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Abstract

Abstract

Obesity, nonalcoholic fatty liver disease (NAFLD) and type 2 diabetes mellitus
(T2DM) are major metabolic disorders in both developed and developing countries in
recent decades, due to excess energy intake and other obesogenic factors. Obesity
increases sks of NAFLD, T2DM, cardiovascular disease and some cancers. More
than 90% of obese patients and 70% of T2DM patients have NAFLD. NAFLD affects
30-40% of the adult population, and about -2218% of NAFLD patients with
cirrhosis progress to NAFL{associaté hepatocellular carcinoma. Studies have
associated these diseases with the worldwide spreading of the Western lifestyle. The
abundant fatty acids absorbed in intestines can cause obesity, be accumulated in liver,
skeletal muscle and fat tissue, lead tedim resistance (IR) and contribute to the
T2DM development. Meanwhile, hyperinsulinemia or hyperglycemia accelerate the
deterioration of the NAFLD, thus create a
play a critical role in the disease progress,rntechanism underlying deterioration of
metabolic disorder remains unknown and still lacks specific medication.

Osteocalcin (OCN) is weknown as a bone matrix protein and bdoenation
biomarker which mainly originates from osteoblast. In the last @sadadwas
demonstrated that the uncarboxylated OCN (ucOCN) can regulate glucose
met abol i sm, e ner gy-cek prgbiferationj ibsulin expressionande as e b
secretion, and improve insulin sensitivity in peripheral tissues in mice. Recently,
studies have highlighted the decreased serum OCN negatively correlated with the
liver functional enzyme and inflammatory markers. And, a few studies have
investigated OCN effects on NAFLD development and progression in mice model.
These studies have made OCNaeptial target for metabolism disorders treatment
and received considerable attention, but so far there is no more progress for OCN in
this regard.

Based on bioinformatic prediction and biological experiments, we have predicted
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and confirmed a novel cirtating peptide hormoneerived fromosteocalcinin the
mouse. The new peptide hormone is nominated as Metabolitin, a contraction of
met abol i sm, from Greek fmetabol eo, meani ng
fuel to energy to run cellular processes, abelite; andi in, word-forming element in
chemistry, usually indicating a hormone, neural substance, antibiotic, or vitamin. In
sera of mouse, we have detected MTL by high resolution{8pestrometry analysis.

We have also confirmed its interacting recepand bioeffects in the murine
obesityNAFLD-T2DM model in which MTL can significantly improve
hepatosteatosis and insulin resistance. More interestingly, possibly due to its intrinsic
structure, enterally absorbed MTL shows similar biological effectatahcy as.p.
injected MTL. When MTL interacts with GPRCG6A expressed in intestine, the
expression of neurotensin is inhibited, which in turn activates the adenosine
5 -@nonophosphatactivated protein (AMPK) pathway, then ultimately inhibits lipid
absorpion in the small intestind.ess absorption of fatty acids in the intestine and
suppressedle novolipid synthesis in the liver through the ACC pathway, together,

MTL treatment improved NAFLD and insulin resistance in the mice.

Key Words: hormone; metabadim; biofunction; oral peptide
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Endogenous G protein Chromosome
Nomenclature 08 . 7 protein- Expression Physiological function location (hu-
ligands coupling
man)
Liver and kidney with less amounts » .
. . . Stimulate gluconeogenesis and gly-
Gluca- found in heart, adipose tissue, spleen, = .
Glucagon . i cogenolysis: increases cardiac glucose
gon>>0xyntomo Gs, Gq thymus, adrenal glands, pancreas, A . . 17925
receptor S o . oxidation and glycolysis, and elicit a
dulin=GLP-1 cerebral cortex, and gastrointestinal LS .
positive inotropic effect
tract
GLP-1 GLP-1>>GlIP=g] o Pancreas, hypolhalamU§. hippocam- ) ‘ ‘
38 pus, cerebral cortex, kidney, lung, Increases insulin synthesis and release 6p21
receptor ucagon .
heart, muscle, and GI tract
Gastric inhibito- Pancreas. gut, adipose tissue, heart,  Stimulates insulin and glucagon secretion
GIP receptor  ry polypeptide Gs pituitary, and inner layers of the ad- and lipogenesis; inhibits lipolysis in 19q13.3
(GIP) renal cortex adipocytes: enhances fatty acid uptake
. predominanty cxprcssct.l in the piut- Stimulate food intake while decrease
Ghrelin . . tary and at lower levels in the thyroid . .
) ghrelin Gs, Gq o energy expenditure and body fat 3p25-26
receptor gland, pancreas, spleen, myocardium e
) utilization
and adrenal gland
Yl receptor  NPY>PYY>>PP Gi Brain and colon, kidney, adrenal 4q31.3-g32
gland, heart, placenta
Y2receptor  NPY>PYY>>PP Gq Brain and intestine, kidney proximal lqhihil aut molili.[y, gasqic Cmp[yi.ﬂg_ 4q31
tubules acid and pancreatic exocrine secretion;
Y4 receptor PP>NPY=PYY Gi, Gg Brain, coronary artery, and intestines control circadian rhythm and anxiety 10gl1.2
Y5 receptor NPY>PYY>PP Gi Brain, small 11_11csunc and nonepitheli- 4g31-g32
al tissue of colon
FFA1 long chain car- S Insulin secretion stimulation, stimulating
Gq, Gi, Gs P , spleen, bo ) ) 19¢q13.1
(GPR40) boxylic acids 1q, Gt LS ancreas, spieen, bane marrow incretin release 4
FFA2 short chain fatty Gg. Gi Pancreas, adipose tissue, muscle, bone Snlmulanon of GLP-1 ?'nd lcp[_m .
. . . secretion, and adipogenesis, neutrophil 19g13.1
(GPR43) acids marrow, spleen, GI tract, skin, lung N
chemotaxis
FFA3 short chain fatty . . . . .
(GPR41) acids G; Pancreas, vena cava, intestines Increases leptin production 19q13.1
FFA4 R . Adipose tissue, pancreas, GI tract, Regulates the secretion of incretin
(GPR120) long-chain FEAs Ga muscle, pituitary gland hormone GLP-1 1092333
Medium- Brain, spinal cord, heart, colon, thy-
GPR84 chain-length G; mus, spleen, kidney, liver, intestine, Chronic inflammation 12q13.13
fatty acids placenta, lung, leukocytes
11 GPCRs
Figure 1.1 GPCRs regulate energy homeostasis
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Inflammation Contributing and modulating factors
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—_—t

A 0.5mIE I
E h cys G

© 0019 G

W 0.5ml-1.0mfl

T
T

¢ 1mili
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4) Tv~ \ % 50¢”] v~ 50¢ |
5) pv™ 0.1mli “0.75mlpH8.0DTNB I ~ v¢~ 0.1
mI DTNB 5 “a r owilmh 7Y
6)  412nm ® v Lb % 2 A
D. E
1) 50¢ | ~ cy$S v~ 0.amli T’
2) Wi 50el %~ T DINB I~ ~a
~  cyS$ KLH . "a -KLH cy$ KLH _ ~a
cys BSA | "a -BSA cys BSA | 7
3) pv™ 0.1mll © 0.75mIpH8.0 DTNB I ~
¥~ 0.1mlIDTNB 35 rooWw iImb 7Y
4) 412 nm w Vv’ W Vv 6 14 ’
5) E % =( cys cys)/ cysr 1004
21.4.1.2 Metabolitn ¥ 'Q o +
A" ®
1) o 1T L MetabolitinrKLH @ 4 6 BALB/c
o 60e g # * WA & 47 SPFBalblc
T w' 1a2and4
2) N W oYy " ® w 30e g k’
3 N WYy ® °® w 30e g k’
4 W s v O ® w 30e g k'’
5) W v o G w 30e g k°
6) 0 ~ a ELISA EA NH2-BSA 2g g/ Mt
' 2% © 37C 2H t 2000 20
“ " blank w PBS negativé u 200
5
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7) E Ol DH#se A ’

~

8 ® A 50 eg Il D#a A

1) sp2/0 A W -~ [ s0ml
T
2) CO, o - © T 75 T 5
min
3) Tp~ IMDM"” 1 o - TA
<2 0" T 2t A p
"HNe [ sp2/0 T 1500
rad/min 5 min
4) <42 o n v A ~ 15ml
T  Pv~ 1Iml  HAT 1 Hy - T A
5) o T IMDM -
" 1500 rad/min 5min™
6) 3t p A "HNe v
3T # T I1Ne p v~ 1ml PEG v “
T 1mirA  2minp v~ 2ml IMDM" 2 min
D v~ 8ml IMDM A 1000 rad/mih 5 miri
7)p s T v~ 10ml - T pT %
APv "~ 25ml AN T 7 THNe T A ~
p~ 30 T TA ] - T - T
T A
10 93 1% ° T 6 96 T H®
100 EAl /
Vo
1) ANFBSAOD W2 cgh®o “edi/# !
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3
2) 2% 200 371 # ~ 2H 3
3) v~ W ~a " SP2/0 T:: A " PBSa

) PBS2000 ~ 4w 100 “e37i# ~1H
3
4) v~ PBS 200000 W ~ 100 371 # ~ 1H 0%
3
5) v 100 gl / W 5min
6) v~ 50 ¢l
IR ~ 450 630 nmM OV G A

E. ¥ &

1) 100 mM PBS pH 7.4 r 0.5 &g/mDlml 4
i # ’

2) PBST 2 ° vy~ 200 e~ 371 # 2H

3) PBST 3 v~ 100 ‘el T 37 # 1H

4) PBST 3 ° 1 1000&)s 1 2000f ) HRP

. 0.1ml Ne# v ~ T 371 # 1H

5) PBST 3 v 50 el ~ 1020minp G | "~ 450
630 nm OV G A

21.4.1.3 Metabolitin ¥ "Q M 0 0 ELISA

1) /. Metabolitin A 2 €9k imlo6 ”
100 46 1# p-~ ’

2) ' 0.05% 20 PBS | 200 el

3 7 5min/ "’
3) ‘1% BSA 96 250 gBVil# P 2H

4)
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5) W ! A 1 1000 1 2000 1 4000 1 8000
1 16000 1 32000 1 64000 PBS | -
100 EB7# p 1H

6) bl ’

7) W *  HRP lgG  PBS | 1 5000
100 e37 # P 1H

8) RN ’

9) v ‘' TMB 100 1 R6 ~371 # p &I 20min
10) i 2MHSO 50 evl”/96 [ n 450
nm @ v~ OD /OD | 21w E oo %oA

21.4.14 Metabolitn Y Q@ ¢ | 8 8 Western blot
A. Lo
A v~ 0.1%BSA 0.9% NaCl
N H ¥ a i Ty~
“ A 0.1% BSA 0.9% NaCl }
H ddH:O |l r~ 3 - A A
B. SDSPAGE
1) I A L No ¢~ -
¥ Ty T oaAml Y aHb -
Y £ G Ne o A Ne T WE -
I Y 3 v
A L v " Ne Lo b
w . A
2) . n v [ ¥ A L
A v Tv™ 1 I Ay
A v T Aw 80V -
Ne A 120V [ [ Ne T
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. Westernblot

1) <0t W PVDF v
o ~ PVDF & 10 ~ [
P G T’
2) n T HUN W v C [
Wy - -PVDF - v v
- - 6 — T 400mA 1H
3) G 5 % TBSTT 1H
4) G O WoT 230 G 4i # ’
5)  TBST H '
6) G T 120 6 41 # ’
7) TBST H '
8 = r ¢ Ng G ECLI TU 1min ~ ° 3 Ng
G o "EN”~ Universal Hood 1l BioRad A
21.4.27Q Metabolitin
Ne
20 ml r . 30min ~ 1.2 x10% 10
min’ 3t r Aa 10kD 3t ¢ P v
Ne A 1.4 x10%g 15mir |7; ¢ A
rE L O
Protein A/G w  Z4W1lmg ., 550850 €90
T . r W 2.2mg/ml a Y r " 60T gl
A
1) 0 50&”1 0.5mg v~ 15mEP T v~ 150l I ~

~

2) EP ~ z T~ Ty



Metabolitin 0

3) v~ 1ml I p Tz T ’
4) 30 &lv™ 470 kI~ o
5 v~ T ° 1R
6) -~ z ° T w5000 el -~ Il ’
7) 25mMDSS " 18 w132 dI - “ 1h -
z - ,
8 50 llely ~ I i A
C.
1) T4 !
2) "z T L T
3) v7 40 ¢l A~ 5Ne ’
4) v~ 20 €l P A~ 5Ne ’
5) 0 Ne 1 HF I SDSPAGEA
2.1.4.3 MS/MS Msetabditin 7 X
A.
1) 1.0mL® C18 SPE '
2) 0.5mL0.1%: © ~ TFA® © 0.5mLP Y
3) 0.2 mL 0.1-0.2% TFA [ SPE ::~ SPEG
4) 0.5mL 0.1% TFA SPE T G ’
5  02mL75 25( 90 10b kv TFA B [/
[ SPE :': n
6) a a v b 30 ~
0 10el’
7) v~ 190¢L 0.2% 0.01% TFA 5 959 /
8) - — TA 47 6 LCMS Ne A

B. LC/MS/MS Ne
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No T T ~ v
" T a Y Ne N Triple TOF 6600 AB
SCIEX ¢ No i F Neo W 771.88 i

i proteinpilot ® v.4.5 Ab-sciex USA~ -

Ly 1% Y p~ = w wA
2.2
22.1
1 AT T F3 A
" osteocalcihOCN™ 3 o) " b o n-earboxyglutamic acid
containing protein BGP~ ¢ 1975 No “ Ne 4 6kD
- b ! 46-50 Ai
Ne ~ T A
SUBIAT L T 9 B "7 L C&" WE yi
Hydroxyapatite HAp~™ _ ~ w Y “
T A
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MTL 0C22
Mus (mouse) —Y——L-G-ASVPSPDPLEPTREQCELNPACDELSDQYGLKTAYKRIYGITI- 46
Homo (human) —YLYQWL-G-APVPYPDPLEPRREVCELNPDCDELADHIGFQEAYRRFYGPV— 49
Macaca (monkey) —YLYQWL-G-APAPYPDPLEPKREVCELNPDCDELADHIGFQEAYRRFYGPV— 49
Pan (Chimpanzee) —YLYQWL-G-APVPYPDTLEPRREVCELNPDCDELADHIGFQEAYRRFYGPV— 49
Bos (cattle) —YLDHWL-G-APAPYPDPLEPKREVCELNPDCDELADHIGFQEAYRRFYGPV— 49
Sus (pig) ——YLDHGL-G-APAPYPDPLEPRREVCELNPDCDELADHIGFQEAYRRFYGIA— 49
Capra (goat) —YLDPGL-G-APAPYPDPLEPKREVCELNPDCDELADHIGFQEAYRRFYGPV— 49
Ovis (sheep) —YLDPGL-G-APAPYPDPLEPRREVCELNPDCDELADHIGFQEAYRRFYGPV— 49
Canis (dog) —YLDSGL-G-APVPYPDPLEPKREVCELNPNCDELADHIGFQEAYQRFYGPV— 49
Felis (cat) —YLAPGL-G-APAPYPDPLEPKREICELNPDCDELADHIGFQDAYRRFYGTV— 49
Macropodidae (kangaroo) ——YLYQTL-G-FXAPYPDPQENKRXVCXLNPDCDELADHIGFQEAYRRFYGTA— 49
Oryctolagus (rabbit) —QLINGQ-G-APAPYPDPLEPKREVCELNPDCDELADQVGLQDAYQRFYGPV— 49
Rattus (rat) —YLNNGL-G-APAPYPDPLEPHREVCELNPNCDELADHIGFQDAYKRIYGTTV- 50
Gallus (chicken) HYAQDSGVAG-AP—PNPLEAQREVCELSPDCDELADQIGFQEAYRRFYGPV— 49
Dromaius (emu) SFAVGSSY-G-AA—PDPLEAQREVCELNPDCDELADHIGFQEAYRRFYGPVV— 49
Xenopus (frog) SYRYNVAR-GAAV—TSPLESQREVCELNPDCDELADHIGFQEAYRRFYGPV— 49
Danio (Zebrafish) ———AGT—APGDLTPFQLESLREVCETNVACEHMMDTSGITAAYKTYYGPIPF 48
Xiphias (Swordfish) ——— AT-R-AGDLTPLQLESLREVCELNVSCDEMADTAGIVAAYTAYYGPIQF 47
Lepomis (Bluegilll ———————AAGELTLTQLESLREVCEANLACEDMMDAQGITAAYTAYYGPIPY 45
Cyprinus (Carp) ———AGT—APADLTVAQLESLKEVCEANLACEHMMDVSGITAAYTAYYGPIPY 48
Y YY
21 b OCN |

Figure. 2.1 Sequences alignment of OCN from differergpecies

MTL  OC22Nez

v G

MTL 0OC22

bG

>

MTL and OC22 indicated the mouse MTL or OC22 amino acid sequence, respectively.

The red color indicates highly conserved residues, blue indicates less conserved ones,

and the gray color indicates non conserved residues. h  C A&rodyglutamic acid.
! 10 OCNT 2 G M~ W 4w N 15
@ ” 4 poly P Wa o B " A
OCNT~ k B w ouT Y 22@ v Hae 9
B W wC =~ 67 A T 3 |EH
1| w A
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222MTLY™Q o M

Metabolitin b _ KLH E L n 1°
L MetabolitinrkKLH A & 4+ SPF Balbé v
W' 13 23 33 4A 4 @ . " 0 - EAC
T "0 4" E Foooy [T V H: 7
G o0 47 AG | I Dy A
2.1
200 400 800 1600 3200 6400 1280 2560 5120 10240
1~ 1.16 113 113 0.88 0.72 057 037 026 0.16 0.119 0.03 0.03
27 1.25 122 118 099 081 061 040 032 0.19 0.116 0.03 0.04
37 1.09 125 116 107 083 059 050 034 0.18 0.139 0.03 0.03
4 124 132 118 099 092 063 042 030 0.15 0.111 0.02 0.03
SP2/0b .~ T p~ 30 [
10 93 KA v NH2-BSA~ ELISA
T ® iy 16 - ¥ 17
v [ 12 19G A
2.2 ELISA
- @ 4 ODy
8 0.427 Gl
12 0.372 Gl
13 0.384 Gl
21 0.566 G2a
23 0.545 G2b
24 0.588 G2b
25 0.376 Gl
27 0.464 G2a
28 0.319 Gl
31 0.328 Gl
32 0.388 Gl
35 0.634 G2a
0.036
0.027
0.594
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6 "a NH2-BSAu @ 4 v | a  western
blot 3t # MTL A 6 MTL Ne "
1.5kD & HermannSchigger b % 11 g =3 Ne TricineSDS,

12 3 MTL A T° 10 217 237~
247~ 277~ 327 35" e 7T MTL Y ® S 2.7A

22 Ne @ MTL Y @ r

Figure 2.2 Test the MTL monoclonal antibody specificity by small molecular TricineSDS

western blot

Y western bloff = ¥ X £ ¥
217 7 4w westernblot W * a b MTL i
® i - ¥~ OCN [ -OCN Yi MTL [ -OCN b wu
At 23T 1"y % MTL P 3 (I
7ngMTL =  western blot 27y w217 3t i
# MTL zA ~OCN 3% = ~ MTL Y & :

# OCNA
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