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Serum retinol binding protein 4
contributes to insulin resistance in
obesity and type 2 diabetes

Qin Yang'*, Timothy E. Graham'*, Nimesh Mody', Frederic Preitner’, Odile D. Peroni', Janice M. Zabolotny',

Ko Kotani', Loredana Quadro®*t & Barbara B. Kahn'

In obesity and type 2 diabetes, expression of the GLUT4 glucose transporter is decreased selectively in adipocytes.
Adipose-specific Glut4 (also known as Slc2a4) knockout (adipose-Glut4 ~/~) mice show insulin resistance secondarily in
muscle and liver. Here we show, using DNA arrays, that expression of retinol binding protein-4 (RBP4) is elevated in
adipose tissue of adipose-Glut4 ~/~ mice. We show that serum RBP4 levels are elevated in insulin-resistant mice and
humans with obesity and type 2 diabetes. RBP4 levels are normalized by rosiglitazone, an insulin-sensitizing drug.
Transgenic overexpression of human RBP4 or injection of recombinant RBP4 in normal mice causes insulin resistance.
Conversely, genetic deletion of Rbp4 enhances insulin sensitivity. Fenretinide, a synthetic retinoid that increases urinary
excretion of RBP4, normalizes serum RBP4 levels and improves insulin resistance and glucose intolerance in mice with
obesity induced by a high-fat diet. Increasing serum RBP4 induces hepatic expression of the gluconeogenic enzyme
phosphoenolpyruvate carboxykinase (PEPCK) and impairs insulin signalling in muscle. Thus, RBP4 is an adipocyte-
derived ‘signal’ that may contribute to the pathogenesis of type 2 diabetes. Lowering RBP4 could be a new strategy for

treating type 2 diabetes.

A major cause of type 2 diabetes is impaired insulin action in adipose
tissue, skeletal muscle and liver. Overt hyperglycaemia develops when
increased insulin secretion no longer compensates for insulin resist-
ance. Even without diabetes, insulin resistance is a major risk factor
for cardiovascular disease and early mortality'. Resistance to insulin-
stimulated glucose transport in adipose tissue and skeletal muscle is
one of the earliest defects detected in insulin-resistant states®.
Transmembrane transport of glucose by GLUT4 is the rate-limiting
step for glucose use by muscle and adipose tissue’. With the
development of insulin resistance, GLUT4 expression is downregu-
lated selectively in adipose tissue but not in skeletal muscle*”.
Downregulation of GLUT4 expression in adipose tissue is an almost
universal feature of insulin-resistant states, including obesity, type 2
diabetes and the metabolic syndrome?.

Skeletal muscle is regarded as the principal site for insulin-
stimulated glucose uptake, whereas adipose tissue takes up much
less glucose under normal physiological conditions’. To determine
how GLUT4 expression in adipose tissue influences systemic insulin
action, we generated transgenic mice with adipose-specific overexpres-
sion of human GLUT4 (adipose-GLUT4-Tg mice)* or adipose-
specific reduction of GLUT4 using Cre/loxP gene targeting (adi-
pose-Glut4 '~ mice)°. These mice show opposite phenotypes with
regards to insulin sensitivity and glucose homeostasis. Adipose-
GLUT4-Tg mice have enhanced glucose tolerance and insulin sensi-
tivity*. Relatively increased insulin-sensitivity persists even in the
diabetic state induced by pancreatic $-cell destruction®, and
GLUT4 overexpression in adipocytes of mice lacking GLUT4 in
muscle reverses their diabetes’. Thus, increasing GLUT4 expression

selectively in adipocytes protects against whole-body insulin resist-
ance. In contrast, mice with markedly reduced GLUT4 expression in
adipose tissue, but normal GLUT4 expression in muscle, are insulin-
resistant and have an increased risk of overt diabetes’. Adipose-
specific deletion of Glut4 leads to secondary defects in insulin action
in muscle and liver’. However, insulin action in muscle of adipose-
Glut4~'~ mice ex vivo is normal®, indicating that a circulating
factor(s) causes insulin resistance in these mice. We sought to identify
such a factor(s) released from adipocytes.

Although adipose tissue is traditionally regarded as an inert
energy-storage depot, it is also an active endocrine organ®. Adipo-
cyte-secreted molecules can either enhance (for example, leptin and
adiponectin) or impair (for example, fatty acids, tumour-necrosis
factor-ao (TNF-a) and resistin) insulin action. Serum levels of most
adipocyte-secreted molecules known to influence insulin action are
normal in adipose-Glut47/ " mice (ref. 5 and unpublished data).
Thus, insulin resistance in muscle and liver of adipose—Glutélil*
mice is probably caused by altered secretion of an unknown
adipocyte-derived molecule(s).

We therefore undertook global gene expression analysis to identify
genes for which expression is altered in adipose tissue harbouring a
primary genetic alteration in GLUT4 expression. Here we report that
serum retinol binding protein (UniGene RBP4) is upregulated in
adipose tissue of adipose-Glut4 '~ mice, and that serum RBP4
levels are elevated in several insulin-resistant states in mice and
humans. RBP4 is the only specific transport protein for retinol
(vitamin A) in the circulation, and to date, its only known function
is to deliver retinol to tissues’. We find that elevation of serum RBP4
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causes systemic insulin resistance, and that reduction of serum RBP4
improves insulin action. These results point to a novel mechanism
underlying the inter-tissue communication that has been shown to
have an important role in the pathogenesis of type 2 diabetes'™'".

DNA array reveals adipose-RBP4 regulation

We performed DNA array analyses on epididymal adipose tissue
RNA from adipose-Glut4 ~ " (ref. 5) and adipose-GLUT4-Tg (ref. 4)
mice using Affymetrix mouse MG-U74Av.2 oligonucleotide arrays
containing ~ 12,000 genes. We identified genes that were reciprocally
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Figure 1| Elevation of RBP4 in insulin-resistant mouse models. a, Rbp4
mRNA levels in adipose tissue of adipose-Glut4 '~ and adipose-GLUT4-Tg
mice and their controls (Con) at 14 weeks of age (n = 3—4 per genotype).
Asterisk denotes P < 0.05 versus controls. mnRNA was measured by one-step
Tagman real-time PCR. b, Rbp4 mRNA levels in liver of adipose-Glut4 '~
and control mice at 12—-14 weeks (n = 7-8 per genotype). ¢, Serum levels of
RBP4 in insulin-resistant mouse models. RBP4 was detected by western
blotting’, and graphs show densitometric quantification. Mice were 816
weeks of age (n = 3-5 mice per condition or genotype). Mice fed on a
high-fat diet (HFD) for 12 weeks obtained 55% of their calories from fat.
Body weight (g) for chow diet (mean * s.e.m.), 32.0 = 0.8; HFD,

37.5 = 0.3. Plasma insulin levels (ngml ™ ") for chow diet: 1.4 * 0.1; HFD:
8.3 = 0.6. Asterisk, P < 0.05; two asterisks, P < 0.01 versus controls.
Adip/mus-Glut4 '~ , Glut4 knockout in both adipose tissue and muscle';
Hsd11b1-Tg, adipose overexpression of hydroxysteroid 11-3
dehydrogenase-1; Mc4r /~, melanocortin 4 receptor knockout. d, Serum
RBP4 in humans. Each lane contains serum from a different person. Graph
(lower panel) shows densitometric quantification of bands. Two asterisks,
P < 0.01 versus lean non-diabetic subject. Data in a—d are presented as
mean * s.e.m.
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regulated by these genetic manipulations and that encoded secreted
proteins. Five messenger RNAs encoding known secreted proteins
were inversely regulated (an approximately twofold change) in
adipose tissue of adipose-Glut4 '~ and adipose-GLUT4-Tg mice.
One was serum retinol binding protein (RBP4). Real-time quanti-
tative polymerase chain reaction (PCR) showed that Rbp4 mRNA was
increased 2.3-fold in adipose tissue of adipose-Glut4 '~ mice, and
was reduced by 54% in adipose tissue of adipose-GLUT4-Tg mice
(Fig. 1a). Rbp4 is normally expressed at very high levels in liver'?, but
hepatic Rbp4 expression was unaltered in adipose-Glut4 '~ mice
(Fig. 1b).

Elevated serum RBP4 in insulin resistance
Consistent with the mRNA changes in adipose tissue, serum RBP4 in
adipose-Glut4 '~ mice was elevated 2.5-fold compared with control
mice (Fig. 1c). Serum RBP4 levels were also increased in five other
insulin-resistant mouse models (Fig. 1¢): mice with reduction of
Glut4 in both adipose tissue and muscle’ (2-fold increase); mice
overexpressing 11-8 hydroxysteroid dehydrogenase-1 in adipose
tissue (adipose-Hsd11b1-Tg)"* (3-fold increase), melanocortin 4
receptor (Mc4r) knockout mice' (3.5-fold increase); mice on a
high-fat (55% fat) diet (2.8-fold increase) and ob/ob mice (13-fold
increase) (Fig. 1c). Plasma RBP4 correlated with insulin levels in the
fed state in obese mice on a high-fat diet (r> =0.83, P < 0.01; see
Supplementary Fig. 1).

We measured plasma RBP4 levels in obese humans with or without
type 2 diabetes. Obese-diabetic subjects were older than obese-
nondiabetic or lean control subjects'® (see Supplementary Table 1).
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Figure 2 | Rosiglitazone treatment decreases RBP4 levels in adipose-
Glut4=/ ~ mice. a, b, Rbp4 mRNA in adipose tissue (a) or liver (b) of
adipose-Glut4 '~ and control female mice age 27 weeks treated with (4) or
without (—) rosiglitazone (n = 3-6 per condition). ¢, Serum RBP4 in
adipose-Glut4 ~ /= and control mice before (—) and after (+) 3 weeks of
rosiglitazone treatment (n = 4 per condition). Asterisk, P < 0.05 versus
control (—); hash symbol, P < 0.05 versus adipose-Glut4 ~ ’~ (-).Data in
a—c are presented as mean * s.e.m.
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Obese and obese-diabetic subjects had higher body mass index
(BMI) and fasting insulin levels and lower glucose disposal rates
(measured by euglycemic—hyperinsulinemic clamp studies) com-
pared with lean controls. Fasting glucose and haemoglobin A;c
(HbAc, which reflects average glucose levels in blood over 2-3
months) were elevated in obese-diabetic subjects compared with
non-diabetic subjects (see Supplementary Table 1). Serum RBP4
levels were increased ~1.9-fold in obese-nondiabetic and obese-
diabetic subjects compared with lean controls (Fig. 1d). There was no
difference in the magnitude of serum RBP4 elevation between the
obese and obese-diabetic groups, suggesting that obesity and insulin
resistance, but not hyperglycaemia, are associated with elevated
serum RBP4 in humans.

Rosiglitazone reverses RBP4 elevation

The anti-diabetic agent rosiglitazone is a peroxisome proliferator
activated receptor-gamma (PPARvy) agonist that improves insulin
sensitivity'’. Treatment of adipose-Glut4 ~ '~ mice with rosiglitazone
for three weeks completely reversed their insulin resistance and
glucose intolerance'®. In parallel, rosiglitazone treatment reduced
the elevated Rbp4 mRNA levels in adipose tissue (Fig. 2a) but not in
liver (Fig. 2b) of adipose-Glut4 '~ mice. Rosiglitazone treatment
also completely normalized the elevated serum RBP4 levels
in adipose-Glut4 '~ mice (Fig. 2c). The dramatic effect of this
insulin-sensitizing anti-diabetic agent on serum RBP4 levels raises
the possibility that elevation of RBP4 might play a causative role in
insulin resistance and type 2 diabetes.

Increased RBP4 causes insulin resistance
Transgenic mice expressing human RBP4 driven by the mouse muscle
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Figure 3 | Elevated serum RBP4 causes insulin resistance. a, Insulin
tolerance tests in male mice expressing human RBP4 in muscle (RBP4-Tg) at
12 weeks of age (n = 7 per genotype). Insulin (0.9 Ukg ™ ' body weight) was
injected intraperitoneally (i.p.) 4 h after food removal. Plasma glucose was
measured at the indicated times. Asterisk, P < 0.01 versus wild type (WT).
b, Western blot of serum from an FVB mouse injected with 0.5 mg
recombinant human RBP4 i.p. Purified RBP4 was diluted to the indicated
concentrations as the standard. ¢, d, Insulin (c) and glucose (d) tolerance
tests in 8-week-old mice injected chronically with purified RBP4. Control
mice were injected with dialysate (vehicle). Glucose (1 gkg™ ' i.p.) and
insulin (0.9 Ukg ™ " i.p.) tolerance tests were performed after 9 or 19 days of
injections, respectively (n = 8 control and 12 RBP4-injected mice). Asterisk
denotes a significant difference at P < 0.01. Data are presented as

mean * s.e.m.
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creatine kinase (Mck) promoter (RBP4-Tg) have an ~ 3-fold increase
in serum RBP4 levels compared with non-transgenic mice'’, similar
to the elevation observed in serum of adipose-Glut4 '~ mice (see
Supplementary Fig. 2). RBP4-Tg mice develop normally. Growth
curves are similar to wild-type mice until at least 16 weeks of age (not
shown). Insulin levels are higher in fed RBP4-Tg mice compared with
wild-type mice, indicating insulin resistance (see Supplementary
Table 2), which is also evident in insulin tolerance tests (Fig. 3a).
There are no differences in glucose, free fatty acid, leptin, adiponectin
or resistin levels in fed RBP4-Tg mice compared with controls (see
Supplementary Table 2).

To circumvent the possibility of developmental or compensatory
effects of RBP4 overexpression in transgenic mice, we purified
recombinant human RBP4 and injected it into normal, adult FVB
mice. RBP4 is a 21-kDa protein that is easily filtered through the renal
glomerular membrane. In the circulation, RBP4 binds transthyretin
(TTR) to form an 80-kDa protein complex that prevents renal
clearance of RBP4 (ref. 20). To determine the pharmacodynamics
of exogenous RBP4, we injected 0.5 mg recombinant human RBP4
intraperitoneally and measured serum RBP4 levels using an anti-
human RBP4 antibody (Fig. 3b). RBP4 could be detected 10 min
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Figure 4 | Lowering serum RBP4 levels improves insulin action. a, Insulin
tolerance tests in 10-week-old male Rbp4™'~ and Rbp4 '~ mice. Insulin
(0.75Ukg ™ ') was injected i.p. (n = 7-9 per genotype). Asterisk, P < 0.01
versus wild type at each time point. b, Representative immunoblot of serum
RBP4 levels in mice fed for 6 weeks with chow diet, high-fat diet (HFD) or
HFD with 0.04% fenretinide. ¢, Densitometric quantification of
immunoblots of serum RBP4 levels in mice fed chow, HFD or
HFD+-fenretinide for the indicated times (n = 8-12 per condition).
Asterisk, P < 0.05 versus chow diet; hash symbol, P < 0.05 versus HFD.
d, Insulin tolerance test (1.1 Ukg ™ " insulin i.p.) in mice fed chow, HED or
HFD+-fenretinide for 15 weeks (n = 6-10 mice per condition). Asterisk,
P < 0.05 versus HFD and chow; hash symbol, P < 0.05 versus HFD only.
e, Glucose tolerance test (2 gkg™ ' glucose i.p.) in mice fed chow, HFD or
HFD + fenretinide for 16 weeks (n = 8-12 mice per condition). Asterisk
denotes P < 0.01 versus chow and HFD + fenretinide. There was no
difference between HFD+-fenretinide and chow groups. Data are presented
as mean * s.e.m.
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after injection, and levels peaked at 120 min. At 240 min, the level was
25% of the peak level, indicating rapid clearance. Levels of RBP4 were
hardly detectable in serum 16 h after injection (Fig. 3b).

The concentration of endogenous mouse RBP4 in serum is
~30-40 pg ml~! (ref. 9). To determine whether elevation of RBP4
causes insulin resistance in normal mice, we injected 300 p.g purified
human RBP4 per mouse per day, as three divided doses (3—4pgg™ '
body weight) at 8-10-h intervals. This resulted in a daily average
serum level of human RBP4 approximately three times higher than
endogenous mouse RBP4 (see Supplementary Fig. 2). Control mice
were injected with the same volume of dialysate, obtained during the
final step of RBP4 purification. RBP4 injection for 9-21 days caused
insulin resistance (Fig. 3¢) and glucose intolerance (Fig. 3d).
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Rbp4 knockout mice (Rbp4_/_) are viable and fertile, with
normal body weight when maintained on a vitamin A-sufficient
diet (see Supplementary Table 2), but have reduced blood retinol
levels and impaired visual function early in life’. Serum RBP4 is
absent in Rbp4 homozygous knockout (Rbp4~ '~ ) mice and is
reduced by 50% in Rbp4 heterozygous knockout (Rbp4 ™'~ ) mice
compared with wild-type littermates (see Supplementary Fig. 2).
Food intake is normal (not shown). Free fatty acid levels in serum are
lower in both Rbp4 /'~ and Rbp4 ™'~ mice relative to controls (see
Supplementary Table 2). Insulin, glucose, leptin, adiponectin and
resistin levels in fed mice are normal (see Supplementary Table 2).
Both Rbp4™'~ and Rbp4 ™'~ mice showed enhanced insulin sensi-
tivity (Fig. 4a). As Rbp4 has been detected in pancreatic a-cells, but
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Figure 5 | Effects of RBP4 on insulin signalling, hepatic PEPCK expression
and hepatocyte glucose production. a-d, PI(3)K activity in muscle (a, b) or
liver (c, d) of saline or insulin-injected RBP4-Tg mice (a, ¢) and Rbp4 -
mice (b, d) at 16 weeks of age (1 = 4 saline, n = 6 insulin). PI(3)K activity
was measured in anti-phosphotyrosine immunoprecipitates. Asterisk,

P < 0.05; two asterisks, P < 0.01 versus wild-type (WT) insulin. e, Insulin-
stimulated PI(3)K activity in muscle and liver of normal FVB mice injected
with purified human RBP4 i.p. for 21 days (n = 4-9 per condition). PI(3)K
activity in saline-injected mice did not differ between groups. Data are
expressed as fold stimulation by insulin over the basal (saline-injected) level.
Two asterisks, P < 0.01 for RBP4-injected mice versus vehicle control.

f, g, Insulin-stimulated tyrosine phosphorylation of IRS-1 on Y612
(IRS1-pY612) (f) and IR (IR-pY972) (g) in muscle of normal FVB mice
injected with purified human RBP4 (n = 4-9 per condition). Basal (saline-
injected) levels of IR and IRS1 phosphorylation did not differ between
groups. Data were corrected for the total amount of IRSI or IR protein in
each sample and are expressed as fold stimulation by insulin over the basal
(saline-injected) level. Two asterisks, P < 0.01 for RBP4-injected mice
versus vehicle control. h, Insulin-stimulated tyrosine phosphorylation of

IRS-1 in muscle of FVB mice fed a chow diet (n = 6), high-fat diet (HFD,
n =9) or HFD containing 0.04% (w/w) fenretinide (HFD+FEN, n = 7).
The basal (saline-injected) level of IRS1 phosphorylation did not differ
between groups. Data are expressed as fold stimulation by insulin over the
basal (saline-injected) level. Asterisk, P < 0.05 versus chow saline; hash
symbol, P < 0.05 versus chow insulin and HFD+ FEN insulin. i, Pepck
mRNA measured by northern blotting in liver of normal FVB mice injected
with purified human RBP4 for 21 days. Mice were killed in the overnight
fasted state (n = 8 for vehicle-treated control mice and 12 for RBP4-treated
mice). Asterisk, P < 0.01 versus control. j, PEPCK protein levels in H4Ile
cells treated with purified mouse RBP4 (100 ugml™ ' for 18 h). Western
blotting was performed using anti-rat PEPCK antibody*. k, Glucose
production in H4Ile cells treated for 18 h with vehicle control or purified
mouse RBP4 then treated for an additional 3 h with insulin (n = 3 per
condition). Hash symbol, P < 0.01 for the suppressive effect of insulin on
glucose production versus cells not treated with insulin; asterisk, P < 0.05
for RBP4 treated cells versus control cells at the same insulin concentration.
Data are presented as mean = s.e.m.
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not in B-cells”, we measured plasma glucagon levels in Rbp4 '~
mice. Glucagon levels were normal in the fasting state, and increased
normally in response to insulin-induced hypoglycaemia (not
shown).

To determine the effect of lowering RBP4 independently of
transgenic manipulation, we treated adult FVB mice with fenretinide
(4-(N-hydroxyphenyl) retinamide), a synthetic retinoid designed for
cancer therapy. The bulky side chain (hydroxyphenyl group) disrupts
the interaction of RBP4 with TTR, causing renal excretion of RBP4
and resulting in lower serum RBP4 levels®. Oral administration of
fenretinide lowered serum RBP4 levels in obese mice on a high-fat
diet to the level in lean control mice on a chow diet (Fig. 4b, c).
Fenretinide treatment did not affect food intake, body weight or the
development of obesity on the high-fat diet (not shown). Mice on a
high-fat diet developed marked insulin resistance (Fig. 4d) and
glucose intolerance (Fig. 4e). Fenretinide treatment improved insulin
sensitivity (Fig. 4d) and normalized glucose tolerance (Fig. 4e).
Similar results were obtained in ob/ob mice treated with fenretinide
(not shown). Thus, both genetic and pharmacological interventions
that decrease serum RBP4 levels improve insulin sensitivity.

RBP4 impairs insulin signalling in muscle
To understand how RBP4 alters insulin sensitivity, we studied insulin
signalling in muscle and liver of Rbp4 '~ mice and mice over-
expressing human RBP4 (RBP4-Tg mice). Basal phosphoinositide
3-kinase (PI(3)K) activity was similar in all genotypes (Fig. 5a—d).
Insulin resulted in a 26-fold increase in PI(3)K activity in muscle of
control mice, but its effect was reduced by 30% in RBP4-Tg mice
(Fig. 5a). Conversely, insulin-stimulated PI(3)K activity was
increased by 80% in muscle of both Rbp4 "/~ and Rbp4~'~ mice
compared with control mice (Fig. 5b). However, PI(3)K activity was
not altered in the liver of RBP4-Tg (Fig. 5¢) or Rbp4 '~ mice
(Fig. 5d). Consistent with these observations, RBP4 injection for 21
days in wild-type mice caused a 34% reduction in insulin-stimulated
PI(3)K activity in muscle, but no alteration in liver (Fig. 5e).
Furthermore, RBP4 treatment resulted in a 24% reduction in
insulin-stimulated tyrosine phosphorylation of insulin receptor
substrate-1 (IRS1) at tyrosine residue 612 (Fig. 5f), an important
docking site for the p85 subunit of PI(3)K*>. However, RBP4
treatment did not alter insulin receptor (IR) tyrosine phosphoryl-
ation (Fig. 5g) or the total amount of IRS1 or IR proteins.
Consistent with this, treatment of obese, insulin-resistant mice on
a high-fat diet with fenretinide normalized serum RBP4 levels and
restored phosphorylation of IRS-1 (on Y612) in muscle to the level in
non-obese control mice (Fig. 5h). Total IRS1 levels tended to be
higher (34.5 * 0.22%, P = 0.055) in mice on a high-fat diet treated
with fenretinide, compared with both chow-fed mice and mice on a
high-fat diet not receiving fenretinide; this might contribute to the
increased levels of phosphorylated IRS1. IR expression and phos-
phorylation were not altered by fenretinide treatment of mice on a
high-fat diet (not shown). These data suggest that RBP4 alters insulin
sensitivity in part by affecting insulin signalling in muscle through
alterations in the amount of tyrosine-phosphorylated IRS-1 and
PI(3)K activation. Similar post-receptor defects were observed in the
muscle of adipose-Glut4 '~ mice (ref. 5 and unpublished data),
consistent with the notion that elevated serum RBP4 contributes to
systemic insulin resistance in this model of type 2 diabetes. However,
insulin-stimulated PI(3)K activity was also impaired in liver of
adipose-Glut4 '~ mice, suggesting that RBP4 might not be the
only molecule affecting insulin action in these mice.

RBP4 increases hepatic glucose output

In spite of the fact that alterations in plasma RBP4 levels do not affect
PI(3)K activity in liver, we predicted that RBP4 might still alter
hepatic regulation of glucose homeostasis, as a dissociation has been
found between insulin action on PI(3)K activity and on hepatic
glucose production®*?. Several gluconeogenic enzymes, including
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phosphoenolpyruvate kinase (Pepck), are regulated by dietary retinol
deficiency and/or retinoic acid treatment®. We found that Pepck (or
Pckl) expression was elevated 41% (P < 0.01) in the liver of RBP4-
injected mice in the fasting state compared with vehicle-injected
controls (Fig. 5i). These data indicate that hepatic PEPCK is
regulated, either directly or indirectly, by circulating RBP4.

To determine whether RBP4 directly regulates glucose production
in hepatocytes, we treated H4lle rat hepatoma cells with purified
recombinant mouse RBP4. H4IIe cells show physiologically appro-
priate responses to stimuli that regulate hepatic glucose production
in vivo, including glucocorticoids and insulin®>**. Overnight treat-
ment of H4lIle cells with RBP4 (100 pg ml™ ") induced a 94% increase
in PEPCK protein (Fig. 5j) and increased basal glucose production
(Fig. 5k). Furthermore, RBP4 treatment impaired suppression of
hepatic glucose production in response to submaximal and maximal
insulin concentrations (Fig. 5k). Thus, RBP4 can act directly to
induce PEPCK expression, increase basal glucose production, and
reduce insulin action to suppress glucose production in hepatocytes.

Discussion

GLUT4 expression is decreased in adipocytes in nearly all insulin-
resistant states in humans and rodents®, but the mechanism by which
this contributes to systemic insulin resistance has not been clear, as
adipose tissue contributes relatively little to total body glucose
disposal. It now seems that elevated serum RBP4 might be a
mechanistic link by which downregulation of GLUT4 in adipocytes
contributes to the development or worsening of systemic insulin
resistance. We find that RBP4 elevation is a widespread abnormality
in insulin-resistant states of various aetiologies. Serum levels and/or
urinary excretion of RBP4 have previously been reported to be
elevated in humans with type 2 diabetes, but no causal relationship
was suggested”>*. Notably, regions near the RBP4 locus on human
chromosome 10q have been linked to increased risk for type 2
diabetes in two different populations®*.

Rbp4 mRNA is selectively increased in adipose tissue, but not in
liver, of insulin-resistant adipose—Glut47/ ~ mice, and rosiglitazone
reduces Rbp4 mRNA in adipose tissue, but not in liver. Although
hepatocytes are regarded as the principal source of circulating RBP4
under normal conditions, adipose tissue has the second
highest expression level (~20-40% of levels in liver)”. As much
as 20% of total body retinol may be stored in adipose tissue™.
Within adipose tissue, RBP4 is expressed almost exclusively in
adipocytes, in a differentiation-dependent manner®*. Furthermore,
adipocytes release retinol in vitro®. Thus, adipose tissue potentially
functions like liver to store and mobilize retinol bound to RBP4.
Our data demonstrate that changes in adipocyte-derived RBP4
can have systemic effects on insulin sensitivity and glucose
homeostasis.

Although serum RBP4 was consistently elevated in all of the
insulin-resistant models we studied, adipose tissue Rbp4 mRNA
(expressed as transcript per microgram of adipose tissue RNA) was
increased in some but not all models. For example, increased mRNA
levels are seen in Hsd11b1 transgenic mice (L. Oksanen and J. S. Flier,
personal communication), a model of the metabolic syndrome,
which is consistent with the results in adipose-Glut4 '~ mice
(Fig. 1). Rbp4 mRNA levels expressed per adipocyte are also elevated
in ob/ob and db/db mice (W. S. Blaner, personal communication). In
seeming contrast, we found that Rbp4 mRNA levels per microgram of
adipose tissue RNA were decreased by 40-50% in adipose tissue of
both ob/ob mice and mice on a high-fat diet. This discrepancy
between Rbp4 mRNA expressed per adipocyte or per microgram of
adipose tissue RNA is probably due to the fact that in rodents with
marked hyperinsulinaemia, total RNA content per adipocyte
increases up to 4.7-fold”. Elevation of serum RBP4 in insulin-
resistant states might be a consequence of increased expression,
expanded fat mass, altered secretion and/or altered clearance from
the circulation.
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RBP4 might act through retinol-dependent or retinol-
independent mechanisms. Retinol-dependent mechanisms by
which RBP4 may influence insulin action include, but are not limited
to, increased production or altered tissue metabolism of retinoic acid
isomers, the active forms of retinol that interact with retinoic acid
receptors (RARs) and retinoic acid-X receptors (RXRs) to regulate
gene transcription®. Consistent with a retinoid-dependent mecha-
nism, we found increased expression of Pepck, a retinoid-regulated
gene, in the liver of mice injected with RBP4 (Fig. 5i) and in cultured
hepatocytes treated with RBP4 (Fig. 5j). We also found modest
increases in the expression of several other retinoic acid-responsive
genes in muscle of RBP4-Tg mice: RARB2 increased by 20%, stearoyl-
CoA desaturase-1 increased by 37%, and acetyl CoA carboxylase-3
showed a 27% increase (P < 0.05 for all). Furthermore, the
expression of cellular retinoic acid binding protein-1 (Crabpl),
which plays a role in regulating cellular retinoic acid levels, is
increased in muscle of RBP4-Tg mice (40%) and mice fed a high-
fat diet (3.2-fold). However, the relationship between retinoic acid
and insulin resistance is complex, as certain retinoic acid isomers
cause insulin resistance and the metabolic syndrome in humans®*,
whereas others activate the RXR-PPAR~y heterodimer and increase
insulin sensitivity®®. Future studies will determine whether RBP4
elevations in insulin-resistant states result in increased tissue retinol
content or altered production of specific retinoic acid isomers.

RBP4 might also cause insulin resistance through a retinol-
independent mechanism. Evidence suggests that RBP4 binds with
high affinity and high specificity to cell surface receptors*>*'. Mega-
lin/gp320, the only RBP4 receptor identified to date in peripheral
tissues and a non-specific receptor for macromolecular complexes*?,
binds RBP4 with low affinity (K4 ~ 2 pM). A high-affinity receptor
for RBP4 has not been identified. RBP4 might transport and deliver
other lipophilic molecules in addition to retinol, as shown by the fact
that RBP4 binds a wide range of other retinoids in vitro*’. Finally,
RBP4 could also modulate transthyretin function**. However, serum
transthyretin levels were not altered in Rbp4 knockout mice’, RBP4-
overexpressing mice'’, several mouse models of insulin resistance
(not shown) or in humans with type 2 diabetes™.

Rbp4~'~ knockout mice have lower levels of serum free fatty acids
(see Supplementary Table 2), which might contribute to their
improved insulin sensitivity. However, free fatty acids are not
elevated in insulin-resistant RBP4-Tg mice (see Supplementary
Table 2), in RBP4-injected mice (control 0.446 = 0.073 mM;
RBP4-injected 0.437 *+ 0.034mM) or in adipose-Glut4 '~ mice’.
Free fatty acid levels are unchanged by fenretinide treatment of mice
on a high-fat diet (data not shown). Thus, altering the circulating
levels of free fatty acids is probably not the principal mechanism by
which RBP4 regulates insulin sensitivity.

A finding with high clinical significance in our study is that
normalization of serum RBP4 by fenretinide treatment leads to
improved insulin action and glucose tolerance in insulin-resistant
obese mice. Increased excretion of RBP4 is probably the main action
by which fenretinide reverses insulin resistance in obese rodents.
Fenretinide and its metabolites lack a terminal carboxyl group, an
essential feature of active retinoids, and fenretinide does not activate
RXR isoforms in vitro*>*°, indicating that the insulin-sensitizing
effects of fenretinide are different from those of selective RXR
agonists (that is, rexinoids)*’. Although there may be additional
mechanisms by which fenretinide improves insulin—glucose homeo-
stasis, our findings establish that the RBP4—transthyretin interaction
is a new target for the development of drugs to combat insulin
resistance and type 2 diabetes.

METHODS

Mice. Mice with adipose-specific deletion of Glut4 (adipose-Glut4~ '~ ) were
generated by Cre/loxP gene targeting’. Transgenic mice overexpressing GLUT4
selectively in adipocytes (adipose-GLUT4-Tg)*, RBP4-Tg" and Rbp4 '~ mice®
have been described. Male RBP4-overexpressing mice were bred with female
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C57BL mice (Taconic) to generate RBP4-overexpressing mice (RBP4-Tg).
Male and female Rbp4 ™'~ mice were bred to obtain Rbp4 ™~ '~ mice. As female
RBP4-Tg and Rbp4 '~ mice had inconsistent phenotypes, only male mice were
used for this study.

Mice were fed a standard chow diet (Formulab 5008, Labdiet 5053) or high-fat
diet (55% fat calories) (Harlan-Teklad 93075). These diets contained sufficient
amounts of vitamin A (15-251Ug" !). The minimum dietary retinol content
required to maintain normal vitamin A status in mice is 2.51Ug" ' diet*.
RNA, microarray and Tagman. Between six and nine mice from each of four
genotypes were studied using a total of 12 microarray chips: aP2-Cre transgenic
mice (controls for adipose-Glut4 ~'~ mice), adipose-Glut4 '~ mice; FVB mice
(controls for adipose-GLUT4-Tg mice) and adipose-GLUT4-Tg mice. Total RNA
from epididymal adipose tissue was extracted using the RNeasy Mini Kit from
Qiagen. Affymetrix gene chip hybridization and analysis were performed at the
Genomics Core Facility of the Beth Israel Deaconess Medical Center. Mouse
Rbp4 mRNA was quantified using real-time PCR (see Supplementary Methods).
Serum RBP4 measurement. Serum or plasma was diluted 20 times in a standard
detergent-containing buffer®, and proteins were separated by 15% SDS-PAGE
and transferred to nitrocellulose membranes. Mouse and human RBP4 proteins
were detected using anti-rat” or anti-human (DAKO) RBP4 polyclonal antisera,
respectively. The anti-human antibody also recognizes mouse RBP4 but with
lower affinity.

Measurement of metabolic parameters, insulin and glucose tolerance tests.
Plasma glucose, insulin, free fatty acids, leptin, and adiponectin were measured,
and insulin and glucose tolerance tests were performed as described>" (see
Supplementary Methods). Resistin was measured using luminex (Linco).
Recombinant RBP4 preparation and injection. Human and mouse RBP4 were
expressed in E. coli and purified as described**°. Recombinant RBP4 protein was
completely pure, determined by total protein staining of SDS-PAGE. RBP4
bound retinol stoichiometrically and interacted normally with purified trans-
thyretin. Endotoxin was removed by sequential affinity adsorption to Endotrap
matrix (ProfosAG) and Detoxigel (Pierce). Purified RBP4 protein was dialyzed
in a buffer containing 10 mM HEPES buffer, 100 mM NaCl, stored frozen at
stock concentrations of 7-8 mgml ™~ ' and protected from exposure to light. The
dialysate solution not containing RBP4 was stored for use as a vehicle control for
in vivo experiments.

In acute pharmacodynamic studies, stock human RBP4 was diluted in
dialysate (5mgml™ " concentration) and 100 pl was injected intraperitoneally
(i.p.) into 12-week-old male FVB mice. For chronic administration, stock RBP4
was further diluted in dialysate and 8-week-old FVB mice were injected with
100 ul of 0.875mgml~ " RBP4 solution at 8:00 and 15:00, and with 100 ul of
1.25mgml™ " solution at 22:00. Control mice were injected with an equal
volume of dialysate vehicle control solution. Endotoxin levels, measured by
Limulus amoebocyte assay (Cambrex/Biowhittaker), were less than 0.01 endo-
toxin units per microlitre for both the RBP4 and vehicle control solutions, which
is less than the ambient endotoxin levels of reverse-osmosis double-deionized
water (Millipore).

Fenretinide treatment. Three-week-old male FVB mice received chow diet,
high-fat diet or high-fat diet supplemented with 0.04% fenretinide. Fenretinide gel
capsules were emptied and added directly to the fat-soluble vitamin component of
the high-fat diet in the Harlan-Teklad laboratory at the time of diet preparation.
Light exposure was minimized during diet preparation. The diet was stored in the
dark at 4°C and replaced in mouse cages at 2-3-day intervals.

Signal transduction and Pepck mRNA expression. Mice were fasted for
16-18h, injected intravenously with saline or insulin (10 Ukg™ ' body weight)
and killed 3 min after injection. PI(3)K activity was measured in phosphotyrosine
immunoprecipitates as described®. Western blotting was performed using
phosphospecific antibodies to IRS-1 tyrosine-612 (BioSource) and IR tyrosine-
972 (Biomol). Pepck mRNA was measured by northern blotting as described'’.
Hepatocyte glucose production and Pepck immunoblotting. Glucose pro-
duction in H4lIIe rat hepatoma cells was measured as described*®, except that cells
were incubated in medium with reduced serum (0.2% FBS) for 18 h prior to the
experiment. Lysates were prepared as described'’. Western blotting was per-
formed using an anti-rat Pepck polyclonal antibody (gift from D. Granner).
Statistical analysis. All values are given as means * s.e.m. Differences between
two groups were assessed using unpaired two-tailed #-tests. Data involving more
than two groups were assessed by analysis of variance (ANOVA). Glucose
and insulin tolerance tests were assessed by repeated measures ANOVA using
Statview Software (BrainPower).
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