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Fig. 1 Human lactoferrin (modified version of PDB data 1BOL)
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Fig. 2 Schematic diagram of visceral fat reduction by enteric coated lactoferrin
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Fig. 3 The effect of pepsin degradation on the lipolysis actions of
lactoferrin (LF) against mature-adipocyte

Medium glycerol amount were analysed 24 h after addi-
tion of each samples to compare the lipolysis activity of
LF and pepsin degraded LE Bovine serum albumin was
used as negative control. The results are shown as means
with their standard deviation, n=3. **p<0.01 dunnett
test compared with control. LE lactoferrin; BSA, bovine
serum albumin.

Reprinted with permission from Ref. 16 © (2013) Japan
Society for Bioscience, Biotechnology, and Agrochemistry.
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Fig. 4 Analysis of the effects of LF on the phosphorylation of
HSL and PLIN by PKA and determination of PKA activi-
tyl7)

Phosphorylation of HSL and PLIN by PKA was detected
in the presence or absence (0 min) of LE Phosphorylation
levels normalized to protein expression levels are shown.
(A) Phosphorylation of HSL Ser660 and (B) PLIN Ser497
by PKA. (C) Analysis of PKA activity in cells treated
with LE PKA activity in adipocytes was detected using
an ELISA before (0 min) and after treatment with LE
Kinase activity normalized to the total protein deter-
mined by BCA is shown. The statistical significance of
the data at each sampling time compared with the 0-min
sample was evaluated using Dunnett’s multiple compari-
son test, and the data represent the mean+SD values of
triplicate determinations of one of three identical experi-
ments. *p<0.05, **p<0.01, ***»<0.001 HSL, hormone-
sensitive lipase; LE lactoferrin; PLIN, perilipin; PKA,
protein kinase A; SD, standard deviation.
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Fig. 5 Analysis of the effects of LF on the activation of ERK1/2
and activation of Ras!?

(A) Activation of ERK1/2 (Thr202/Tyr204) after treat-
ment of adipocytes with LE Phosphorylated ERK1/2
was detected in the presence or absence (0 min) of LE
Phosphorylation levels normalized to protein expression
levels are shown. (B) Ras activation through c-Raf in ad-
ipocytes treated with LE Activated Ras captured from
cell lysates using a pull-down assay kit before (0 min)
and after treatment with LE Activated Ras eluted from
the beads was detected using western blot analysis. The
statistical significance of the data at each sampling time
compared with the 0-min sample was evaluated using
Dunnett’s multiple comparison test, and the data repre-
sent the mean=SD values of triplicate determinations of
one of three identical experiments. *»<0.05, **»<0.01,
*#4h <(0.001. ERK, extracellular signal-regulated kinase;
LE lactoferrin; SD, standard deviation.

Hik oo 7 a7 — AR IC R bR X 5z v 8
7BV TORBBERALCE, 5 OERERT O]
LR E 2 Bh. cAMP v 7 A= ERK v
7> AREBONEEAL L Tuoic B S FER D, WK O
TIRICH HHEHRFTH 5 cAMP response element binding
protein (CREB) ®B5-»gtbni-?® 2T, vz
2v7uy5 4 v 27tk CREB DAL AT~ & 2
A, 77 7=V viRInc X 5 CREB Serl33 © V v [t
VAR DT R L7 (Fig. 6A). CREB (X cAMP v 7
FAREBOBEE L2 v % 7 B ThH B HSL™® = cAMP &K
B4#% TdH % Adenylyl cyclase (AC) **¥ o#xBHIHRT T
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T, CREBDVV v {bxHE L7 (Fig. 7). T DOfERE, 7
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h (Fig.8A), S bchalhinfigd —#paE S - (Fig. 8B).
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7 AR H 2 v S s BORBBE AR T
£, Htkho s ® VR E L3RR B RRER O B
I MR B A FE R L s B ATREME AVRIB X ST,



Proteome Letters 2016 ; 1 : 30

A B . .
=3
:i: ek 3
9 £
- 1
E 2 r 2 o ;“_2
] 2
& =
&
0
p-CREB
CREB
T AC1 HAC2 WAC6
. C LR—
5 Oh 1h 3h 9h
= r r " 1 )
Z4 ac [ et
é_ B-actin
g3 o [T
1 B-actin e e

[h]

Fig. 6 Analysis of the effect of LF on CREB activation'”

(A) Phosphorylation of CREB-Ser133 in adipocytes treat-
ed with LE Phosphorylated CREB was detected in the
presence or absence (0 min) of LE The figure shows
CREB phosphorylation normalized to the protein expres-
sion level. Changes in protein expression levels of (B)
HSL and (C) AC isomers (AC1, 2, and 6) in the presence
or absence (0 min) of LF normalized to the protein ex-
pression level of B-actin. The statistical significance of
the data at each sampling time compared with the 0-min
sample was evaluated using Dunnett’s multiple compari-
son test, and the data represent the mean+SD values of
triplicate determinations of one of three identical exper-
iments. *<0.05, **»<0.01, ***p<0.001. AC, adenylyl
cyclase; CREB, cAMP response element binding protein;
HSL, hormone-sensitive lipase; LE lactoferrin; SD, stan-
dard deviation.
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Phosphorylation level of CREB-Serl33 was detected
15 min after the treatment with 1 mg/ml of LF with or
without H-89, a selective PKA inhibitor. Adipocytes were
pre-incubated in H-89 starting at 30 min before the addi-
tion of LE Phosphorylation level was normalized to the
CREB protein expression level. The statistical signifi-
cance of the differences in the data for LF treated vs. un-
treated samples was evaluated using the Student ¢ test.
*#5<0.01, n.s.; no significant difference. The data rep-
resent the mean+SD of triplicate determinations of one
of the three identical experiments. LE lactoferrin; PKA,
protein kinase A: CREB, cAMP response element bind-
ing protein: HSL, hormone sensitive lipase: SD, standard
deviation.

o

mLF
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Fig. 8 The influence of PKA activity inhibition on the HSL expression level and lipolysis by LF'?

(A) Change in expression levels of HSL by LE The protein expression levels of HSL were detected 3 h after the treatment with
1 mg/ml of LF with or without H-89, a selective PKA inhibitor. Changes are normalized to the B-actin protein expression level.
The statistical significance of the data compared with the LF untreated sample was evaluated using Student’s ¢ test, and the data
represent the mean+SD values of triplicate determinations of one of the three identical experiments. *»<0.05, **»<0.01. (B)
Activation of lipolysis by LE The amount of glycerol in the medium was analyzed after the treatment with 1 mg/ml of LF with or
without H-89, a selective PKA inhibitor, to quantify lipolysis. The statistical significance of the data compared with LF untreated
cells was evaluated using Dunnett’s multiple comparison test. *p<0.05, **p<0.01. The data represent the mean+SD values of
triplicate determinations of one of three identical experiments. LE lactoferrin; SD, standard deviation.
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Fig. 10 LF-induced lipolysis in LRP1-silenced adipocytes'”

(A) Activation of lipolysis by LE To quantitate lipolysis,
the amount of glycerol in the medium was analyzed 24 h
after adding 1 mg/ml of LE The statistical significance of
the differences between LF treated and untreated cells
was evaluated using the Student ¢ test. **»<0.01. The
data represent the mean+SD values of triplicate de-
terminations of one of three identical experiments. (B)
Activation of HSL by LF treatment. Phosphorylation of
HSL was detected in the presence or absence of 1 mg/ml
LF 15 min after the addition of LE Phosphorylation levels
normalized to protein expression levels are shown. The
statistical significance was evaluated using the Student
t test vs LF untreated control. **<0.01; n.s., no signif-
icant difference. The data represent the mean+SD val-
ues of triplicate determinations of one of three identical
experiments. (C) LRP1 silencing by siRNA. Adipocytes
were transiently transfected with negative control siR-
NA (siNC) or LRP1 siRNA (siLRP1) (see Materials
and methods). LRP1 protein expression was monitored
by immunoblotting during each assay. Distinctive data
is shown. B-actin was used as a loading control. HSL,
hormone-sensitive lipase; LE lactoferrin; LRP1, lipopro-
tein receptor-related protein 1; SD, standard deviation.
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Fig. 11 The influence of a BAR-blocker on the activities of lipoly-
sis inducers!?

(A) Activation of lipolysis in adipocytes by L-isoproterenol
(ISO) with or without a BAR inhibitor. The amount of glyc-
erol in the medium was analyzed 24 h after adding 0.1 uM
of ISO with or without atenolol (B,AR blocker) to quan-
titate lipolysis. The statistical significance of the differ-
ences in the data for LF treated vs. untreated cells was
evaluated using the Student’s ¢ test. **#p<0.001, n.s.; no
significant difference. The data represent the mean+SD
values of triplicate determinations of one of the three
identical experiments. (B) Activation of lipolysis by LF
with or without BAR inhibitor. The amount of glycerol in
the medium was analyzed 24 h after adding 1 mg/ml of LF
with or without atenolol (B,AR blocker) to quantify lipoly-
sis. The statistical significance of the data of LF treated
and untreated cells were evaluated using Student’s ¢ test.
*$<0.05, 'p<0.1, n.s.; no significant difference. The data
represent the mean+SD values of triplicate determina-
tions of one of the three identical experiments. LE lacto-
ferrin; SD, standard deviation.
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T, Transcription; P, Phosphorylation; solid arrow, direct in-
teraction; dashed arrow, indirect interaction. AC, adenylyl
cyclase; CREB, cAMP response element binding protein;
ERK, extracellular signal-regulated kinase; Go,, G_ alpha
subunit; HSL, hormone-sensitive lipase; LE lactoferrin;
LRP1, low-density lipoprotein receptor-related protein 1;
PKA, protein kinase A; PLIN, perilipin.
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Lactoferrin (LF) is a multi-functional milk protein. We previously reported that enteric-coated LF decreased vis-
ceral fat accumulation in a clinical trial. Animal studies revealed that ingested LF was delivered to mesenteric fat and
in vitro experiments showed that LF promoted the lipolysis of mature adipocytes. Therefore, we attempted to iden-
tify the mechanism underlying lipolysis induced by LE Pre-adipocytes derived from mesenteric fat tissue of male
rats were cultured and differentiated into their mature form, and cells were collected at various time points after
the addition of LE Proteomic analysis revealed changes in the expression levels of proteins related to the cAMP and
ERK signaling pathways. Therefore, we validated the activation of these pathways using Western blotting, ELISA,
and pull-down assay. We then detected the increased phosphorylation level of CREB, a downstream transcription
factor of both cAMP and ERK signaling pathways, which regulates the expression levels of enzymes involved in lip-
olysis. We also attempted to identify LF receptors on adipocytes. We again used a proteomic approach to analyze LF
binding proteins. Finally, we identified low-density lipoprotein receptor-related protein 1 (LRP1) as the most reliable
candidate for the LF receptor. Silencing analysis of LRP1 showed attenuated lipolytic activity of LE and we conclud-
ed that LRP1 is the LF receptor for sending lipolytic signals by LF on adipocytes. LF binds LRP1 and activates the
cAMP/ERK signaling pathway via phosphorylation and transcriptional regulation, and then these effects result in the
promotion of lipolysis in mature adipocytes.

Keywords: adipocytes; lactoferrin; lipolysis; proteomics.





