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Abstract

Although BMP-9 has been reported to induce browning of white adipose tissues (WATSs) and
suppress high fat diet-induced obesity, detailed molecular mechanism needs to be further
elucidated. We report here that administration of MB109, a recombinant derivative of human
BMP-9, into obese mice enhanced gene expression of fibroblast growth factor 21 (FGF21), a
metabolic regulator, and alleviates a spectrum of pathological symptoms due to high fat diet-
induced obesity. In addition, periodical injection of MB109 (500 ug/kg/week) reduced an amount
of lipid droplets in the liver, serum levels of alanine aminotransferase (ALT), and total cholesterol.
These results indicate that MB109 is also effective to treat obesity-mediated non-alcoholic fatty
liver disease (NAFLD).
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1. Introduction

Worldwide prevalence of obesity and obesity-associated type 2 diabetes has raised the
economic and medical burden to an unprecedented level [1]. Imbalance of energy intake to
energy expenditure causes storage of excess energy as triglycerides in white adipose tissues
(WATSs), which also function as an endocrine organ secreting adipokines [2,3]. Obesity-
mediated abnormal secretion of pro- and anti-inflammatory adipokines from WATS has been
reported to cause insulin resistance, a hallmark of type 2 diabetes [4]. Recent studies
revealed that obesity resulted in hepatic burdens with an elevated level of circulating alanine
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aminotransferase (ALT), which is an indicator of liver toxicity [5,6]. An elevated serum level
of total cholesterol has also been associated with obesity [7].

Meanwhile, brown adipose tissues (BATS) utilize uncoupling protein 1 (UCP1) in the
mitochondrial inner membrane to dissipate energy as heat [8-10]. BATs play a role in
regulation of glucose homeostasis and improve insulin sensitivity [11,12]. Recent studies
identified beige/brite adipocytes or recruitable brown adipocytes, which may function as
brown adipocytes in the WATSs [13,14]. Although basal expression levels of UCP1 in the
beige adipocytes were much lower than those of brown adipocytes, UCP1 expression was
markedly increased in response to cGMP or B3-adrenoreceptor agonists. A recent animal
study demonstrated that impairment of original BATs induced compensatory browning of
WATSs [15]. Studies indicated that gene expression patterns of BATs from adult human
followed those of beige adipocytes [13,16].

Bone morphogenetic proteins (BMPs), which determine development of various tissues,
have recently come to the forefront in regulation of adipogenesis. Although BMP-2, -4, and
-6 did not enhance expression of UCP1, BMP-7 and BMP-9 promoted brown adipogenesis
of stem cells with marked induction of UCP1 in response to cGMP [17,18]. Animal studies
indicated that BMP-7, BMP-8b, and BMP-9 suppressed high fat diet-induced obesity and
improved obesity-mediated insulin resistance [17-19]. Mice deficient of BMP type 1A
receptor in Myf5-lineage cells displayed a much smaller BAT size and induced UCP1 gene
expression in WATS, indicating a key role of BMP type 1A receptor in brown adipogenesis
[15].

Fibroblast growth factor 21 (FGF21), which is predominantly released from hepatocytes and
to a lesser extent from other tissues, has been reported to regulate metabolism of
carbohydrate and lipid, indicating a role of FGF21 as a metabolic regulator [20]. Animal
studies demonstrated that administration of FGF21 to obese animals improved insulin
sensitivity, caused a decrease in body weights as well as low density lipoprotein cholesterol
levels, and reversed hepatic steatosis [21,22]. Since FGF21 has been reported to activate
thermogenesis by enhancing UCP1 expression [23], we hypothesized that BMP-9 might
enhance expression of FGF21 and suppress pathophysiology of high fat diet-induced
obesity.

2. Materials and methods

2.1. MB109

2.2. Animals

MB109, a recombinant derivative of human BMP-9 containing a methionine residue in front
of the mature form of human BMP-9 (Ser338-Arg429), was purchased from joint Protein
Central (Incheon, Korea, jointproteincentral.com). MB109 was reconstituted in 5 mM HCI
and diluted in phosphate buffered saline (PBS) for animal experiment just before use.

Animal experimental procedures were performed in accordance with protocols approved by
the Gachon University Institutional Animal Care and Use Committee. C57BL/6 (male, 7-
week old) mice were randomly assigned to normal chow diet groups (NC/sham) and 60%
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Kcal high fat (HF) diet groups. One mouse was housed per cage after 5 weeks of high fat
diet. Each mouse, after 5 weeks of high fat diet, received intraperitoneal injection of vehicle
(PBS), 200 pg/kg/week (HF/ML), or 500 ug/kg/week (HF/MH) of MB109 for 8 weeks.
Food consumption and body weights of mice were recorded every week.

2.3. Glucose tolerance test (GTT)

Mice were fasted for 7 h with free access to drinking water. Each mouse was challenged
with 20% glucose solution (1.5 g glucose/kg body weight). Blood glucose levels were
determined before, 30 min, 60 min, 120 min, and 180 min after glucose challenge.

2.4. RNA extraction and real-time PCR

Mice were overnight fasted at the termination of each experiment. Entire left-side sc or epi
adipose tissues were snap frozen in liquid nitrogen, smashed with liquid nitrogen, minced in
Trizol, centrifuged at 13,000 xg for 5 min, and used to extract RNA using Trizol according
to the manufacturer’s instruction. A lipid layer was removed and a layer containing Trizol
solution was used for further procedure to isolate RNA. Samples from the liver were
obtained from the left liver lobe according to the method described elsewhere [24]. Primers
for FGF21 are forward 5"-CAAATCCTGGGTGTCAAAGC-3" and reverse 5'-
CATGGGCTTCAGACTGGTAC-3’. Procedures and the other primers for real-time PCR
analysis were described in the previous report [17]. Abundance of mMRNA of interest in each
sample was determined by the AC< (cycle threshold), the difference between the Ct values
for gene of interest and cyclophilin.

2.5. Histological analysis

Center portion of the right-side portion of sc and epi adipose tissues were used to prepare
paraffin block from immunohistochemical analysis. Center portions of the left liver lobe
(ref) were used to prepare frozen blocks. Hematoxylin—eosin staining or DAB staining using
IMmMPRESS detection system (VECTOR Lab, USA) was performed as described in the
previous report [17]. Anti-UCP1 and anti-FGF21 antibodies were purchased from Abcam
(Cambridge, England).

2.6. Oil red O staining of frozen sections

Frozen sections (5 pm) of the left liver lobe were fixed in 10% normal buffered formalin,
rinsed with PBS, pretreated in 60% isopropanol, stained in freshly prepared oil red O
staining solution (0.3% oil red O in 60% isopropanol), rinsed in 60% isopropanol, and
analyzed under the microscope.

2.7. Hematological analysis

Blood was obtained from mice at the termination of each experiment with overnight fasting.
Serum levels of ALT, AST, amylase, creatine, total cholesterol, and total triglyceride were
determined by Neodin Veterinary Science Institute (Seoul, Korea).
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2.8. Statistical analysis

Data are presented as mean + standard deviation (SD), otherwise described. Statistical
comparison of data was determined using one-way analysis of variance, followed by the
Dunnett post-hoc adjustment. A value of p < 0.05 was considered significant.

3. Results
3.1. Dose-dependent effect of MB109 to treat high fat diet-induced obesity

In order to determine the time point when mice on high fat diet developed obesity-mediated
symptoms, 7 h fasting blood glucose levels were analyzed 5 weeks after high fat diet.
Results indicated that high fat diet for 5 weeks significantly raised 7 h fasting blood glucose
levels (Fig. 1A). We started MB109 injection from that time point. While MB109 (200
ug/kg/week) injection started together with high fat diet suppressed weight gaining [17],
MB109 injection (ML, 200 pg/kg/week) following 5 weeks of high fat diet showed a
marginal effect on suppression of weight gaining. However, MB109 (MH, 500 ug/kg/week)
injection suppressed weight gaining (Fig. 1B) without changes in food consumption (Fig.
1C). In addition, injection of MB109 did not change serum levels of creatine and amylase,
indicators for kidney and pancreas toxicity, of the mice on HFD (Fig. 1D and E).

Histological analysis of the subcutaneous fat tissues revealed that adipocytes in the HF/MH
group mice are noticeably smaller size than those in the HF/sham group or the HF/ML group
mice (Fig. 1F). Percentage distribution analysis indicated that sizes of adipocytes in the
adipose tissues showed dose-dependent effect such that more cells were shifted from large to
medium and small sizes in order from the HF/sham, HF/ML, and to HF/MH groups (Fig.
1G). Adipocytes in the epididymis fat tissues also showed the same trend as those in the
subcutaneous fat tissue (Suppl Fig. 1). However, injection of MB109 at both dosages did not
change weight gaining of the mice on normal chow diet (Fig. 1H).

3.2. Effects of MB109 on FGF21 expression and serum levels of cholesterol and ALT

Since enhanced expression of FGF21 has been reported to be a key modulator of HFD-
induced obesity [21,22], FGF21 mRNA expression in the liver was analyzed. Administration
of MH significantly enhanced FGF21 mRNA expression in the liver (Fig. 2A). Although the
liver has been reported to be a major organ expressing FGF21, studies demonstrated
expression of FGF21 in WATs. Administration of MH also enhanced FGF21 mRNA
expression in the WATSs in a dose-dependent manner (Fig. 2B and C). Results of
immunohistochemical analysis demonstrated FGF21 expression in the liver at the protein
level (Fig. 2D). MH injection did not change mRNA expression levels of FGFR1c, a
receptor for FGF21, in the liver as well as WATS (Fig. 2E and F).

Animal studies have indicated that high fat diet-induced obesity also raised serum levels of
total cholesterol [25]. MH injection markedly decreased serum levels of total cholesterol
(Fig. 3A). ML, which showed a marginal effect on suppression of weight gaining of obese
mice, moderately decreased serum levels of total cholesterol (Fig. 3A). However, MB109
injection did not show significant changes of serum levels of total triglycerides (Fig. 3B).
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High fat diet-induced obesity has been reported to increase serum levels of ALT and
aspartate transaminase (AST) [5,6]. Serum ALT levels of mice in the HF/MH group were
markedly lower than those in the HF/sham group. Although ML injection to obese mice
showed marginal effect on suppression of high fat diet-induced weight gaining of obese
mice, it showed a statistically significant decrease in serum levels of ALT (Fig. 3C). MB109
injection also decreased elevated serum levels of AST due to high fat diet-induced obesity in
a dose-dependent manner (Fig. 3D). Since elevated levels of serum ALT and AST are
associated with obesity-mediated fatty liver disease [25], we determined if MB109 could
suppress accumulation of lipids in the liver. Oil red O staining analysis demonstrated that
MB109 strikingly suppressed the size of lipid droplets accumulating in the liver due to high
fat diet-induced obesity (Fig. 3E).

3.3. MB109 enhances UCP1 expression in the BAT and WATs

H&E staining of cross sections of BATs (Fig. 4A) did not show significant difference among
the groups. Real-time analysis showed that MH, but not ML, enhanced mMRNA expression
levels of brown adipocyte specific genes UCP1 (Fig. 4B). Cell death-inducing DFFA-like
effector a (Cidea) has been reported to play a role in energy expenditure and metabolic rate
[26]. Administration of MH also enhanced mRNA expression levels of Cidea (Fig. 4C) and
brown adipocyte-selective gene [13] Eval (Fig. 4D) in the BAT. Expression levels of FGF21
MRNA (Fig. 4E) were markedly enhanced in the BATs of the MH group mice. However,
administration of MH for 8 weeks to obese mice did not show statistically significant
changes in MRNA expression levels of PRDM16 and PGC1a, key modulators for embryonic
development of BAT (Fig. 4F and G).

Since browning of WATS has been reported to suppress HFD-induced obesity, real-time PCR
analysis was carried out to determine expression patterns of genes responsible for browning
of the white adipose tissues. MB109 enhanced mRNA expression levels of UCP1 both in the
epididymis and subcutaneous fat tissues in a dose-dependent manner (Fig. 5A). Consistent
with the results of real-time PCR analysis, immunohistochemical staining analysis showed
that MH injection enhanced UCP1 expression in the subcutaneous WATSs (Fig. 5B).
Enhanced expression of UCP1 protein in the subcutaneous and epididymis WATs of the MH
group mice was detected in the area with small multilocular cells.

MB109 injection to obese mice enhanced mRNA expression levels of Cidea in the WATSs in
a dose-dependent manner (Fig. 5C). Expression levels of CD137 and Tmem26, whose
expression has been reported to be high in beige adipocytes [13], were also analyzed. While
MB109 injection enhanced CD137 mRNA expression in the adipose tissues (Fig. 5D), it did
not Tmem26 expression (Fig. 5E). MB109 injection enhanced expression of Eva 1, a brown
adipocyte selective gene (Fig. 4D), in the BAT but not in sc WATSs (Fig. 5F). Expression
analyses of Cidea, CD137, Tmem26, and Thx genes in the epi adipose tissue also displayed
the similar patterns of those in the sc adipose tissues (Suppl Fig. 1).

3.4. MH injection to obese mice improved obesity-mediated insulin resistance

Glucose tolerance test was performed to determine if MB109 injection to obese mice would
be able to improve obesity-associated insulin resistance. Fasting blood glucose levels before
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glucose challenge of the ML and MH groups were statistically lower than those of HF/sham
groups (Fig. 6A). While blood glucose levels of mice in the MH group were on the decline
at 60 min after glucose challenge, those in the HF/sham or ML groups stayed on a plateau
(Fig. 6A). However, injection of MB109 diet did not change patterns of glucose tolerance
test of mice on normal chow diet (Fig. 6B).

Given the reports indicating that BMP-9 enhanced expression of FAS and reduced blood
glucose levels [27], we analyzed expression patterns of FAS in the liver. ML injection did
not significantly change expression levels of FAS, but MH injection clearly increased
expression levels of FAS (Fig. 6C). Since BMP-9 has been reported to be expressed mainly
in the liver cells [28], we also analyzed if MB109 injection to mice changed expression
patterns of BMP-9 in the liver. BMP-9 mRNA expression levels among the HF/sham, ML,
and MH groups did not show statistically significant changes (Fig. 6D). However, MH
injection to mice on the high fat diet enhanced expression of Glut4, which is responsible for
glucose uptake, in the epididymis, fat tissues (Fig. 6E and F). Although adipokines have
been reported to play a role in obesity-mediated pathophysiology of glucose metabolism,
expression levels of leptin and adiponectin in the WATS were not changed by administration
of MH (Fig. 6G and H).

4. Discussion

The most salient feature of the periodical injection of MH to mice after 5 weeks of high fat
diet is that it enhanced FGF21 expression in the liver as well as adipose tissues and
suppressed a spectrum of pathophysiology of obesity (Fig. 7). Our results demonstrated that
MB109 injection enhance FGF21 expression and alleviated obesity-mediated pathological
symptoms in the liver. MB109 injection to high fat diet-induced obese mice did not only
reduce elevated serum levels of ALT and AST in a dose-dependent manner, but also
suppressed accumulation of lipid in the liver due to high fat diet-induced obesity. Our study
indicates that MB109 is effective to treat symptoms of NAFLD in a dose-dependent manner.
Periodical injection of MB109 reduced elevated serum levels of total cholesterol due to high
fat diet-induced obesity in a dose-dependent manner, but not those of triglyceride. Since
statins have been clinically used to lower total cholesterol levels and reduce risk factors of
cardiovascular diseases [29], further study is necessary to determine if MB109 would be
applied to reduce risk of cardiovascular diseases or to synergize statins’ effects to lower total
cholesterol levels.

FGF21 has been reported to enhance UCP1 expression and suppress weight gaining due to
high fat diet [23]. Periodical injection of MB109 to mice after 5 weeks of high fat diet
enhanced expression levels of FGF21, UCP1, Cidea, and Eval in the BAT. However,
injection of MH to obese mice did not change expression levels of PRDM16 and PGCla,
which plays a key role in embryonic development of BAT. Since MB109 was injected to
mice whose BATs were already developed, it did not change expression levels of PRDM16
or PGCla. Changes in expression patterns of Cidea in the WATs by MB109 injection were
similar to those of UCP1. MB109 enhanced expression of Cidea and CD137 in the WATS,
but not expression of Tmem26 indicating that it enhanced only a selective set of genes
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responsible for browning WATSs. MH injection to obese mice enhanced brown adipocyte-
selective gene Eval in the BAT, but not in the WATS.

Enhanced expression of UCP1, Cidea, and CD137 has been associated with improved
insulin resistance [30]. Although periodical injection of ML moderately enhanced
expression levels of those genes in the subcutaneous WATS, it did not improve insulin
resistance. Since ML injection did not enhance expression of UCP1 and Cidea in the BAT,
enhanced expression of those genes only in the subcutaneous WAT may not be enough to
counteract obesity-mediated insulin resistance. Given the results indicating that ML
injection to obese mice did not result in statistically significant decrease in weight gaining,
orchestrated changes in gene expression in multiple tissues by MH injection are also
required to decrease high fat diet-mediated weight gaining.

Given the reports demonstrating that administration of recombinant FGF21 improved
metabolic parameters and enhanced insulin sensitivity [20-22], enhanced FGF21 expression
by MB109 is an underlying mechanism implicated in suppression of obesity by periodical
injection of MH. MH injection to obese mice markedly reduced sizes of adipocytes in the
WATS and improved glucose tolerance test. Adipocyte hyperplasia by reducing sizes of
adipocytes in the WATS has been reported to improve insulin tolerance in the high fat diet-
induced obese mice [31,32]. Consistent with the reports indicating that enhanced GLUT4
expression in the WATs improved insulin tolerance [33,34], MH injection to obese mice
enhanced GLUT4 expression in the WATSs and improved glucose tolerance in obese mice. In
addition, periodical injection of MH enhanced mRNA expression of FAS in the liver,
indicating that MB109 injection might improve glucose metabolism by converting glucose
to fatty acid in the liver. ML injection to obese mice did not show statistically significant
changes in the expression levels of FAS, although it showed a trend of enhanced expression.
Since enhanced expression of CD137 and UCP1 has been associated with improved glucose
tolerance [30], MH injection to obese mice appears to improve insulin resistance by causing
adipocyte hyperplasia as well as enhancing expression of CD137, UCP1, GLUT4, and FAS.

While the study we previously reported was focused to determine anti-obesity effects of
MB109 at the prevention level [17], this study was designed to address if periodical
administration of MB109 could be applied to treat obesity of mice that have been fed with
high fat diet prior to being treated with MB109. Anti-obesity effects of MB109 can be
achieved even when periodical injection of MB109 was initiated to mice with elevated
fasting blood glucose levels. However, the MB109 dose for treatment of obesity needs to be
higher than that for prevention. The most important clinical prospect of MB109 as a new
therapeutic potential is that periodical injection of MB109 does not only suppress weight
gaining due to high fat diet but also alleviates a spectrum of pathological symptoms resulting
from obesity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

MB109 suppresses weight gaining of high fat diet-induced obese mice in a dose-dependent
manner. (A) 7-h fasting blood glucose levels of mice on high fat diet were analyzed. (B)
Body weight changes of mice fed with high fat diet were observed for 13 weeks. Injection of
vehicle (PBS), or ML or MH was performed from 5th week of high fat diet. Changes in
body weights by administration of MH were statistically significant from 12th week (p <

0.05). (C) Changes in food consumption per mouse for 7 weeks are shown. Circulating

serum levels of creatine (D) and amylase (E) were analyzed at the termination of the

Biochim Biophys Acta. Author manuscript; available in PMC 2017 August 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

Page 12

experiment. A serum level of each molecule from each mouse was displayed as a dot. (F)
Representative H&E staining of the subcutaneous adipose tissues of animals with average
body weights in each group. Scale bars indicate 100 um. (G) Percentage distribution of
cross-sectional areas of adipocytes from each group is shown. An x-axis represents areas of
adipocytes in pm2. (H) Body weight changes of mice fed with normal chow diet were
observed for 12 weeks. Injection of vehicle (PBS), or ML or MH was performed from 5th
week of normal chow diet.
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Fig. 2.

MB109 enhances expression of FGF21 in the liver and adipose tissues. Expression levels of
FGF21 mRNA in the liver (A) and WATSs (B, C) were analyzed using real-time PCR. An
average value of FGF21 expression of HF/sham mice was calculated as 1 for statistical
analysis. Distribution of FGF21 expression in each mouse fat tissue sample was displayed as
a dot. * p<0.05 vssham control. ** p< 0.01 vssham control. FGF21 expression at the
protein level was analyzed using IHC of the liver (D). Areas with red-brownish color
indicate cells reacted with anti-FGF21 antibody. Scale bars indicate 100 pm.
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MB109 alleviates symptoms of obesity-induced NAFLD by reducing ALT and total
cholesterol in a dose-dependent manner. Circulating serum levels of total cholesterol (A),
triglyceride (B), ALT (C), and AST (D) were analyzed at the termination of the experiment.
A serum level of each molecule from each mouse was displayed as a dot. * p< 0.05 vssham
control. Frozen sections of the liver were analyzed by Oil red O staining (E).
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Fig. 4.

MB109 enhances expression of UCP1 and FGF21 in the BAT. (A) Representative H&E
staining of the BATs of animals with average body weights in each group (magnification
400x). Scale bars indicate 50 pum. (B) UCP1 mRNA expression levels in the BATs were
analyzed using real-time PCR as described in Fig. 2. Eval (C), FGF21 (D), PRDM16 (E),
and PGC1la (F) mRNA expression levels in the BATs were analyzed as described in Fig. 2.
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Fig. 5.

MB109 induces browning of the WATs. (A) UCP1 mRNA expression in the epididymis (epi)
or subcutaneous (sc) fat tissues were analyzed using real-time PCR. An average value of
UCP1 expression of HF/sham mice was calculated as 1 for statistical analysis. Distribution
of UCP1 expression in each mouse fat tissue sample was displayed as a dot. * p< 0.05 vs
sham control. (B) UCP1 protein expression in the subcutaneous WATSs was analyzed using
immunohistochemical staining. Arrows indicate UCP1 protein expression. Expression levels
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of Cidea (C), CD137 (D), Tmem26 (E), and Eval (F) in the subcutaneous WATS were
determined using real-time PCR.
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Fig. 6.

MB109 injection improves obesity-mediated insulin resistance. GTT of mice was performed
13th week of HF diet (A) or NC diet (B). * p< 0.05, MH vssham control. Expression levels
of FAS (C), BMP-9 (D) in the liver, Glut4 in the subcutaneous fat tissue (E), and epididymis
fat tissue (F) were analyzed using real-time PCR.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 August 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al. Page 19

suppression

of NAFLD
cholesterol ,l,
. liver
owps —p P
e
BAT and

WATs

Fig. 7.
A schematic diagram explains molecular mechanisms by which BMP-9 suppresses

pathophysiology of obesity. Enhanced expression of FGF21 reduces a serum level of ALT as
well as cholesterol and enhances brown adipogenesis, resulting in suppression of NAFLD
and obesity.
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