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OBJECTIVE — We have recently shown that a high-fat high-carbohydrate (HFHC) meal
induces an increase in plasma concentrations of endotoxin (lipopolysaccharide [LPS]) and the
expression of Toll-like receptor-4 (TLR-4) and suppresser of cytokine signaling-3 (SOCS3) in
mononuclear cells (MNCs) in addition to oxidative stress and cellular inflammation. Saturated
fat and carbohydrates, components of the HFHC meal, known to induce oxidative stress and
inflammation, also induce an increase in LPS, TLR-4, and SOCS3.

RESEARCH DESIGN AND METHODS — Fasting normal subjects were given 300-
calorie drinks of either glucose, saturated fat as cream, orange juice, or only water to ingest. Blood
samples were obtained at 0, 1, 3, and 5 h for analysis.

RESULTS — Indexes of inflammation including nuclear factor-kB (NF-kB) binding, and the
expression of SOCS3, tumor necrosis factor-a (TNF-a), and interleukin (IL)-1@ in MNCs,
increased significantly after glucose and cream intake, but TLR-4 expression and plasma LPS
concentrations increased only after cream intake. The intake of orange juice or water did not
induce any change in any of the indexes measured.

CONCLUSIONS — Although both glucose and cream induce NF-«kB binding and an in-
crease in the expression of SOCS3, TNF-a, and IL-1f in MNCs, only cream caused an increase
in LPS concentration and TLR-4 expression. Equicaloric amounts of orange juice or water did not
induce a change in any of these indexes. These changes are relevant to the pathogenesis of
atherosclerosis and insulin resistance.
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ur recent work has shown that a
high-fat high-cholesterol (HFHC)

meal induces oxidative and inflam-

great interest because the content of LPS
in these meals is not significantly differ-
ent, and, thus, it would appear that the

matory stress in addition to inducing an
increase in plasma endotoxin (lipopoly-
saccharide [LPS]) levels and the expres-
sion of Toll-like receptor (TLR)-4, the
specific receptor for LPS (1). In contrast, a
high-fiber and fruit meal does not induce
any of these changes. These data are of

inflammatory nature of the meal may lead
to a partial breakdown of the intestinal
barrier that normally protects the body
from invasion of bacteria and the entry of
LPS from the gut. The concept of this im-
munological barrier of the gut has devel-
oped rapidly over the past few years and is

From the Division of Endocrinology, Diabetes, and Metabolism, State University of New York at Buffalo and

Kaleida Health, Buffalo, New York.

Corresponding author: Paresh Dandona, pdandona@kaleidahealth.org.
Received 2 September 2009 and accepted 5 January 2010. Published ahead of print at http://care.
diabetesjournals.org on 12 January 2010. DOIL: 10.2337/dc09-1630.

R.D., H.G., and J.F. contributed equally to this study.

© 2010 by the American Diabetes Association. Readers may use this article as long as the work is properly
cited, the use is educational and not for profit, and the work is not altered. See http://creativecommons.

org/licenses/by-nc-nd/3.0/ for details.

The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

vital to the protection from bacterial tox-
ins and immunological responses to the
commensal and pathogenic intestinal
bacteria.

In this context, we wanted to analyze
which macronutrient was responsible for
the induction of oxidative stress and in-
flammation, on the one hand, and the in-
crease in LPS concentrations and the
expression of TLR-4 and suppresser of cy-
tokine signaling (SOCS)-3 on the other.
To elucidate this, we investigated the ef-
fect of glucose, the most important carbo-
hydrate, cream, a saturated fat, and
orange juice, a carbohydrate-containing
food product, which does not induce ei-
ther oxidative stress or inflammation.

SOCS3 is a protein that has been
shown to interfere with insulin and leptin
signal transduction (2-5). Our recent
work has shown that SOCS3 expression
in the circulating mononuclear cells
(MNCs) of the obese human is markedly
increased when compared with that in
normal subjects (6). In addition, our
work demonstrated that SOCS3 expres-
sion in MNCs is inversely related to the
tyrosine phosphorylation of the insulin
receptor and directly related to BMI and
insulin resistance (homeostasis model as-
sessment of insulin resistance [HOMA-
IR]), consistent with its role in the
pathogenesis of insulin resistance. Leptin
resistance in human obesity leads to the
inability of leptin to cause satiety and
weight loss, whereas insulin resistance
makes the obese vulnerable to diabetes.
Human obesity is also a state of chronic
inflammation characterized by an in-
crease in inflammatory mediators in
plasma, in adipose tissue, and in circulat-
ing mononuclear cells (7,8). Because
SOCS3 is induced in animal models by
proinflammatory stimuli like the cyto-
kines, TNF-a, IL-6, and IL-13 (3,4,9) and
because macronutrient intake causes oxi-
dative stress (10,11) and inflammation
(12,13), it is possible that the intake of
glucose and saturated fat (cream) induces
an increase in the expression of SOCS3 as
a part of macronutrient-induced inflam-
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matory stress in parallel with increases in
the activation of the proinflammatory
transcription factor, nuclear factor-kB
(NF-kB), and the expression of TNF-a,
IL-6, and IL-1pB.

Recent work has shown that high-
fat diet—induced insulin resistance is
TLR-4—dependent such that TLR-4 de-
letion protects mice from NF-kB-
mediated inflammation and the
development of insulin resistance
(14,15). In addition, it has also been
shown that the plasma concentration of
LPS is significantly increased in type 2
diabetic patients and that its concentra-
tion is significantly related to plasma in-
sulin concentration and HOMA-IR, an
index of insulin resistance, showing a
link between LPS concentration and in-
sulin resistance (16). However, there
are no data available on the effect of
specific macronutrients on TLR expres-
sion or on inflammatory processes trig-
gered by TLR-dependent mechanisms.

On the basis of the above, we hypoth-
esized that the intake of glucose and
cream induces an increase in the expres-
sion of SOCS3 and TLR-4 and the plasma
concentration of LPS as a part of post-
prandial inflammation induced by an
HFHC meal (1). We hypothesized further
that because orange juice does not induce
oxidative stress or inflammation, its in-
take will not induce either an increase in
the expression of SOCS-3 or TLR-4 or
that of plasma LPS concentrations. We
also examined the expression of other
SOCS family members, SOCS1 and
SOCS7, in these experiments for compar-
ison with the effect on SOCS3 and be-
cause they are also thought to contribute
to insulin resistance in experimental ani-
mal models.

RESEARCH DESIGN AND

METHODS — Four groups (12 each)
of healthy normal-weight (BMI of 21.5-
24.4 kg/m*, aged 25-47 years) subjects
ingested either 75 g (= 300 calories) of
glucose (Glucola drink; Fisher Scientific,
Pittsburgh, PA), 33 g (= 300 calories) of
cream (gourmet heavy whipping cream;
Land O’Lakes, Arden Hills, MN), an
equicaloric amount of orange juice, or
300 ml of water after an overnight fast.
The content of the dairy cream used in-
cludes 70% saturated fat, 28% unsatur-
ated fat, <2% protein, and no car-
bohydrates. All subjects were given 10
min to finish their drinks. Blood samples
were collected before and at 1, 3, and 5 h
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Figure 1—Change in SOCS-3 (A, C, and D) and TLR-4 (B, C, and E) mRNA and protein
expression in MNCs from normal subjects after a 300-calorie drink of cream (O), glucose (A),
orange juice (O], A), or water (@). Data are means = SEM. * and +, P < 0.05 with RMANOVA
comparing changes in relation to baseline after cream and glucose challenges; # and $, P < 0.05
with two-way RMANOVA for comparisons of cream and glucose changes, respectively, to water

(n=12).

after glucose, cream, or water intake. The
Human Research Committee of the State
University of New York at Buffalo ap-
proved this protocol. Informed consent
was obtained from all subjects.

In our previous work, we had used or-
ange juice obtained from a local supermar-
ket and had used portions of the juice from

152- or 1-gallon packages for multiple exper-
iments. To minimize any potential for insta-
bility of orange juice constituents, we used
packages of recently produced “Not from
Concentrate” Florida Orange Juice (pro-
vided by the Florida Department of Citrus).
Each package, once opened, was discarded
after a single experiment.
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Fig 1—Continued.

MNC isolation and NF-kB DNA
binding activity

Fasting blood samples were collected in so-
dium EDTA as an anticoagulant. MNCs iso-
lated and NF-kB DNA binding activity was
measured as described previously (1).
Total RNA isolation and real-time
RT-PCR

Total RNA isolation and RT-PCR for SOCS3
and TLR inflammatory cytokines was per-
formed as described previously (1,8). The
specificity and the size of the PCR products
were tested by adding a melt curve at the
end of the amplifications and by running it
ona 2% agarose gel. All values were normal-
ized to expression of three housekeeping
genes (B-actin, cyclophilin, and ubiquitin).

Western blotting
MNC total cell lysates were prepared, and
electrophoresis and immunoblotting were

performed as described before (12). Poly-
clonal or monoclonal antibodies against
TLR-2 (Imgenex, San Diego, CA), SOCS3
and TLR-4 (Abcam, Cambridge, MA), and
actin (Santa Cruz Biotechnology, Santa
Cruz, CA) were used, and all values were
corrected for loading to actin levels.

Measurement of plasma glucose,
insulin, and free fatty acid
concentrations

Insulin, glucose, and free fatty acids
(FFAs) were measured as described pre-
viously (1).

Plasma endotoxin and
lipopolysaccharide-binding protein
concentrations

Plasma endotoxin concentration was
measured by a commercially available kit
(Cambrex limulus amebocyte lysate kit;

Deopurkar and Associates

Lonza, Walkersville, MD) as described
previously (1). Lipopolysaccharide-
binding protein (LBP) was measured us-
ing an immunoassay kit from Cell
Sciences (Canton, MA).

Determination of LPS content in
food challenges

Dilutions comparable to the amounts in-
gested from cream, glucose, and orange
juice were prepared in plasma or endo-
toxin-free water. Plasma was used as a di-
luent to maintain a testing medium
similar to that in the postchallenge LPS
measurements. LPS concentrations were
then measured as described using a limu-
lus amebocyte lysate assay, and endotoxin
was calculated (n = 3 each).

Statistical analysis

Statistical analysis was performed using
SigmaStat software (Systat Software, San
Jose, CA). Data on all of the figures are
means * SEM. Percent changes were cal-
culated from baselines and are presented
as means *= SEM. Statistical analysis of
changes from baselines was performed
using Holm-Sidak one-way repeated-
measures ANOVA (RMANOVA). The
Dunnett two-factor RMANOVA method
was used for all multiple comparisons be-
tween different groups.

RESULTS

Plasma glucose, insulin, and lipid
concentrations

There was no significant difference in fast-
ing plasma glucose, insulin, or FFAs be-
tween the groups. There was a significant
increase in glucose (from 80 = 2to 110 *
9 mg/dl, P < 0.01) at 1 h after glucose
intake, whereas there was no significant
change in glucose concentrations after or-
ange juice, cream, or water. Insulin con-
centrations increased significantly by 10-
and 6.6-fold (P < 0.001) after glucose
and orange juice intake, respectively, but
did not change significantly after cream or
water intake. Lipid concentrations did
not change after glucose, orange juice, or
water intake, whereas the intake of 33 g
(300 calories) cream caused a significant
increase in the plasma concentration of
FFAs (from 0.32 = 0.09 to 0.60 = 0.14
mmol/l), triglycerides (from 103 *= 59 to
171 = 60 mg/dl), and VLDL cholesterol
(from 19.5 = 13 to 32.3 £ 15 mg/dl at
3 h; P < 0.01 for all). There was no sig-
nificant change in the concentration of to-
tal cholesterol, LDL cholesterol, and HDL
cholesterol after cream.
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Effect of glucose, orange juice, and
cream intake on SOCS3 expression
The intake of glucose caused a significant
increase in mRNA expression of SOCS3 in
MNCs (by 77 = 22, 58 = 16, and 54 *
17% over the baseline at 1, 3, and 5 h after
glucose intake, respectively (P < 0.02) (Fig.
1A). There was a significant increase in the
mRNA expression of SOCS3 after cream in-
take by 45 = 14 and 56 % 15% over the
baseline at 3 and 5 h, respectively (P =
0.014) (Fig. 1A), whereas there was no sig-
nificant change in SOCS3 mRNA after or-
ange juice or water intake. SOCS1 and
SOCS7 mRNA expression did not change
significantly after any challenge (data not
shown). SOCS3 protein in MNCs also in-
creased significantly after the intake of glu-
cose and cream by 45 = 16 and 53 * 18%
over the baseline, respectively, but not after
orange juice or water (P < 0.05) (Fig. 1C
and D).

Effect of glucose, orange juice, and
cream intake on TLR-4 expression
The intake of glucose did not result in any
change in TLR-4 expression, whereas
cream intake induced a significant in-
crease in TLR-4 mRNA expression by
37 = 11% over the baseline (P < 0.05)
(Fig. 1B). Orange juice or water did not
induce any change in TLR-4. Similarly,
there was a significant increase in TLR-4
protein levels in MNCs after cream intake
by 38 x 18% over the baseline but not
after glucose, orange juice, or water intake
(P <0.05) (Fig. 1C and E). There was no
significant change in TLR-2 mRNA or
protein expression after any of the macro-
nutrient challenges (data not shown).

Effect of glucose, orange juice, and
cream intake on proinflammatory
cytokine expression

TNF-oo mRNA expression in MNCs in-
creased significantly by 53 * 16% at 1 h
and 51 = 10% at 3 h over the baseline after
glucose and cream intake, respectively (P <
0.05) (Fig. 2A). There was also a significant
increase in IL-13 mRNA expression in
MNCs after glucose and cream intake by
96 £25% at5hand 168 = 32% at 3h over
the baseline, respectively (P < 0.01) (Fig.
2B). On the other hand, IL-6 expression did
not alter significantly after glucose or cream
intake (data not shown). There was no in-
crease in the expression of any of these cy-
tokines after orange juice or water.

Effect of glucose, orange juice, and
cream intake on NF-kB DNA binding
DNA binding by NF-kB increased signifi-
cantly by 53 = 17 and 54 * 18% over the
baseline (P < 0.05) (Fig. 3A) at 3 h after
glucose and cream intake, respectively.
There was no significant change in NF-«kB
binding activity after orange juice or water
intake.

Effect of glucose, orange juice, and
cream intake on plasma LPS and
LBP concentrations

Plasma endotoxin concentrations in-
creased significantly after the intake of
cream from 0.29 * 0.03 to 0.41 * 0.07
endotoxin units (EU)/ml at 3 h (45 *=
17% over the baseline, P < 0.05) (Fig. 3B)
but not after glucose, orange juice, or wa-
ter intake. The concentration of LPS in
plasma after the intake of cream contin-
ued to be significantly higher than basal
levels up to 5 h. Endotoxin contents of
cream and orange juice drinks were
104 = 24 and 85 = 21 EU/ml, respec-
tively. This was equivalent to a total en-
dotoxin load of 10,400 EU for the cream
taken and 55,250 EU for the orange juice
drink. Glucola drink and water did not
contain measurable endotoxin. Consider-
ing that the amount of endotoxin ingested
is extremely small (<5 pg) in comparison
to a total estimated amount of 1 g in the
gut, it is unlikely that the LPS content in
drinks contributes significantly to the in-
crease in plasma endotoxin concentra-
tions. The LBP concentration increased
significantly after the intake of glucose by
16% over the baseline at 5 h (from 9.4 =+
0.8to 11 = 1.2 pg/ml, P < 0.0.5) but not
after cream or orange juice.

CONCLUSIONS — Our data show
clearly for the first time that the intake of
either 33 g cream or 75 g glucose resulted
in a significant increase in the expression
of SOCS3 mRNA in the circulating
MNCs. With cream, this increase was ob-
served at 1 h and continued until at least
5 h, at which time the experiment ended.
Glucose caused an increase in SOCS3,
which peaked at 1 h (83% over base-
line) and was still elevated at 5 h. In
parallel with the induction of SOCS3,
there occurred an increase in NF-«kB
binding, consistent with an acute in-
flammatory response in MNCs. On the
other hand, whereas the intake of cream
resulted in an increase in both plasma
LPS concentration and TLR-4 expres-
sion, glucose had no effect on either
TLR-4 expression or plasma LPS con-

centration. Orange juice did not induce
either SOCS3 or TLRs nor did it induce
an inflammatory response.

It would thus appear that the oxida-
tive stress— and inflammation-inducing
actions of the HFHC meal are due to the
combination of saturated fat and the car-
bohydrate (glucose) at least. On the other
hand, only cream induced an increase in
plasma LPS concentration and an increase
in the expression of TLR-4, the receptor
for LPS. Thus, saturated fats may have a
more profound role in the pathogenesis of
postprandial inflammation, as they may
also perpetuate inflammation through the
increases in LPS and TLR-4. By implica-
tion, saturated fats also appear to increase
the permeability of intestinal epithelium
and contribute to the breakdown of the
intestinal barrier. Both carbohydrate and
saturated fat induced an increase in the
expression of SOCS3, the mediator of in-
terference in insulin signal transduction.
In contrast, orange juice does not induce
any of the changes in oxidative and in-
flammatory stress or an increase in either
LPS or TLR-4 or SOCS3. By implication, it
may not affect the intestinal barrier either,
because there is no increase in plasma LPS
concentration after orange juice, despite it
containing concentrations of endotoxin
similar to those of cream. It is possible
that the observed effect of orange juice is
attributable to its flavonoids, naringenin
and hesperidin, because they exert reac-
tive oxygen species—suppressive (17) and
anti-inflammatory effects. These potent
effects have been demonstrated in exper-
imental animal models in relation to en-
dotoxin-induced inflammation and in
cells in vitro (18,19). In this context, it is
important to state that our recent data
demonstrate that the consumption of or-
ange juice with an HFHC meal prevents
not only oxidative stress and inflamma-
tion but also the increase in LPS concen-
trations and the increase in the expression
of TLR-4 and SOCS3 observed after inges-
tion of the HFHC meal alone (20).

It is also relevant that LBP increased
after glucose intake but not after cream.
Thus, the increase in LBP after an HFHC
meal observed by us was probably due to
the carbohydrate component of the meal.
LBP did not alter after the intake of orange
juice or water either.

SOCS3 has been shown previously to
be induced by TNF-a, IL-6, and IL-1
and is thus a product of inflammation.
Therefore, it is of interest that mRNAs
for TNF-a and IL-1p were induced by
glucose and cream intake in parallel
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Figure 2—Change in TNF-a (A) and IL-13 (B) mRNA expression in MNCs from normal subjects
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means = SEM. * and +, P < 0.05 with RMANOVA comparing changes in relation to baseline
after cream and glucose challenges; # and $, P < 0.05 with two-way RMANOVA for comparisons
of cream and glucose changes, respectively, to water (n = 12).

with the increase in NF-kB binding.
However, it was surprising that IL-6 was
not induced by either glucose or cream.
SOCS3, as its name suggests, was ini-
tially discovered as a molecule that in-
terferes with cytokine signaling. It has
since been shown to also interfere with
both insulin and leptin signal transduc-
tion (4,21).

The induction of SOCS3 by cream
and glucose intake in combination with
the fact that its expression is increased in
obese individuals suggests the possibility
that chronic excessive fat and carbohy-
drate intake may result in a chronic in-

crease in SOCS3 expression. It is also of
interest that the intake of such macronu-
trients may result in resistance to leptin,
one of the major signals that promotes
satiety and thus potentially reduces food
intake. Similarly, it is intriguing that the
intake of a macronutrient should cause
the induction of a molecule (SOCS3) that
would interfere with the signal transduc-
tion of insulin, a hormone, which causes
the assimilation of nutrients after a meal,
including the distribution and storage of
fat, carbohydrates, and proteins. Because
the intake of a modest amount of proin-
flammatory macronutrients led to the in-

Deopurkar and Associates

duction of SOCS3, which induces
concomitant insulin and leptin resistance,
our observation raises the issue about the
search for foods that are not likely to in-
duce SOCS3 or inflammation.

Although SOCS1 and SOCS7 genes
are also induced by inflammatory cyto-
kines and have been reported to modulate
insulin signaling in vitro and in experi-
mental animal models (2,22), there are no
data about their relevance to human insu-
lin resistance. Indeed, their expression
did not change after glucose and cream
intake.

SOCS3 may interfere with insulin sig-
nal transduction at various levels. First, it
can bind to the B-subunit of the insulin
receptor (IR-B), reduce tyrosine phos-
phorylation of IR-B, and prevent the
docking of insulin receptor substrate
(IRS)-1 to the receptor (23). Second, it
may bind to IRS-1, and by so doing, it
may facilitate its ubiquitination and pro-
teasomal degradation (2). By binding to
IRS-1, it may also prevent the binding of
IRS-1 to the p85 subunit of phosphatidyl-
inositol 3-kinase and thus prevent insulin
signaling. We have recently shown that
SOCS3 expression is increased in obese
individuals and is inversely related to the
tyrosine phosphorylation of the IR-f and
that it is directly related to insulin resis-
tance (HOMA-IR), BMI, and other in-
dexes of inflammation (6). Our current
observations are consistent with its poten-
tial role as a mediator of insulin resistance
in the obese.

SOCS3 also interferes with leptin sig-
nal transduction by reducing the phos-
phorylation of the leptin receptor and
Janus kinase (24) attached to the leptin
receptor. This results in a reduction of
phosphorylation of signal transducer and
activator of transcription (STAT) and thus
the dimerization of STAT. This in turn
prevents the nuclear translocation of
STAT. Thus, the necessary gene transcrip-
tion in response to the leptin signal can-
not occur (5). The increase in SOCS3
expression and the presence of leptin re-
sistance in the obese and their potential
reversal with macronutrient restriction
have important implications.

It is of interest that although the in-
take of cream induced an increase in the
expression of TLR-4 and in plasma LPS
concentrations, glucose had no effect. Be-
cause TLR-4 is the specific receptor for
LPS, the concomitant increase in both is a
recipe for an amplified inflammatory sig-
nal. It would be of interest to examine the
effects of repeated intake of cream as re-
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Figure 3—Change in NFkB binding activity in MNC (A) and plasma endotoxin concentrations
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RMANOVA for comparisons of cream and glucose changes, respectively, to water (n = 12).

flected in these indexes and the overall
magnitude of the inflammatory process.
Previously, Dasu et al. (25) reported that
high glucose concentrations upregulated
TLR-4 expression and its downstream sig-
naling in a monocytic cell line. However,
the excursions of glucose concentrations
in normal and even obese subjects do not
achieve those concentrations postprandi-
ally. Thus, the observations of Dasu et al.
are relevant to diabetic individuals. Our
investigation deals with postprandial
changes in normal subjects. As far as the
effects of cream intake are concerned, the
amount taken is modest, and the increase

in triglycerides is consistent with that in
previous studies. It should, therefore, be
noted that although the amounts of cream
and glucose taken induced similar in-
creases in reactive oxygen species genera-
tion and NF-kB binding, glucose was not
able to induce an increase in the expres-
sion of TLR-4.

In summary, the intake of a modest
amount of glucose or cream results in a
significant induction of SOCS3 mRNA
and protein in parallel with the induction
of an inflammatory response character-
ized by an increase in NF-«kB binding in
MNCs and the induction of two of the

cytokines, TNF-a and IL-1f, which are
known to induce SOCS3 in experimental
animals. In addition, the intake of cream
but not of glucose also induces an in-
crease in the expression of TLR-4 mRNA
and protein while also inducing an in-
crease in plasma LPS concentrations. Both
SOCS3 and TLR-4 are putative mediators
of insulin resistance. In contrast, orange
juice intake does not induce oxidative
stress, inflammation, SOCS3, TLR-4, or
an increase in plasma LPS concentrations.
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