzed Bi-1 mRNA expression in
different tissues of genetic models of murine obesity (db/db and
ob/ob mice) compared with lean control mice. This analysis
revealed significantly reduced Bi-1 mRNA expression in liver
and skeletal muscle (but not white adipose tissue) of db/db- and
ob/ob-mice as compared with controls (Fig. 1). Furthermore,
also diet-induced obese mice showed a reduction in Bi-I
mRNA expression in liver (Fig. 15). Although Bi-1 mRNA
expression was reduced in all models, this effect appeared even
more pronounced in the obese and diabetic db/db mice com-
pared with obese 0b/0b mice, possibly indicating that the reduc-
tion in BI-1 expression parallels the severity of glucose intoler-
ance or insulin resistance.
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(supplemental Fig. S1a). To investi-
gate the effect of BI-1 overexpres-
sion on ER stress regulation, insulin
sensitivity, and systemic glucose
metabolism in vivo, we injected
ek mice exposed to HFD (feeding for
12 weeks) with either a recombinant
adenovirus expressing green fluo-
rescent protein (Ad GFP) or recom-
binant Ad BI-1. Before injection, we
confirmed that HFD feeding in-
duced insulin resistance and glu-
cose intolerance in these mice (data
not shown). At 6 days after adenovi-
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FIGURE 2. Hepatic BI-1 overexpression ameliorates HFD-induced insulin resistance and glucose metab-
olism. g, immunoblot analysis was performed for BI-1 or GFP and actin in liver lysates from mice provided HFD
and infected with Ad BI-1 or Ad GFP. Livers were collected from mice after an overnight fast, and proteins were
extracted and processed as described under “Experimental Procedures.” Each lane represents liver lysates from
adifferent mouse. b, shown are blood glucose concentrations (mg/dl) in HFD-fed mice immediately before and
24 and 120 h after adenovirus treatment. The results are the mean = S.E. of n = 9 mice per group (**, p =< 0.01).
¢, glucose tolerance tests (0.5 g/kg, intraperitoneal) were performed on HFD-fed mice 60 h after adenovirus
injection. Results are given as the mean = S.E.,n = 9 per group (¥, p = 0.05; **, p =< 0.01; ***, p =< 0.001). d, shown
is insulin-stimulated phosphorylation of AKT (Ser-473 and Thr-308) and GSK3 was measured in liver tissues of
Ad BI-1- and Ad GFP-treated HFD-fed mice upon intravenous insulin (/ns, 13 milliunits) injection. e, shown is
relative expression of G6p mRNA in the liver of Ad BI-1- or Ad GFP-infected HFD-fed mice (n = 5 per group; **,
p =0.01).f,G6P and actin protein levels in the liver of Ad BI-1- or Ad GFP-infected HFD-fed mice are assessed by

immunoblotting (n = 3 of each group).

Increased Hepatic BI-1 Expression Improves Insulin Sensitiv-
ity and Glucose Homeostasis in Vivo—Given that obesity-in-
duced insulin resistance is associated with a condition of
increased ER stress (3), that BI-1 is an inhibitor of chemical-
induced ER stress (15), and that hepatic expression of BI-1 is
down-regulated in mouse models of obesity (Fig. 1), we
designed gene transfer experiments to directly address whether
overexpression of BI-1 provides a novel approach to ameliorate
obesity-induced insulin resistance in vivo. To this end, we
employed a recombinant adenovirus-expressing HA-tagged
human BI-1 (Ad BI-1) and confirmed its ability to drive expres-
sion of HA-tagged BI-1-protein in HeLa cells in culture
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GFP (supplemental Fig. S1b), fur-
ther confirming adenovirus-medi-
ated expression of BI-1 in the liver of
Ad BI-1 injected mice in vivo.

Next, we measured blood glucose
concentrations in random fed mice
injected with either Ad GFP or Ad
BI-1. BI-1 gene therapy significantly
reduced blood glucose concentra-
tions in the fed state as early as 24 h
after adenoviral gene delivery, and
this reduction was even more prom-
inent 5 days (120 h) after injection
(Fig. 2b). To further investigate the
effect of BI-1 gene transfer on glu-
cose metabolism in these HFD fed
mice, we performed intraperitoneal
glucose tolerance tests. Strikingly,
adenovirus-mediated BI-1 expres-
sion significantly reduced fasting
glycemia levels in these mice com-
pared with mice injected with Ad
GFP (Fig. 2¢).

To test whether improved insulin
signaling was responsible for the enhanced glucose metabolism
of HFD-fed mice treated with Ad BI-1, we investigated insulin
signaling in the liver of these mice. One of the main effects of
insulin in the liver is the inhibition of gluconeogenesis via a
pathway that depends on the kinases AKT and GSK3. Intrave-
nous administration of insulin in Ad GFP-treated HFD mice
modestly activated insulin signaling in the liver, as seen by AKT
phosphorylation on both serine as well as threonine residues
(Fig. 2d). Strikingly, mice overexpressing BI-1 showed
enhanced threonine phosphorylation of AKT (Fig. 2d). Because
phosphorylation and, thus, activation of AKT is responsible for
the phosphorylation of GSK3 (23, 24), we analyzed whether
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FIGURE 3. Hepatic BI-1 expression improves insulin sensitivity and glucose metabolism in db/db mice.
a,shown are blood glucose concentrations (mg/dl) in db/db mice immediately before and 24 and 120 h after Ad
BI-1 or Ad GFP adenovirus treatment. The results are the mean = S.E. of n = 10 mice per group (**, p =< 0.01).
b, shown are overnight fasted blood glucose concentrations (mg/dl) in db/db mice 144 h after adenovirus
treatment. The results are the mean = S.E. of n = 10 mice per group (***, p < 0.001). ¢, insulin tolerance tests
were performed db/db mice 120 h after adenovirus injection. Results are given as the mean =+ S.E; n = 10 per
group (¥, p = 0.05; **, p =< 0.01). d, shown is relative expression of G6p and Pepck mRNA in the liver of Ad BI-1 or
Ad GFP infected db/db mice (n = 5 per group; *** p = 0.001). e, pyruvate tolerance tests were performed on
db/db mice 120 h afteradenovirus injection. Results are given as the mean £ S.E,,n = 7-8 per group (*, p = 0.05;
*** p = 0.001). f, daily food intake was measured 24, 48, and 72 h after adenovirus injection. Results are given
as the mean = S.E. (n = 7-8 per group). g, body weight was measured 72 h after adenovirus injection. Results
aregivenasthe mean = S.E, n = 7-8 per group. h, relative fat mass was determined by NMR analysis 128 h after
adenovirus injection. Results are given as the mean = S.E., n = 7-8 per group.

and, hence, inactivation leads to
inhibition of gluconeogenesis by
inhibiting the expression of G6P
and phosphoenolpyruvate car-
boxykinase (PEPCK) (25). In line
with the enhanced phosphorylation
of GSK3, we also observed a marked
decrease in the expression of G6P
both at the mRNA and at the pro-
tein level (Fig. 2, e and f). In sum-
mary, these results reveal that BI-1
improves glucose metabolism and
ameliorates insulin sensitivity in
hepatocytes of mice exposed to
HED.

Adenoviral BI-1 Expression Im-
proves Glucose Homeostasis of Genet-
ically Obese Mice—Having observed
asignificant effect of BI-1 overexpres-
sion in the liver on HFD-induced
alterations of glucose metabolism,
we next addressed whether the
same approach could also improve
the glucose metabolism in geneti-
cally obese mice. To this end, db/db
mice, which are massively obese and
suffer from diabetes due to genetic
ablation of the leptin receptor, were
injected with Ad BI-1 or Ad GFP as
described above. Similar to HFD-
fed mice overexpressing BI-1, db/db
mice injected with Ad BI-1 had
markedly lower random fed blood
glucose levels compared with db/db
mice injected with Ad GFP 5 days
after injection (Fig. 3a). Impor-
tantly, fasted blood glucose levels of
Ad BI-1-treated db/db mice were
significantly decreased as well and
reached levels usually seen in
healthy control mice (Fig. 3b).

Next, we addressed whether
these BI-1-overexpressing mice
exhibit a better responsiveness to
insulin in an insulin tolerance test.
As seen in Fig. 3¢, Ad Bl-1-injected
mice clearly demonstrated im-
proved insulin sensitivity compared
with Ad GFP-injected mice, which
were completely insulin-resistant.
This improved insulin signaling
was further confirmed by mark-
edly lower expression levels of the

GSK3 phosphorylation levels are altered in Ad Bl-1-treated gluconeogenic enzymes G6p and Pepck upon overexpression
mice compared with control mice. In line with increased AKT  of BI-1 (Fig. 3d). To directly address the role of hepatic glu-
phosphorylation levels, BI-1-overexpressing mice exhibited cose production in Ad BI-1-treated mice, we performed
higher GSK3 phosphorylation levels than Ad GFP-treated mice  pyruvate tolerance tests in Ad BI-1 and Ad GFP injected
fed HED (Fig. 2d). Insulin-mediated GSK3 phosphorylation db/db mice. Injection of pyruvate increased blood glucose
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FIGURE 4. Hepatic BI-1 overexpression increases glucose tolerance in mice fed a normal chow diet.
a, immunoblot analysis was performed for BI-1 or GFP and actin on liver lysates from mice provided a normal
chow diet and infected with Ad BI-1 or Ad GFP. Livers were collected from mice after an overnight fast, and
proteins were extracted and processed as described under “Experimental Procedures.” Each lane represents
liver lysates from a different mouse. b, blood glucose concentrations (mg/dl) in ND-fed mice immediately
before and 24 and 120 h after adenovirus treatment are shown. The results are the mean * S.E. of n = 9 mice
per group (*, p =< 0.05; **, p < 0.01). ¢, glucose tolerance tests (0.5 g/kg, intraperitoneal) were performed on
ND-fed mice 60 h after adenovirus injection. Results are given as the mean =+ S.E.,n = 9 per group (**, p < 0.01;
*** p=0.001).d, shown are G6P and actin protein levels in the liver of Ad BI-1- or Ad GFP-infected ND-fed mice

as assessed by immunoblotting (n = 3 of each group).

concentrations in Ad GFP-treated db/db mice, which was
drastically ameliorated in Ad BI-1-treated db/db animals
(Fig. 3e).

Furthermore, improved glucose tolerance was not due to
general sickness or reduced feeding, as body weight, fat content,
and food intake was unchanged between Ad BI-1- and Ad GFP-
treated animals (Fig. 3, f~ /1). Taken together, these data indicate
that BI-1 overexpression not only improves the glucose metab-
olism in diet-induced obese mice but also restores insulin sen-
sitivity of db/db mice, a mouse model with genetically induced
severe diabetes and obesity.

To investigate whether the BI-1-mediated effect on glucose
metabolism was a general mechanism, we also analyzed normal
chow diet-fed mice. Strikingly, Ad BI-1-injected mice on a reg-
ular diet showed decreased blood glucose levels 5 days after
injection and increased glucose clearance compared with Ad
GFP-injected mice in a glucose tolerance test (Fig. 4, a—c).
Again, this was reflected by a drastic decrease in expression of
G6P on mRNA and protein levels (data not shown and Fig. 4d).
Altogether, these data clearly indicate that BI-1 exhibits an
important role in glucose homeostasis in normal as well as diet-
induced and genetically obese mice.

BI-1 Inhibits Xbp-1 Splicing in Vivo and Interacts with
IRE1a—Overexpression of BI-1 in vitro inhibits the UPR in
response to chemical ER stress-inducing agents such as thapsi-
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gargin or tunicamycin (Ref. 15 and
supplemental Fig. S2, a and b).
Because diet-induced obesity is
accompanied by increased ER stress
* in the liver, we asked whether BI-1
**  overexpression affected the ER
stress response in vivo. Compared
with Ad GFP-injected mice, adeno-
viral transfer of BI-1 clearly reduced
levels of both unspliced and spliced
Xbp-1, a target of the IRE1a branch
of the UPR, both under normal as
well as HFD conditions (Fig. 5a). In
line with this result, expression of
the specific XBP-1 target gene Erdj4
was also strongly inhibited by over-
expression of BI-1. Accordingly, we
could detect a marked decrease in
protein levels of spliced XBP-1 upon
BI-1 gene transfer in both HFD and
db/db mice (Fig. 5. b and c). Inter-
estingly, regular diet-fed mice also
showed basal levels of XBP-1 splic-
ing that were blunted by overex-
pression of BI-1, indicating that
BI-1 overexpression not only lowers
the obesity-induced ER stress
response but also the physiological
UPR response. On the other hand,
BI-1 overexpression does not lower
the overall UPR, as both GRP78 and
CHOP were significantly elevated in
Ad Bl-1-injected mice compared
with control mice both in HFD and ND fed mice as well as in
db/db mice (Fig. 5, b and ¢). The latter indicates that, at least in
vivo, BI-1 does not block all branches of the UPR but exhibits
specificity for the IRE1« branch that mediates Xbp-1 splicing.
BI-1 and IREla are transmembrane ER-residing proteins
that have recently been reported to complex in cultured cells
(14). We independently confirmed this result. To this end we
made use of a doxycycline-inducible BI-1 expression system in
HelLa cells. After administration of doxycycline to both control
cells and BI-1-overexpressing cells, we immunoprecipitated the
HA-tagged BI-1 with anti-HA beads and immunoblotted for
IREla. Only HA-BI-1-expressing cells allowed pull down of
IREl« protein, confirming that these proteins interact (Fig. 5d).
Because spliced Xbp-1 binds to and activates the XBP-1 pro-
moter and, thus, increases its own expression, reduced splicing
of Xbp-1 may be responsible for the parallel reduction in
unspliced Xbp-1 (26). Together these data show that whereas
the IRE1la branch of the UPR is suppressed by overexpression
of BI-1, these mice exhibited an increased level of ER stress
shown by increased levels of CHOP and GRP78 expression.
Hepatic BI-1 Overexpression Predisposes for the Development
of Steatosis in Mice—It has been shown that interfering with
individual branches of the UPR predisposes mice to the devel-
opment of hepatic steatosis when these mice are triggered with
chemical ER stress-inducing agents such as tunicamycin (27).
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diet-induced or genetically obese ani-
mals (Fig. 6b). Whereas plasma tri-
glyceride levels in HFD-fed mice
remained unchanged, we additionally
observed a clear reduction of triglyc-

### eride levels in the serum of both nor-

mal chow diet-fed mice as well as in

Xbp-1s Xbp-1u db/db mice upon adenoviral gene
b transfer of BI-1 (Fig. 6¢). Altogether
ND HFD these data indicate that adenoviral
Ad GFP  Ad BI-1 Ad GFP_ _Ad BI-1 gene transfer of BI-1 reduces circulat-
inglevels of lipids but induces hepatic
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FIGURE 5. Adenovirus-mediated expression of BI-1 in the liver inhibits IRE-1a-mediated XBP-1 process-
ing. a, shown is relative expression of spliced Xbp-1 (Xbp-T1s), unspliced Xbp-1u, and the XBP-1 target Erdj4 in the
liver of Ad BI-1-or Ad GFP-infected ND and HFD mice as measured by real-time PCR (n = 5 per group). b, shown
are XBP-1s, GRP78, CHOP, and C/EBP« protein levels in the liver of Ad BI-1- or Ad GFP-infected ND-and HFD-fed
mice as assessed by immunoblotting (n = 4-5 of each group). ¢, shown are XBP-1, GRP78, CHOP, and C/EBP«
protein levels in the liver of Ad BI-1- or Ad GFP-infected db/db mice as assessed by immunoblotting (n = 7 of
each group). d, shown is co-immunoprecipitation (IP) of Bl-1 and IRETa. Hela cells with tetracycline (TL)-
inducible HA-tagged BI-1 expression were either stimulated with (+) or without (—) doxycycline. BI-1 was
immunoprecipitated using a-HA antibody, and its interaction with IRE1« was assessed by immunoblotting.

In line with this, livers of BI-1-overexpressing mice showed an
altered lipid metabolism both at a macroscopic and at micro-
scopic level (Fig. 6a). Ad Bl-1-expressing livers were much
lighter in color than their Ad GFP-injected control counter-
parts, possibly indicating lipid accumulation. Both ND and
HED livers of Ad BI-1-injected mice showed structural differ-
ences compared with control mice upon hematoxylin and eosin
staining, although the effect was clearly more pronounced in
the HFD-fed mice. In addition, Oil red O staining clearly con-
firmed the accumulation of fat deposits in BI-1-overexpressing
livers compared with control livers. Nonetheless, in db/db mice,
BI-1 overexpressing livers did not exhibit a clear enhanced accu-
mulation of fat in the liver compared with control livers, likely due
to the fact that db/db mice showed massive steatosis even before
adenoviral treatment (supplemental Fig. S3a).

Because the absence of components of the UPR response has
been shown to affect the serum lipid content of mice (27, 28), we
analyzed fasted serum levels of cholesterol and triglycerides in all
treatment groups. In line with the observations for tunicamycin-
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inducing and/or predisposing for
steatosis, we investigated if Ad BI-1-
injected mice showed similar
defects in lipid metabolism as
reported for IRE1a knock-out mice.
We analyzed the expression levels of
key enzymes in fatty acid metabo-
lism at the mRNA level. HFD
induces the expression of Pgcla and
PPAR family members, which are involved in fatty acid oxida-
tion, and enhances expression of genes involved in fatty acid
synthesis, such as fatty acid synthase (Fasn) and stearoyl-CoA
desaturase 1 (Scdl) (Fig. 7a). Similar to IRE1« knock-out mice
challenged with tunicamycin (27), repression of the IRElw
branch of the UPR by overexpressing BI-1 resulted in a down-
regulation of mRNAs corresponding to pathways involved in
lipid metabolism both in normal-fed as well as in HFD mice
(Fig. 7a). A similar decrease of expression of SREBP1, FASN,
and PPARYy was observed at the protein level (Fig. 7, b and c).
UPR is known to induce increased CHOP levels, which in
turn interfere with the function of C/EBPq, a transcription fac-
tor involved in hepatic gluconeogenesis and lipid homeostasis.
Because Ad BI-1-injected mice show decreased IRE1a-medi-
ated Xbp-1 splicing in combination with an increase in CHOP
protein levels, we investigated a possible effect of BI-1 overex-
pression on C/EBPa expression. Indeed, C/EBP« levels were
decreased in ND, HED, and db/db mice treated with Ad BI-1
compared with Ad GFP-injected mice (Fig. 7, b and c). Alto-
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Recent evidence shows that BI-1
is an inhibitor of the IRE1« branch
of the UPR interfering with IREla
endonuclease activity (14). Consist-
ent with this notion, we observed
markedly reduced splicing of the
transcription factor Xbp-1, a known
target of IREle, in mice overex-
pressing BI-1 in liver. IREla-defi-
cient cells have been shown to
exhibit improved insulin signaling
when challenged with chemical

HFD
Ad BI-1

H&E

Oil Red O

FIGURE 6. Adenovirus-mediated expression of BI-1 in the liver induces steatosis and decreases circulat-
ing cholesterol and triglycerides. g, representative livers of Ad BI-1- or Ad GFP-infected HFD-fed mice are
shown on the left. Hematoxylin and eosin (H&E) and Oil Red O stainings of liver sections of Ad BI-1- or Ad
GFP-infected ND- and HFD-fed mice are shown on the right. b, shown are fasting serum cholesterol concen-
trations from Ad BI-1- or Ad GFP-infected ND, HFD, and db/db mice (n = 9 per group; ***, p < 0.001). ¢, shown
is fasting serum triglyceride concentrations from Ad BI-1- or Ad GFP-infected ND, HFD, and db/db mice (n = 9

per group; *, p = 0.05; ***, p =< 0.001).

gether, these data indicate that overexpression of BI-1 alters the
normal lipid homeostasis in mice both under normal condi-
tions as well as under the altered metabolic conditions of HFD
or db/db mice.

DISCUSSION

ER stress has recently emerged as a central pathophysiologi-
cal mechanism in the development of obesity-associated
impairment of glucose homeostasis (3). Obese mice and
humans have been shown to have increased activation of the
different branches of the UPR (3, 29 —31). Moreover, adminis-
tration of chemical chaperones dampens the ER stress response
and improves glucose metabolism in genetically obese mice by
restoring insulin action in liver (4). Interestingly, analysis of ER
stress-activated indicator transgenic mice has revealed early
activation of ER stress in liver but not white adipose tissue
when animals are exposed to high fat/high sucrose diet (32).
Thus, exaggerated ER stress occurs early in liver tissue after
exposure to HFD; this is the same tissue where we find BI-1
most prominently down-regulated in genetically obese or
HFD-fed animals.

Because BI-1 was shown to be an inhibitor of ER stress in
vitro (11, 15), we questioned whether down-regulation of BI-1
expression levels is linked to an increased ER stress status in
obesity. Specifically we asked whether restoration of BI-1
expression levels in models of obesity and glucose intolerance
has beneficial metabolic effects. We report that overexpression
of BI-1 in the liver results in dramatically improved glucose
metabolism in HED or db/db mice as measured by fasting glu-
cose levels and glucose uptake in glucose tolerance tests. Inter-
estingly, we also observed an improved glucose metabolism
even in normal diet-fed mice (see below).
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;‘;’ 100 ;: :zg * o Supporting a role for BI-1 as a key
E 50 ‘é e ri I-_l inhibitor of the IREla branch of the
g o & o UPR, we observed enhanced phos-
ND HFD db/db ND HFD db/db phorylation of AKT and GSK3 in the

livers of BI-1-overexpressing mice
exposed to HFD, thus phenocopying
the effects observed with IRE1« defi-
ciency. In line with this increased
phosphorylation of these two key
downstream signaling molecules in
the insulin pathway, we also observed significantly increased insu-
lin sensitivity in db/db mice with hepatic BI-1 overexpression.
Besides this increased insulin signaling potential, it is likely
that the dramatic improvement in fasted and fed blood glucose
as well as overall glucose tolerance is also due to decreased
C/EBPa expression in BI-1-overexpressing livers. C/EBPa is
indispensable for the induction of two key gluconeogenic
enzymes, PEPCK and G6P, which explains why mice deficient
in C/EBPa die at birth due to fasting hypoglycemia (33). Our
findings with BI-1, thus, support the recent report that mice
deficient for IREla in the liver exhibit a decrease in hepatic
C/EBPa levels and down-regulation of PEPCK expression (27).
Interestingly, impairment of the PKR-like ER kinase or the
ATEF6 branch of the UPR also results in down-regulation of
C/EBPa and increased glucose metabolism (5). Possibly, block-
age of one of the UPR pathways leads to unresolved ER stress,
which in turn overactivates the other branches of the UPR as
seen by increased induction of CHOP and GRP78 in the liver of
Ad BI-1-injected mice. As such, normal gene expression of key
metabolic enzymes is impaired, leading to fasting hypoglycemia
and impaired gluconeogenesis as shown in pyruvate tolerance
tests. At this point, we cannot exclude the possibility that
hepatic BI-1 regulates glucose uptake in other tissues by
unknown means or modulates primarily hepatic glucose release
compared with glucose production. Nonetheless, several lines
of experimental evidence including RNA and protein expres-
sion of gluconeogenic enzymes as well as results from pyruvate
tolerance tests argue for reduced gluconeogenesis, largely
accounting for the phenotype of Ad BI-1-injected mice.
Strikingly, we found improved glucose tolerance to occur not
only when mice were under metabolically induced ER stress
upon HFD feeding but also that animals fed a normal diet
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holds true under more physiological
conditions of ER stress. Upon high
fat feeding, mice overexpressing
BI-1 in the liver showed increased
accumulation of lipids compared
with Ad GFP-injected mice. Inter-
estingly, however, functional down-
regulation of the IRE1« pathway by
overexpression of BI-1 results in
down-regulation of key enzymes of
lipid homeostasis pathways not only
under conditions of increased ER
stress as seen in HFD mice but also
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in normal fed mice. The latter pos-
sibly indicates that the IREla
branch of the UPR is also active (at
low levels) under normal physiolog-
ical conditions and as such contrib-
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utes to a normal metabolic homeo-
stasis. In this respect it is interesting
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FIGURE 7. Effect of adenovirus-mediated expression of Bl-1 on hepatic liver metabolism. g, shown is
relative mRNA expression of sterol response element-binding protein 1 (Srebp1), PPARy coactivator 1«
(PgcTa), peroxisome proliferator-activated receptor a and y (Ppara, Ppary), stearoyl-coenzyme A desaturase 1
(Scd1), and fatty acid synthase (Fasn) in the liver of Ad BI-1- or Ad GFP-infected ND and HFD mice as measured
by real-time PCR (n = 5 per group). b, shown are C/EBP«, SREBP1, FASN, and PPARy protein levels in the liver of
Ad BI-1- or Ad GFP-infected ND- and HFD-fed mice as assessed by immunoblotting (n = 4-5 of each group).
¢, shown are C/EBP«, SREBP1, FASN, and PPARy protein levels in the liver of Ad BI-1- or Ad GFP-infected db/db

mice as assessed by immunoblotting (n = 4-5 of each group).

showed lower glucose levels when injected with Ad BI-1.
Importantly, livers of Ad BI-1-injected mice did not show
increased apoptosis as determined by terminal dUTP nick-end
labeling staining (data not shown) nor were circulating concen-
trations of liver enzymes such as alanine aminotransferase and
aspartate aminotransferase increased (supplemental Fig. S3b),
indicating that general liver function is not impaired by adeno-
viral BI-1 expression.

Although exhibiting improved glucose metabolism, BI-1-
overexpressing mice showed a marked accumulation of lipids
in the liver, leading to hepatosteatosis. Recently Rutkowski et al.
(27) showed that acute induction of ER stress by injection of
tunicamycin in mice leads to steatosis when any of the three
branches of the UPR is blocked. Here we show that the same
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plasma levels of triglycerides and
cholesterol, which was also
observed in Ad BI-1-injected mice,
although to a lesser extent. Similar
to the phenotype of mice lacking
XBP-1inliver (28), BI-1 overexpres-
sion in the liver leads to a down-reg-
ulation of Scdl, a key lipogenic
enzyme. Hepatic lack of XBP-1,
however, does not lead to hepa-
tosteatosis nor does it lead to a
down-regulation  of  enzymes
involved in lipid oxidation or lipid
synthesis such as PPARa and
PPARYy. This difference in the phe-
notypes of XBP-1 deficiency versus
BI-1 overexpression in liver sug-
gests that 1) BI-1 blocks the IREl«
pathway upstream of Xbp-1 splicing
and 2) impacts other substrates of IREla endoribonuclease
activity or that 3) the BI-1 effects on stress kinase activation
downstream of IRE1a may contribute to hepatosteatosis. So far,
hepatic ablation of XBP-1 has only been achieved by using an
inducible promoter (MX) (28), which might partially induce dele-
tion in other cell types. Thus, it will be highly informative to exam-
ine the effect of BI-1 expression on hepatic metabolism in mouse
models lacking XBP-1 and/or IREle specifically in liver. Last, the
molecular signaling mediators by which UPR affects lipid oxida-
tion, generation, and release remain to be clarified in greater detail.

Our data support the involvement of BI-1 in down-regulat-
ing IREla signaling in vivo and link this activity to metabolic
homeostasis. Moreover, our findings together with others sug-
gests that a normal balance of activation of IRE1a signaling is of
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major importance for metabolic homeostasis; over-activation
of IREla signaling can lead to insulin resistance and impaired
glucose homeostasis (3), whereas lower than “normal” IREla
signaling, as seen in IRE1a knock-out mice or Ad BI-1-overex-
pressing mice, leads to hepatosteatosis but improves glucose
metabolism. Additionally, it is likely that the hepatosteatosis
observed in Ad BI-1-treated mice occurs partially due to
increased hepatic insulin signaling and, thus, inhibition of glu-
coneogenesis. Insulin is a key negative regulator of Pepck and
G6p expression in a FOXO1-dependent manner (34). Impor-
tantly, mice with liver-specific ablation of the key gluconeo-
genic enzyme PEPCK suffer from hepatic steatosis, which is
phenocopied in mice with hepatic overexpression of BI-1 (35).
This indicates that inhibition of gluconeogenesis alone is suffi-
cient to increase hepatic lipid content. Application of current
pharmacological insulin sensitizers (such as thiazolidinediones
and metformin) likely does not cause hepatic steatosis but
instead reduces steatosis, because these agents increase insulin
sensitivity in all other major insulin target tissues such as mus-
cle and white adipose tissue, thus increasing peripheral glucose
(and lipid) uptake and subsequently increasing hepatic glucose
and lipid output to maintain glucose and lipid homeostasis (36).
Indeed, it has been proposed that increasing insulin sensitivity
in the liver alone will negatively affect systemic glucose and lipid
metabolism, due to severely increased lipogenesis (37). In contrast,
reducing systemic ER stress, for example by application of chemi-
cal chaperones, does not induce hepatic steatosis (4). Because we
also detected decreases in BI-1 expression in skeletal muscle of
diabetic mice, future studies should examine the effects of BI-1
re-expression in multiple organs with regard to their impact on
hyperglycemia and hepatic dyslipidemia. In parallel, the search for
potentially novel BI-1 interaction partners might increase our
understanding of its molecular functions.

We hypothesize that the reduction in BI-1 expression
described here in diabetic mice represents a pathophysiological
event, as acute BI-1 re-expression dramatically and within 24 h
ameliorates hyperglycemia in both diet-induced and genetic
models of obesity and glucose intolerance. Thus, we define BI-1
as a critical regulator of IREla activity, insulin sensitivity, and
glucose and lipid metabolism. Future work will be necessary to
address the mechanisms regulating BI-1 transcription and to
explore pharmacological re-activation of BI-1 expression in
amelioration of metabolic disorders.
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