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Context: Retinol-binding protein 4 (RBP4) may play a role in the
development of insulin resistance.

Objective: We investigated whether RBP4 adipose tissue mRNA
expression and plasma level are related to insulin sensitivity during
a diet-induced weight loss.

Design, Setting, Patients, and Intervention: Obese women fol-
lowed a dietary intervention composed of a 4-wk very low-calorie diet
(VLCD), a 2-month low-calorie diet, and 3–4 months of a weight
maintenance (WM) phase.

Main Outcome Measures: Clinical investigation was performed
before and at the end of each phase. Insulin sensitivity was assessed
with the euglycemic hyperinsulinemic clamp. Adipose tissue mRNA
and plasma levels of RBP4 were determined using reverse transcrip-
tion-quantitative PCR and ELISA, respectively.

Results: Weight and fat mass decreased during VLCD and were
stabilized during WM. Glucose disposal rate increased during VLCD
and remained elevated thereafter. Plasma levels of RBP4 decreased
after VLCD and, although increasing at subsequent phases, remained
lower than prediet values. Adipose tissue mRNA levels were dimin-
ished after VLCD, and increased during low-calorie diet and WM to
reach basal values. Basal RBP4 levels or diet-induced variations of
RBP4 were not different in lean women and two groups of obese
women with high- and low-insulin sensitivity.

Conclusions: Severe calorie restriction promotes a reduction in ad-
ipose tissue and plasma levels of RBP4. The study does not bring
evidence for a role for RBP4 in the regulation of diet-induced changes
in insulin sensitivity. (J Clin Endocrinol Metab 92: 2330–2335,
2007)

TYPE 2 DIABETES is characterized by insulin resistance
and relative insulin deficiency. The resistance to insulin

action occurs in multiple tissues, including the liver with an
increase in glucose production and skeletal muscles with a
decrease in glucose use. Insulin resistance independent of
overt diabetes is an important causative factor of the meta-
bolic syndrome and constitutes an important risk factor for
cardiovascular disease. Obesity is one of the principal causes

for insulin resistance and risk factors for type 2 diabetes. The
excess of fat mass is associated with release of multiple mol-
ecules with paracrine or endocrine action by adipose tissue
that may contribute to the development of insulin resistance
(1). A recently characterized potential candidate is retinol-
binding protein 4 (RBP4) (2). Adipose tissue RBP4 expression
and circulating levels are increased in several mouse models
of insulin resistance. Genetic knockout of the insulin-stim-
ulated glucose transporter 4 (Glut4) selectively in adipocytes
results in impaired whole-body insulin sensitivity (3). Be-
cause adipocytes contribute little to whole-body glucose dis-
posal, the existence of a factor released by the adipocytes and
acting on the liver and skeletal muscle was predicted. RBP4
has been identified as such a factor (2). Overexpression of
RBP4 or injection of recombinant RBP4 induced insulin re-
sistance in mice, whereas pharmacologically decreased se-
rum levels of RBP4 improved insulin sensitivity in high-fat
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diet-fed mice. Indeed, RBP4 impairs insulin signaling in skel-
etal muscle and affects glucose output in the liver.

RBP4 has been used clinically as a rapid turnover protein
for assessing the short-term fluctuation of nutritional states.
RBP4 is the only specific transport protein for retinol (vitamin
A) in the circulation (4). It is produced by hepatocytes, which
are believed to contribute to a large part of circulating RBP4,
although adipocytes have the second-highest expression
level (5). Elevated RBP4 levels have been reported in subjects
with insulin resistance and type 2 diabetes (6–9). Correla-
tions have been observed between serum RBP4 levels and the
magnitude of insulin resistance in different groups of sub-
jects (8). However, the cross-sectional design of most of the
clinical studies performed so far does not allow for a deter-
mination of a putative causal role of RBP4 in the pathogenesis
of insulin resistance and type 2 diabetes in humans (10).
Here, we studied RBP4 in obese subjects enrolled in a mul-
tiple-phase weight reduction program based on a 4-wk very
low-calorie diet (VLCD), followed by a 2-month low-calorie
diet (LCD), and 3–4 months of a weight maintenance (WM)
phase. RBP4 mRNA expression in sc adipose tissue and
plasma RBP4 levels were determined before and at the end
of each phase, and related to anthropometric and biological
parameters, including glucose disposal rate assessed by the
euglycemic hyperinsulinemic clamp.

Subjects and Methods
In vitro adipose tissue studies

Subcutaneous abdominal adipose tissue obtained from overweight
women undergoing plastic surgery was digested with collagenase. Ma-
ture adipocytes were separated from the stromavascular fraction by
mild centrifugation. Isolation of different cell types (endothelial cells,
preadipocytes, and macrophages) in the stromavascular fraction was
performed using surface antigen-coupled magnetic microbeads (11).
Human preadipocytes in primary culture were differentiated as de-
scribed (12). At d 13, 60–80% of cells were differentiated into lipid
droplet-containing adipocytes. For culture of human adipose tissue ex-
plants, sc abdominal adipose tissue was cut into small pieces weighing
approximately 10 mg or less. After washing steps, explants were cul-
tured in DMEM F12 medium (Cambrex Corp., East Rutherford, NJ)
containing 33 �mo/liter biotin, 17 �mol/liter pantothenate, and 50
�g/ml gentamycin supplemented with 10% of fetal calf serum. Explants
were preincubated overnight to allow for removal of soluble factors and
cellular debris released by cells broken during the preparation of the
small pieces of adipose tissue. On d 2, explants were washed three times
with PBS. Explants (200 mg/ml) were then incubated for 24 h in fresh
medium. Aliquots of the medium were stored at �80 C for protein
measurements. These studies were in agreement with the French Na-
tional Institute of Health and Medical Research (Inserm) and the Tou-
louse University Hospital ethics regulation.

Subjects

Participants in the study were recruited at the Third Faculty of Med-
icine of Charles University and at the Institute for Mother and Child Care
in Prague, Czech Republic. The clinical investigation was performed at
the Department of Sports Medicine of the Third Faculty of Medicine. A
group of 24 obese premenopausal women was included in the study.
Exclusion criteria were weight changes of more than 3 kg within the 3
months before the start of the study, hypertension, diabetes, or hyper-
lipidemia treated by drugs, drug-treated obesity, pregnancy, participa-
tion in other trials, and alcohol or drug abuse. A control group of 12 lean
women [age 38 � 10 yr; body mass index (BMI) 21 � 2 kg/m2] was also
investigated. The studies were approved by the Ethical Committee of the
Third Faculty of Medicine. Volunteers were informed on the study, and
written consent was obtained before study participation.

Dietary intervention

During the first 4 wk of the dietary intervention program, the obese
subjects received a 800 kcal/d VLCD (liquid formula diet; Redita,
Promil, Czech Republic). During the next 2 months, a LCD was designed
to provide 600 kcal/d less than the individually estimated energy re-
quirement based on an initial resting metabolic rate multiplied by 1.3,
the coefficient of correction for physical activity level. The final period
was a WM phase of 3–4 months, during which the patients were in-
structed to keep on a weight-maintaining diet. Patients consulted a
dietitian once a week during the first 3 months of the program and once
a month during the WM phase. They provided a written 3-d dietary
record at each dietary consultation.

Clinical investigation

A complete clinical investigation was realized before and at the end
of each phase in the morning. Anthropometric and resting metabolic rate
measurements were performed as previously reported (13). Body com-
position was determined with multifrequency bioimpedance (Bodystat
QuadScan 4000; Bodystat Ltd., Isle of Man, British Isles). Blood samples
were drawn from an indwelling catheter in the antecubital vein. Needle
microbiopsy of sc adipose tissue was performed under local anesthesia
(1% Xylocaine; AstraZeneca PLC, London, UK) from the abdominal
region (14–20-cm lateral to the umbilicus) (14). The euglycemic hyper-
insulinemic clamp was performed according to the DeFronzo method
(15). Priming plus continuous infusion of crystalline human insulin
(Actrapid Human; Novo, A/S, Bagsvaerd, Denmark), 40 mU/m2 body
area�min, was given for 210 min. Euglycemia (the fasting blood glucose
concentration) was maintained by a variable 20% glucose infusion. The
infusion rate was determined by measuring arterialized plasma glucose
every 5 min (Beckman Glucose Analyzer; Beckman Coulter, Inc., Ful-
lerton, CA). Glucose consumption was calculated from the exogenous
glucose infusion rates during the last 30 min of the clamp and corrected
for kilogram of body weight (mg�min�1�kg�1) or kilogram of fat-free
mass (mg�min�1�kg�1 fat-free mass).

RNA analysis

Total RNA was extracted from adipose tissue biopsy samples, ex-
plants, and cells using the RNeasy Mini kit (QIAGEN, Inc., Valencia,
CA). RT was performed with 500-ng total RNA using random hexamers
(Promega Corp., Madison, WI) and Superscript II Reverse Transcriptase
(Invitrogen Corp., Carlsbad, CA). Real-time quantitative PCR was per-
formed with TaqMan probe-based gene expression assays for RBP4,
Glut4, peroxisome proliferator-activated receptor (PPAR)�, and CD68,
and a SYBR Green-based assay for adiponectin using ABI PRISM 7500
Sequence Detection System (Applied Biosystems, Foster City, CA). An
18S ribosomal RNA was used as control to normalize gene expression
(Ribosomal RNA Control TaqMan Assay kit; Applied Biosystems). Each
sample was performed in duplicate, and 10-ng cDNA was used as a
template for real-time PCR. When the difference between the duplicates
was above 0.5 Ct (threshold cycle), real-time PCR was performed again.
Results are expressed as 2��Ct values.

Determination of culture medium and plasma levels

RBP4 levels were measured using an ELISA kit (Immundiagnostik
AG, Bensheim, Germany). Plasma samples were diluted so that the
absorbance was in the middle of the range of linearity for the assay.
Within-run coefficient of variation for RBP4 was 2.7%. Plasma glucose
was determined by the glucose hexokinase technique (Konelab 60i;
Labsystems CLD, Konelab, Finland). Plasma insulin was measured us-
ing chemiluminescent immunometric assay (Immulite 2000 Insulin;
DPC Czech sro, Brno, Czech Republic). Nonesterified fatty acid levels
were determined using an enzymatic procedure (Wako; Unipath Ltd.,
Bedford, UK). Leptin and adiponectin levels were determined using
ELISA kits (BioVendor Laboratory Medicine, Brno, Czech Republic).
Plasma �-hydroxybutyrate was measured by an enzymatic “Liqui-
Color” kit (Stanbio Laboratory, Boerne, TX). Plasma levels of other
parameters were determined using standard clinical biochemistry meth-
ods. To determine cell damage in adipose tissue explant culture, mea-
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surement of adenylate kinase activity was performed in the culture
medium using a bioluminescent assay (Cambrex, Corp.).

Statistical analysis

Data were analyzed using the SPSS software (SPSS, Inc., Chicago, IL).
Nonparametric Wilcoxon signed rank or Mann-Whitney U tests were
used for comparison of paired and unpaired values, respectively. Cor-
relations were analyzed by Spearman’s nonparametric test. The level of
significance was set at P � 0.05.

Results
Expression of RBP4 in human adipose tissue

Comparison of mRNA expression in mature adipocytes
and stromavascular cells from human sc adipose tissue re-
vealed that RBP4 is expressed almost exclusively in mature
adipocytes (Fig. 1A). As a control of cell isolation, Glut4 and

adiponectin mRNA were detected mostly in adipocytes and
CD68 mRNA, mostly in the stromavascular fraction. Direct
detection on isolated endothelial cells, macrophages, and
preadipocyte-like cells confirmed that the level of RBP4 ex-
pression was very low compared with that in mature adi-
pocytes (data not shown). RBP4 gene expression was
strongly induced during the conversion of human preadi-
pocytes into adipocytes along with markers of adipocyte
differentiation, such as PPAR� and adiponectin (Fig. 1B). We
also wished to determine whether RBP4 was produced by
human sc adipose tissue. Primary culture of adipose tissue
explants showed that the production rate of RBP4 in vitro was
comparable to that of adiponectin, a factor secreted at high
levels by adipocytes (Fig. 1C). The release of adenylate kinase
from the explants was very low, indicating that cell damage
was limited in our culture conditions (data not shown).

Clinical parameters of obese subjects during a weight
reduction program

Obese women followed a 6-month weight reduction pro-
gram composed of three successive phases: a 4-wk 800
kcal/d VLCD, a 2-month LCD with 600 kcal less than the
calculated daily energy requirements, and a 3–4 month WM
diet. Anthropometric and plasma parameters were deter-
mined before and at the end of each dietary phase (Table 1).
The subjects’ body weight and BMI decreased during the
VLCD and LCD phases. The body weight was stabilized
during WM. The loss of weight was chiefly due to a decrease
in fat mass. Evolution of waist circumference followed the
same pattern as body weight. Regarding plasma parameters,
there was a decrease in insulin, leptin, triglyceride, glycerol,
and cortisol levels at all the time points. Glycemia was de-
creased only after VLCD, and the nonesterified fatty acid
level was decreased at the end of the protocol. Circulating
�-hydroxybutyrate was elevated during VLCD and then de-
creased during subsequent phases to reach basal levels at the
end of the program. Plasma adiponectin level was not
changed during the dietary intervention. To evaluate insulin
sensitivity, euglycemic hyperinsulinemic clamps were per-
formed at each phase (Table 1). The glucose disposal rate
increased during VLCD, and remained elevated throughout
the phases of LCD and WM.

Adipose tissue mRNA expression of RBP4 and Glut4 during
a weight reduction program

Subcutaneous abdominal adipose tissue biopsies were per-
formed before and at the end of each dietary phase. RBP4
mRNA expression decreased during VLCD (Fig. 2A). During
LCD, there was an increase in RBP4 mRNA levels (P � 0.01) so
that at the end of the LCD phase and at the end of WM, RBP4
mRNA values were not different from basal values. The profile
of Glut4 mRNA expression was similar to that of RBP4 (Fig. 2B).

Plasma levels of RBP4 during a weight reduction program

Plasma RBP4 levels were decreased during VLCD (Fig. 2C).
The LCD and WM phases were characterized by a gradual
increase in RBP4 levels. At the end of the dietary intervention,
plasma RBP4 levels were higher than VLCD values (P � 0.01).
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FIG. 1. RBP4 expression and production in human sc adipose tissue.
A, RBP4, Glut4, adiponectin (Adipo), and CD68 mRNA expression
was determined in mature adipocytes (Ad) and stromavascular cells
(SVF) (n � 6). B, Time course of RBP4, adiponectin, and PPAR�
mRNA expression during differentiation of human preadipocytes into
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Nevertheless, throughout the dietary protocol, plasma RBP4
levels remained lower than the levels at the beginning of the
program. The evolution of RBP4 levels was different from that
of the glucose disposal rate that shows steadily higher values
at the different time points of the dietary intervention than at
the beginning of the program (Fig. 2D).

Relationship between plasma RBP4 levels and
insulin resistance

No correlations were found between RBP4 level and glucose
disposal rate before the diet (r � �0.31; P � 0.1). Similarly, no
correlations were found between the diet-induced changes of
RBP4 and glucose disposal rate when considering either the
VLCD phase or the whole dietary program (r � �0.22, P � 0.3;
r � �0.14, P � 0.5, respectively). A similar conclusion was
reached when the glucose disposal rate was corrected for fat-
free mass. To investigate whether the lack of relationship be-
tween RBP4 and glucose disposal rate is dependent on the level
of baseline insulin sensitivity, the 24 obese subjects were strat-
ified into two groups according to prediet glucose disposal rate
(Table 2). No differences in either basal plasma RBP4 levels or
in the diet-induced decreases of plasma levels were observed
between the two groups. Similarly, if the subjects were stratified
into two groups according to the magnitude of the changes in
glucose disposal rate during VLCD and the entire program,
there was no difference in the diet-induced variation of plasma
RBP4 levels between the groups (data not shown). No corre-
lations were found between plasma RBP4 and plasma triglyc-
eride, high-density lipoprotein cholesterol, or waist circumfer-
ence when considering the diet-induced responses of the
variables (data not shown). To investigate further the relation-
ship between plasma RBP4 levels and insulin resistance, a
group of control lean women (BMI 21 � 2 kg/m2) was inves-
tigated and compared with the obese group. As expected, the
glucose disposal rate was higher in the lean group than in the
obese group (6.43 � 1.61 vs. 2.98 � 1.56 mg/kg/min, P � 0.001;
and 8.27 � 1.73 vs. 4.88 � 2.29 mg/kg fat free mass/min, P �

0.001). However, plasma RBP4 levels did not differ between the
two groups (26.8 � 8.4 vs. 27.4 � 7.4 mg/ml; P � 0.8).

Discussion

This study shows that RBP4 is strongly expressed in hu-
man adipocytes, as shown earlier in rat adipocytes (5). Neg-
ligible expression was detected in the stromavascular frac-
tion of adipose tissue, as recently reported (16). During
adipogenesis of human preadipocytes, there was a very
strong induction of RBP4, which is typical of a marker of
adipocyte differentiation (17). RBP4 is steadily secreted by
human adipose tissue, as shown in experiments on adipose
tissue explants. Therefore, RBP4 expression profile in human
adipose tissue is similar to the profile described in rodents.

Studies in mice suggest that RBP4 is a factor produced by
adipose tissue that induces insulin resistance in the liver and
skeletal muscle (2). Plasma RBP4 was reported to be elevated
in subjects with insulin resistance and type 2 diabetes, al-
though the relationship between RBP4 and insulin resistance
was not found in other cross-sectional studies on subjects
with normal glucose tolerance or mildly insulin-resistant
obese patients (6–8, 16, 18). Similarly, we did not find dif-
ferences in plasma RBP4 levels between lean and obese
women despite a lower glucose disposal rate in the latter
group. To gain further insight into the relationship between
insulin sensitivity and RBP4, we investigated, in a prospec-
tive study, nondiabetic obese women during different time
points of a multiple-phase weight reduction program. Insu-
lin sensitivity was assessed by the gold standard technique,
the euglycemic hyperinsulinemic clamp. The subjects had a
marked decrease in body weight and fat mass during VLCD,
a further moderate diminution during LCD and a stabiliza-
tion during the WM phase. The glucose disposal rate was
increased during VLCD and remained elevated during the
subsequent phases. The plasma levels of RBP4 were mark-
edly diminished during VLCD and subsequently increased
during the later phases while remaining lower than basal

TABLE 1. Clinical parameters of 24 obese women before and at the end of different phases of a weight reduction program

Parameter Basal VLCD
4 wk

LCD
8 wk

WM
12–16 wk

Weight (kg) 97 � 16 90 � 15c 87 � 15c 87 � 15c

BMI (kg/m2) 35 � 5 33 � 5c 32 � 4c 32 � 5c

Fat mass (kg) 40 � 12 35 � 11c 31 � 9c 32 � 11c

Fat-free mass (kg) 58 � 6 55 � 7b 56 � 8b 55 � 7c

Waist (cm) 104 � 13 99 � 13c 96 � 13c 96 � 13c

Glucose (mmol/liter) 5.6 � 0.4 5.3 � 0.6a 5.4 � 0.7 5.3 � 0.8
Insulin (mU/liter) 13.6 � 8.3 6.8 � 3.7c 5.8 � 2.6c 6.8 � 2.8c

Glycerol (�mol/liter) 217 � 77 160 � 39b 145 � 59c 150 � 43c

Nonesterified fatty acid (�mol/liter) 693 � 144 741 � 126 589 � 170a 564 � 171a

�-hydroxybutyrate (mmol/liter) 0.16 � 0.09 0.65 � 0.36c 0.27 � 0.16c 0.19 � 0.17
Total cholesterol (mmol/liter) 4.82 � 0.66 3.90 � 0.76c 4.29 � 0.69c 4.56 � 0.66a

Triglycerides (mmol/liter) 1.43 � 0.69 1.06 � 0.35c 1.06 � 0.37b 1.03 � 0.29b

Leptin (ng/ml) 41 � 15 20 � 13c 24 � 14c 27 � 15c

Adiponectin (�g/ml) 8.4 � 3.9 8.4 � 3.3 8.3 � 3.3 9.2 � 3.6
Cortisol (nmol/liter) 205 � 96 157 � 67b 146 � 61b 177 � 102a

Glucose disposal rate (mg/kg�min) 2.98 � 1.56 3.61 � 1.65b 4.05 � 1.66c 4.19 � 1.74c

Glucose disposal rate (mg/kg fat-free mass�min) 4.88 � 2.29 5.75 � 2.43a 6.15 � 2.31c 6.48 � 2.51c

Values are means � SD.
a P � 0.05.
b P � 0.01.
c P � 0.001 compared to basal values.
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values. Therefore, the profile of the plasma RBP4 time course
was not superimposable to the variations in insulin sensi-
tivity indices. Moreover, no correlations were found between
RBP4 and glucose disposal rate. It was pointed out that the
variability of the RBP4 response to an intervention might be
influenced by the baseline insulin sensitivity of subjects (19).
However, stratification of the population of obese women
into a high and low-insulin sensitivity group was associated

neither with a significant difference in plasma RBP4 levels
nor with different diet-induced responses of plasma levels of
RBP4. When considering stratification according to the vari-
ations in insulin sensitivity induced by the dietary program,
a similar conclusion was reached. Therefore, this kinetic
study reveals that RBP4 is regulated by calorie restriction and
weight loss but is not associated with insulin sensitivity in
this population.

Plasma RBP4 levels are increased in mice with genetic
ablation of Glut4 in adipocytes (2). Glut4 mRNA and protein
levels are reduced in fat cells in several insulin-resistant
states and in type 2 diabetes (20). In nonobese subjects with
at least one first-degree relative with type 2 diabetes, a neg-
ative correlation was found between adipocyte Glut4 and
plasma RBP4 levels (8). During the dietary intervention, the
profile of variation of Glut4 mRNA levels was quite similar
to that of RBP4 mRNA. Accordingly, a positive relationship
between adipose tissue RBP4 and Glut4 gene expression was
reported in adipose tissue from obese subjects (16). There-
fore, the expected inverse relationship between adipose tis-
sue Glut4 and RBP4 mRNA is not found in obese subjects.

Concentrations of serum proteins are used in assessing the
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are means � SEM. **, P � 0.01. ***, P � 0.001 compared with basal values. B, Basal conditions; LCD, end of the LCD; VLCD, end of the VLCD; WM, end
of the WM phase.

TABLE 2. Diet-induced changes in plasma levels of RBP4 in two
subgroups with high and low initial insulin sensitivity

Obese subjects with
low-insulin sensitivity

(n � 12)

Obese subjects with
high-insulin sensitivity

(n � 12)

Glucose disposal rate
(mg/min/kg)

1.77 � 0.12 4.18 � 0.35a

Basal plasma RBP4
levels (�g/ml)

29 � 3 26 � 1

Decrease of plasma RBP4
levels during VLCD (%)

23 � 8 26 � 4

Decrease of plasma RBP4
levels during WM (%)

17 � 5 13 � 4

Values are means � SEM.
a P � 0.001.
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clinical status of patients with moderate-to-severe malnutri-
tion. RBP4 is a clinically useful marker because it has a short
half-life. In that respect, the decrease of plasma RBP4 levels
during VLCD is in full agreement with earlier studies (21, 22).
Moreover, this study shows that RBP4 gene expression in
adipose tissue is subject to regulation by VLCD. Comparison
of the evolution of adipose tissue mRNA and plasma levels
suggests that the decrease of RBP4 levels during severe cal-
orie restriction may be at least partly due to decreased adi-
pocyte production. The down-regulation during VLCD may
be related to ketosis because plasma �-hydroxybutyrate lev-
els were increased specifically during this period. During
LCD and WM, adipose tissue RBP4 mRNA levels returned
to basal values, whereas the increase in plasma levels was
more moderate and did not reach the prediet levels. There-
fore, it may be hypothesized that, during these phases, the
lower RBP4 levels reflect the reduction in fat mass. The
magnitude of the decrease in fat mass during LCD and WM
(22–23%) is indeed coherent with the decrease in RBP4 levels
(15–20%). Another possibility is that the reduced plasma
levels observed during long-term weight loss result from
altered production by the liver, the probable major source of
RBP4 in humans, but to date evidence is lacking for such a
regulation (23). Finally, it may be noted that the pattern of
changes in RBP4 and leptin levels were similar, raising the
possibility of coregulatory mechanisms between the two
adipokines.

To conclude, although RBP4 adipose tissue gene expres-
sion and plasma levels are reduced during severe calorie
restriction, no relationship was observed between RBP4 and
the improvement of insulin sensitivity induced during a
weight reduction program in obese women. RBP4 is a marker
of nutritional deficit but does not appear as a marker of
insulin resistance during dietary intervention.
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