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In mammals, insulin is known to modify growth hormone (GH)-induced IGF-| expression
at the hepatic level, which also contributes to the functional crosstalk between energy
homeostasis and somatotropic axis. However, the studies on the comparative aspects
of this phenomenon are limited and the mechanisms involved have not been fully
characterized. Using a serum-free culture of grass carp hepatoctyes, the functional
interaction between GH and insulin on hepatic expression of IGF-| and -ll was examined
in afish model. In carp hepatocytes, GH could up-regulate IGF-l and -l mRNA expression



HRI

Contents
Page

01
02
03
04

RES

HBHEERE
SRESR
Hie



L LS

UHED

Transition
Page

01
02
03
04

e 1T1=1
B =

HBHEERE
SRESR
Hie



LY

ERFL+F, BREEFERKEF(IGF)
BmitHZL, BIIGF-IFDIGF-I, IGF-IfE4IK
NS EERKFEEXEER, ExA
SHERKEGHEYEE, MIGF-IIINFREARR
GHRYENN, &L, BFARIGF-IFOIGF-11=
415392 GHATRE R,




SRR, S NERAFT4AE+,
insulinB]1gsE|GHIESMIGFRIZRIA, BIE
WHEIEATE, MEEXRPEUARE
HHERBED TR, B, AXLAEE
HARR, SERFInsulinfIGHXIE

& e IGFERIZRIEIERNE.

A Y|




L LS

UHED

Transition
Page

01
02
03
04

RES

BHEERE
SRESR
Hie



rAS

CH:AEKEE,;
IGFRBEHFEIREF;
GHR:GH={AK;

Ins RRBEZZIK;
IGF1R:IGF-I3{AK ;

MAPK: 5225 RFiRHERE

MEK v B4 53R EVE

A

ERK Y2 4Hf@IMES 175 21Es,

P38 MAPK: P38 41 A EE(VER;

PI3K st E& A B 3-iHE

Akt:

lozd
LUI'.I

17‘:'& @E B,

MTOR: B

BEIRE=EEEH;

S - JAK 2:JanusiEiEs2 ;
JEEg1/2; STAT 5:

5SS RELA R T




1.LE&(1.8-2.1kg) ATHRXTER, 9 BIFHGH(10-1000ng/ml)Fdinsulin(0.01-
100nM)IFFEFT4ERE24h, WEIGFRIFRIXE

2.3 BIFAGH(300ng/ml), insulin(10nM)5JAK2/STAT5, MEK,,/ERK,,,
PIBK/AKt/mTOR, P38 MAPKES X EESRUDEIFI RS T4aiE24h, ME
IGFRIFRIXE, HUZEMEK,,,, ERK,,, Akt, P38 MAPKHIBEES{YIKE,

3.9 8IAGH(300ng/ml), insulin(10nM)LAAz GH(300ng/ml)F0insulin(10nM)
HEPFSHAEE6, 12, 24h, WEIGFRIFRIAE; FHGH(300ng/ml)F
insulin(0.01-100nM) XL [ERF B FT4HRE24h, insulin(10nM)FIGH(10-1000ng/ml)+E
FEEAE24h, WEIGFHRIAE




4. Hinsulin(10nM)iF S FF4ERE15min, UEINSREIBEER(LKIE; S BIE
GH(300ng/ml), insulin(10nM)LARZ GH(300ng/m)Finsulin(10nM)5 InsRELEREF
HNMPA(10uM) R EAHAE24h, NEIGFHFRIAE

5 BIFGH(300ng/ml), insulin(10nM)LAK GH(300ng/m)Fdinsulin(10nM)L[E]62
SAHT4EE0, 30, 60, 90, 120min, JMEInsR, STATS, AktF] ERK,,HIREES(LKIE,

6.9 BIFAGH(300ng/ml), insulin(10nM)akGH(300ng/ml)FHinsulin(10nM)§iZ& FF4H
fE15min, MITARHHISIRER, BREILEAENINSREGHR,

7.3 BIFHGH(300ng/ml), insulin(10nM)akGH(300ng/ml)FRinsulin(10nM)5
JAK2/STAT5, MEK,,/ERK,,, PISK/AK/mTOR, P38 MAPKIZEEGHNHIFIILREZ

STiE24h, NEIGFRIRAE




HRI

Contents
Page

01
02
03
04

RES

HBHEERE
SRS PR
Hie



‘GHYYIGFEEZFRERYFIZ(ER

IGF-I / IGF-Il mRNA (%Citrl) >

250
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O IGF-] d

® IGF-Il c,di %

¢.d c,d

I I I I |
10 30 100 [300 1000

GH conc (hg/ml)

Drug Treatment IGF-l mRNA IGF-Il mRNA

(Ctrl as 100%) (%Ctrl) (%Ctrl)

GH alone 2121 + 1563 205.7 + 9.2
JAK? | GH + AG4920 775 £ 124 * 61.1 £ 12.0 =*
STAT5| GH + NICO 742 + 146 * 68.2 + 15.2 =*

PIBK| GH + LY294004 731 + 257 * 654 + 187 *
Akt | GH + HIMOC 851 + 220 * 865 & 20.7 *
MTOR| GH + Rapamycin 90.2 + 19.6 % 88.7 + 18.2

*

MEK,, [GH + PD98059  67.2 + 20.8 * 707 + 232 *
ERK,,|GH + FR180204  71.2 + 18.6 *  61.7 + 142 *

IP38 MAPKGH + SB203580 375.2 + 241 *  366.4 + 27.0 *

K1 (A) Effects of increasing doses of GH treatment (10—1,000 ng/ml) on IGF-I
and -1 mRNA expression. (B) JAK2/STAT5, MAPK, and PI3K/AKkt pathways
in IGF-1 and -1l mMRNA expression induced by GH.
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K2 (A) Effects of increasing doses of insulin treatment (0.01-100 nM) on IGF-I and
-1l mRNA expression. (B) Insulin stimulation on protein phosphorylation of MEK, ,
ERK,,, , P38 MAPK, and Akt in carp hepatocytes.



C

Drug Treatment IGF-l mRNA IGF-Il mMRNA
(Ctrl as 100%) (%Ctrl) (%Ctrl)
Insulin alone 2252 + 223 2087 + 26.2
PI3K| |nsulin + LY294004 75.4 + 257 % 66.4 + 18.7 *
AKt | Insulin + HIMOC 113.9 + 23.0 * 1055 + 20.7 *
MTOR| Insulin + Rapamycin 93.2 &+ 19.6 4 108.7 &+ 21.1 *

MEKy;, Insulin + PD98059  211.1 + 248 208.7 + 26.3
I ERKy, Insulin + FR180204 2193 + 276 2215 + 247

P38 MAPK [insulin + SB203680  391.7 * 30.2 % 404.4 + 37.0 ¥
JAKZ | Insulin + AG490 841 + 204 % 962 + 17.3 *
STATS| Insulin + NICO 116.1 + 188 x 108.6 + 21.1 *

2 (C) PI3K/Akt, P38 MAPK, and JAK 2/STAT 5 pathways in IGF-1 and -1l mMRNA
expression induced by insulin.(Jf¥&24h)
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K3 (A) Time course of GH alone (300 ng/ml), insulin alone (10 nM) and co-treatment
with GH (300 ng/ml) and insulin (10 nM) on IGF-1 and -1l m RNA expression
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B4 Receptor specificity for insulin potentiation
of GH-induced IGF-I and -1l expression in carp
hepatocytes. (A) RT-PCR for Ins Ra, Ins Rb,
and IGF1R expression in carp hepatocytes (B)
Insulin treatment on protein phosphorylation of
Ins R in carp hepatocytes. (C) Blockade of Ins
R activation on insulin potentiation of GH-
induced IGF-I and -1l mRNA expression in
carp hepatocytes. Hepatocytes were incubated
for 24 h with GH alone (300 ng/ml), insulin
alone (10 nM) or co-treatment of GH (300
ng/ml) and insulin (10 nM) in the presence of
HNMPA (10 M), an inhibitor for Ins R
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&5 Synergistic effect of GH and insulin on Ins R, STAT 5, Akt, and ERK,, activation in carp
hepatocytes. (A) GH enhancement of Ins R phosphorylation induced by insulin treatment.
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FIGURE 6 | Protein:protein interaction of GHR and InsR expressed in carp hepatocytes. Membrane protein extract was preparad from hepatocyte after challenged for
15-min with insulin alone (10nM), GH alone (300 ng/ml) or co-treatment with GH {300 ng/ml) and insulin {10 nM) and used in immunoprecipitation {IF) with antibody for
GHR or total protein of InsR (A). For protein samples pulled down by |IP against GHR, size-fractionation by SD5-PAGE was conducted followed by immuncblotting (1B)
with antibodies for phosphorylated form (P-InsH) and total protein of InsR (T-InsR). For protein samples pulled down by IP against total protein of InsR, similar
SD5-PAGE coupled with IB using the antibody for GHR was also performed. The IB signals for the two forms of InsR and GHR were quantitataed by Image J and
presented in the bar graphs below the |B results. In this study, IP with mouse 1gG followed by |B for the respective targets was used as the negative control (B).
Parallel IB using the protein exiract prior to |P was used as the input control while the comesponding blotting for p actin in whole cell lysate was also conducted to

serve as the loading control (€).  [IZE15min, BRIEEH
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FIGURE T | Functional role of JAKS/STAT 5 pathway in the synergistic effect of GH and insulin on IGF-1 and -l expression in carp hepatocytes. (A) JAK: blockade or
(B) STAT 5 inactivation on insulin potentiation of GH-induced IGF-1 and -Il mRMNA expression at the hepatic level. In this study, hepatocytes were challenged for 24 h
with insulin alone {10nM), GH alone {300 ng/ml) or co-treatment with GH (300 ng/ml) and insulin {10 nM)in the presence of the JAKs inhibitor AGA20 (20 wM) or STAT5
inactivator NICO (20 wM). After treatment, total RMA was isolated and used for real-time PCR for IGF-1 and -Il mBEMNA. For IGF data presented, the groups dencted by
different letters represent a significant difference at P < 0.05. ﬂﬂ¥§24h
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FIGURE 8 | Functional role of MEI{UEIEHIQ /2 pathway in the synergistic effect of GH and insulin on IGF-| and -ll expression in carp hepatocytes. (A) MEI{UE
blockade or (B) ERK4 /2 inhibition on insulin potentiation of GH-induced IGF-l and -l mRBNA expression at the hepatic level. In this study, hepatocytes were challenged
for 24 h with insulin alone (10 nM), GH alone (300 ng/ml) or co-treatment of GH (300 ng/ml) and insulin (10nM) in the presence of the MEK;4 /2 inhibitor PD98059

(10 M) or ERK4 /2 inhibitor FR180204 (2 wM). After that, total BNA was isolated and used for real-time PCR for IGF-I and -lIl mRNA. For IGF data presented, the

groups denoted by different letters represent a significant difference at P < 0.05.
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FIGURE 9 | Functional role of P38 MAPK and PISK/Akt pathways in the synergistic effect of GH and insulin on IGF-1 and -l expression in carp hepatocytes. Effects of
inhibiting (A) PI3K, (B) Akt, (C) mTOR and (D) P38 MAPK on insulin potentiation of GH-induced IGF-| and -lIl mRNA expression at the hepatic level. Hepatocytes were
incubated for 24 h with insulin alone (10nM), GH alene (300 ng/ml) or co-treatment with GH (300 ng/ml) and insulin (10nM) in the presence of the PI3K inhibitor
Ly294002 (10 wM), Akt inhibitor HIMOC (10 uM), mTOR inhibitor rapamycin (20 nM) and P38 MAPK inhibitor SB203580 (5 uM), respectively. After that, total BNA was
isolated and used for real-time PCR for IGF-1 and -Il mBNA. For IGF data presented, the groups denoted by different letters represent a significant difference atP <

0.05. gﬂ¥§24h
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FIGURE 9 | Functional role of P38 MAPK and PI3K/Akt pathways in the synergistic effect of GH and insulin on IGF-I and -l expressicn in carp hepatocytes. Effects of
inhibiting (A) PI3K, (B) Akt, (C) mTOR and (D) P38 MAPK on insulin potentiation of GH-induced IGF-I and -l mBNA expression at the hepatic level. Hepatocytes were
incubated for 24 h with insulin alone (10nM), GH alone (300 ng/ml) or co-treatment with GH (300 ng/ml) and insulin (10nM) in the presence of the PI3K inhibitor
LY294002 (10 pM), Akt inhibitor HIMOC (10 puM), mTOR inhibitor rapamycin (20nM) and P38 MAPK inhibitor SB203580 (5 wM), respectively. After that, total RNA was
isolated and used for real-time PCR for IGF-l and -Il mRNA. For IGF data presented, the groups denoted by different letters represent a significant difference at P <

0.05. [iZ&24h



Working model for GH & insulin synergism on IGF-| & -I| requlation
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FIGURE 10 | Working model proposed for the synergistic action of GH and insulin on 1GF-| and -l expression in the carp liver. In carp hepatocytes, IGF-1 and -I
mBNA expression can be up-regulated by GH via the JAKo /STAT5, MEK4 ;2/ERK4 2, and PI3K/Akt/mTOR cascades. Insulin also has similar effects on IGF-l and -l
gene expression but these actions are mediated via PI3K/AK/mTOR but not JAKo/STATs and MEK, ;o/ERK, ;5 pathways. At the hepatic level, IGF-| and -ll responses
induced by GH can be markedly enhanced with insulin co-treatment. This potentiating effect can be observed with protein:protein interaction of GHR and InsH at the
membrans level together with notable enhancement in InsR phosphorylation. Meanwhile, the levels of STAT5, ERK, 5, and Akt phosphorylation can also be
potentiated by GH and insulin co-treatment. The aggravation in JAKg /STATs, MEK ;2/ERK+ ;2 and PI3K/Akt signaling caused by simultanecus activation of GHR and
InsR probably can contribute to the synergist effect on IGF-| and -l expression. Of note, MEK, ;5 and ERK, ;5 activation can also be induced by insulin but the
pathway is not involved in insulin-induced IGF-l and -Il expression. However, the functional role of MEK, ;5 /ERK, ;5 activation by insulin in the potentiating effects
caused by GH and insulin co-treatment should not be excluded. In carp model, P38 MAPK of MAPK cascades is not involved in the synergistic action of GH and
insulin, P38 MAPK may play a role in signal termination for the IGF responses induced by GH or insulin respectively, and interestingly, its inhibitory effect can be
nulified by co-treatment with GH and insulin but the mechanisms involved have yet to be elucidated.
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