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Highlights

- Release of Angiopoietin-like Protein 4 from thephto-splanchnic bed is induced by exercise.
- Itis regulated by the glucagon-to-insulin ratio/ivo in humans.

- Invitro in hepatocytes Angiopoietin-like Protein 4 is stlated by cAMP.

- Angiopoietin-like Protein 4 is not released frtime exercising nor resting leg.



Abstract

Objective Angiopoietin-like-protein-4 (ANGPTLA4) is a circulag protein that is highly expressed
in liver and implicated in regulation of plasmagtyiceride levels. Systemic ANGPTL4 increases

during prolonged fasting and is suggested to beetat from skeletal muscle following exercise.

Methods We investigated the origin of exercise-induced ANG#® in humans by measuring the
arterial-to-venous difference over the leg and hkpato-splanchnic bed during an acute bout of
exercise. Furthermore, the impact of the glucagemsulin ratio on plasma ANGPTL4 was studied
in healthy individuals. The regulation of ANGPTL4asvinvestigated in both hepatic and muscle

cells.

Results The hepato-splanchnic bed, but not the leg, dmmied to exercise-induced plasma
ANGPTLA4. Further studies using hormone infusiongeatded that the glucagon-to-insulin ratio is
an important regulator of plasma ANGPTL4 as eledafeicagon in the absence of elevated insulin
increased plasma ANGPTL4 in resting subjects, waserefusion of somatostatin during exercise
blunted the increase of both glucagon and ANGPTMdreover, activation of the cAMP/PKA
signaling cascade let to an increase in ANGPTL4 mRBVvels in hepatic cells, which was
prevented by inhibition of PKA. In humans, musclBl@PTL4 mRNA increased during fasting,
with only a marginal further induction by exercise. human muscle cells, no effect of AMPK

activation could be demonstrated on ANGPTL4 expoess

Conclusions The data suggest that exercise-induced ANGPTLddsesed from the liver and driven
by a glucagon-cAMP-PKA pathway in humans. Thesdifigs link the liver, insulin/glucagon, and

lipid metabolism together, which could implicateote of ANGPTL4 in metabolic diseases.



1. INTRODUCTION

Angiopoietin-like-protein-4 (ANGPTL4) was identifiein 2000 as a secreted plasma protein
expressed in adipose tissue [1] and liver [2]. ANG#®is induced by fasting in both white adipose
tissue and liver under the regulation of peroxisqunaliferator-activated receptors (PPAR) [1].
ANGPTL4 regulates plasma triglyceride levels byrdasing lipoprotein lipase (LPL) activity [3-
6], promotes adipose tissue lipolysis [7], and ugygested to improve glucose tolerance [8].
Population studies identify gene variants leadmgnactivation of ANGPTL4 associated with low
plasma triglycerides [9,10], which is substantidigdhe finding that mice lacking ANGPTL4 have

low concentrations of triglycerides in plasma amcréased LPL activity [11].

In humans, ANGPTL4 is expressed in adipose tis$@g [ntestine [13], skeletal muscle [14], and,
most abundantly, in liver [15]. Little is known, Wwever, about the origin of circulating ANGPTL4
in humans. The liver may be the main contributardose of the high hepatic ANGPTL4 mRNA
level and a pronounced hepatic response to fastimexercise [14,15], but adipose tissue and
skeletal muscle have also been suggested [16,4Cjedsed plasma ANGPTL4 in response to
exercise is considered to be muscle-derived, lgattinthe designation “myokine” [17], but clear
evidence for the release of ANGPTL4 from musclesanguor following exercise in humans is

lacking.

Several regulatory mechanisms are suggested teaserthe expression of ANGPTL4, including
free fatty acids (FFA) via PPAR activation [18]ugbcorticoid receptor signaling [19], and hypoxia
[20]. Fasting and exercise are important inducémgasma ANGPTL4 attributed to the increase in
circulating FFA [15]. Interestingly, insulin has anhibitory effect on both ANGPTL4 gene
transcription in rodent liver [21,22] and plasmedis of ANGPTL4 in humans [23]. However, it is

not known whether the inhibitory effect of insulsdirect or secondary to its anti-lipolytic effect



A negative regulation of ANGPTL4 expression upotivation of AMPK is suggested in skeletal

muscle [17].

By assessing arterial-to-venous differences over ldg and the hepato-splanchnic bed, we
demonstrated that the increase in plasma follistand FGF21 in exercising humans is liver-
derived with no contribution of the exercising IE#-26]. Inspired by these observations, we
investigated the origin of circulating ANGPTL4 iasponse to acute exercise in healthy humans.
We evaluated the regulation of ANGPTL4 mRNA contentesting and exercising muscle and the
contribution of fasting. Finally, the glucagon-twsulin ratio and cAMP-dependent signaling as a

potential driver of the exercise-induced increaseiliculating ANGPTL4 was examined.



2. MATERIAL AND METHODS
2.1 One-legged Exercise

As described [26], nine healthy young males paudi@d in this study. A femoral artery catheter
and bilateral femoral vein catheters were inseréedi 2 h of knee-extensor exercise at 50 % of
maximum power was followed by 3 h of rest. Bloodnpées were obtained regularly and vastus
lateralis needle biopsies obtained at time point®, @ h, and on the following morning. Femoral
arterial blood flow was measured by Doppler ulttasb The subjects fasted from 10 pm the day
before and remained fasted throughout the 5 h ewpatal period. The next morning, subjects

returned after an overnight fast for a muscle byapsd blood sample (24 h).

2.2 Exercisevs. Fasting

Eighteen healthy male subjects were recruited armmwvent a medical examination. The subjects
performed an incremental exercise test on a cygeneeter (Monark Ergomedic 839 E, Monark
Ltd., Varberg, Sweden), and maximum oxygen uptak®,(max) was determined by indirect
calorimetry (Quark b2, CosMed, Rome). The subjease divided into an exercise group (n = 10)
and a rest group (n = 8). Characteristics of trer@ge group were: age 23.3 £ 0.5 yrs., BMI 23.3 £
0.4 kg/nf, VO,max 53.1 + 2.2 ml/kg/min, and for the resting groaige 22.8 + 0.4 yrs., BMI 23.9 +

0.6 kg/nf, VO,max 53.8 + 2.3 ml/kg/min.

The participants were asked to refrain from streisuexercise 24 h prior to the experimental day.
On the experimental day, after an overnight fastatheter was placed in an antecubital vein and

baseline blood samples drawn. The exercise trar@gse group) included 3 h of ergometer cycling



exercise at an intensity corresponding to 50% of W@x. Heart rate and \W\Overe measured
every hour during exercise to control intensitytehfthe exercise, the subjects rested supine Xor si
hours. Blood samples were drawn regularly and neusidpsies obtained from the vastus lateralis
muscle at time 0, 3, 6, 9 h, and the following niragn(24 h). During the experimental day, subjects
remained fasted until the last blood sample waaioet, but they had free access to water. In the
control trial, the subjects rested in the supinsitomn throughout the 9 h of the trial with blood

samples and biopsies obtained at time points asitded for the exercise trial.

2.3 Hepatic Venous Catheter

This study is described in Ref. [24]. In brief, te@althy males performed 2 h of ergometer cycling
at 60% of VQmax in a semi-supine position followed by 4 h dftresith catheters placed in an
antecubital vein, a hepatic vein, and a brachiaergr which allowed for arterial-venous
measurements over the liver. Hepatic plasma flow m&asured as indocyanine green clearance
before, during, and in recovery from exercise, #mel production/clearance of ANGPTL4 was
calculated as described for FGF21 [24]. The subjadtived after an overnight fast and remained

fasted throughout the trial, but they had free sste water.

2.4 Hormone Infusion

This study is also described in Ref. [24]. Ten tisalmales went through four experimental
protocols after an overnight fast (test days 1¥4ijal 1: 1 h glucagon infusion (GlucaGen, Novo
Nordisk) at 6 ng/kg/min. Trial 2: 2 h somatostatifusion (Octreotide, Hospira Nordic) at 100

ng/kg/min (started 10 min prior to the glucagonusibn, in total 130 min) and 1 h glucagon



infusion at 6 ng/kg/min. Trial 3: 2 h (130 min) satostatin infusion at 100 ng/kg/min (same as test
day 2). Trial 4: saline infusion at the same ratdhee glucagon infusion rate. In all four trialse t

subjects remained fasted but had free access &y.wat

2.5 Exercise with Pancreatic Clamp

As described in Ref. [27], six healthy male sulgeshderwent two experimental protocols in
randomized order: 1) 2 h of cycling at 60% of M@ax; 2) 2 h of cycling at 60% of \@nax with

a “pancreatic clamp” (2 h of somatostatin infusaaril00 ng/kg/min with replacement of glucagon
0.60 ng/kg/min and insulin 0.05 mU/kg/min). A vddli& glucose infusion was applied to maintain a
stable glucose level. Data from one participant eveemoved from the analysis due to
unmeasurable high concentration of ANGPTL4 desgtitempts with multiple dilutions. A possible

explanation is the presence of unspecific autoadtds in the samples.

2.6 Ethical Committee Approval

The studies were approved by the Scientific Etiliosnmittee of the capital region of Denmark
(one-legged exercise study [26]; acute exercisdasting: H-4-2011-055; hormone infusion trial,
and exercise trial with liver vein catheterizat{@4] and exercise with the pancreatic clamp [2i]) i
accordance with the Helsinki Declaration. All sudtgeprovided oral and written informed consent

to participate.

2.7 Laboratory Analysis



Blood samples were collected in tubes containingtapn for analysis of glucagon and in tubes
containing EDTA for other analyses. All blood saaspWere spun immediately &CG4at 3000 g for

15 min and the plasma fraction was stored at 2C80ntil analyses. Plasma ANGPTL4 was
measured by commercially available Enzyme-Linkedmimosorbant Assay (ELISA)-kit
(BioVendor RD191073200R, Biovendor, Brno, Czech itdig) with an intra-assay coefficient of
variation (CV) of 3.2% and inter-assay CV of 7.0%l samples were run in duplicate in
accordance with the protocol from the manufactufenee fatty acids were measured by a
commercially available enzymatic NEFA kit (Wako Bestics, Richmond, USA) with intra-assay
CV of 4.2% and inter-assay CV of 8.5%. RNA was astied from muscle biopsies as described in
Ref. [26]. Muscle ANGPTL4 mRNA content in the biggswas quantified by real time PCR using

primers from Applied Biosystem: cat# Hs01101127 and was related to 18S RNA.

2.8 Cdll Cultures

Primary human skeletal muscle cells were obtainewh fthe needle biopsies of the vastus lateralis
muscle and cultivated and fused to myotubes [2B¢ Ethical Committee of Tubingen University
Medical Department approved the protocol. For siRMNédiated knock-down, cells were
transfected with siRNA oligonucleotides using VirenBlue (Lipocalyx, Halle, Germany) on day 5
of differentiation. The ON-TARGET plus SMART-poobrf PRKAA1, PRKAA2 (Dharmacon,
Thermo-Fisher Scientific, Waltham, MS, USA), andhfiargeting oligonucleotides for bacterial
luciferase (sense: 5'-cguacgcggaauacuucga-3'; eaalis 5'-ucgaaguauuccgcguacg-3'; eurofins
MWG/Operon; Ebersberg, Germany) were used at 20 Mbtium was changed after 24 h and
cells were stimulated as indicated. HepG2 cells §2\VIBraunschweig, Germany) were cultivated

in RPMI 1640 containing 11 mM glucose and 10% FBBp glutamine, and 1%



penicillin/streptomycin. Cells were starved 3 HRRMI 1640 before substances were added. RNA
isolation is described in reference [29]. Quarntiateal-time PCR (qRT-PCR) was performed on a
Roche LightCycler 480 using QuantiTect Primer AssayHs ANGPTL4 1 SG,
Hs_PRKAAl 1 SG, Hs_PRKAA2 1 SG, Hs PCK1 1 SG, HSGAPSG, Hs ACTB_ 2 SG,
and Hs_TBP_1 SG (Qiagen, Hilden, Germany). Proteiaie separated by SDS polyacrylamide
(7.5-15%) gradient gel electrophoresis. Immunoditecon nitrocellulose membranes was
performed with antibodies against phospho-Thr-172MPKa and phospho-Ser-79 of ACC (Cell
Signaling Technology, Frankfurt, Germany), AM&#&Kand 2 (Upstate Biotechnology, Lake Placid,

NY), ACC (Merck Millipore, Billerica, MA).

2.9 Statistical Analysis

Data are presented as mean = SEM. Differences batgmups were evaluated by a two- or three-
way ANOVA. The group effect was evaluated usingshee function by time in the mixed model.
Significant effect of time was evaluated by a oregtvANOVA followed by a Dunnett’s post hoc
test. Release or uptake was calculated as arteri@nous difference and production/clearance was
calculated as the arterial-to-venous differencetiplidd with plasma flow. These curves were
further evaluated according to the area under threecbyt-test as were then vitro data. The
statistical analyses were performed by SAS 9.4ifirte Inc., Cary, NC, USA) andR< 0.05 was

considered statistically significant.
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3.RESULTS

3.1 One-legged Exercise Increases Muscle ANGPTL4 Transcripts but Not Protein Release

fromtheLeg

Two hours of one-legged exercise induced a 1.5«Bl& 0.05) increase in plasma ANGPTL4
followed by a further increase into the recovergcteng 2.5-fold P < 0.05) with no difference
between arterial and femoral venous blood (FA&). The arterial-to-venous difference showed no
release or uptake of ANGPTL4 in the resting ordkercising leg at any time (FigBlLand thus, no
production or clearance could be demonstrated (). ANGPTL4 mRNA content increased in
skeletal muscle; however, no difference could bieated between the ANGPTL4 mRNA content
in the exercising and resting leg (Fid?)1 Yet during recovery (time point 5 h), ANGPTL4 R

in the exercised leg tended to increase furthdrfgld versus 3.1-fold) compared to the resting leg

The mRNA level was back to baseline in both legshenfollowing morning (time point 24 h).

To evaluate the separate effect of exercise artthfaen muscle ANGPTL4 mRNA content, an
overnight fast followed by 3 h of exercise was cangg with an overnight fast followed by rest.
Irrespective of preceding exercise or rest, muaN&PTL4 mRNA content increased at 6 and 9 h
of the trial (Supplemental FigA)l with no difference detected between groups. TiRN@ level
returned to baseline in both groups the followingrming (24 h). Plasma FFA peaked with a 4.1-
fold (P < 0.05) increase at the end of exercise (3 h). &ercise group had markedly higher
plasma FFA during exercise and in the early reggwehereas during the resting trial a gradual
increase was observed reaching 1.7-fddd<( 0.05) after 9 h (Supplemental FigB)1 Plasma
glucagon peaked at 2.3-fold at end of the exelEtse 0.05), whereas no change in glucagon could

be detected during the rest trial (Supplemental K. In contrast, plasma insulin decreased ~40%
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(P < 0.05) during exercise, whereas in the rest inislilin gradually decreased with a nadir at 9 h

(Supplemental Fig.0).

3.2 The Hepato-splanchnic Bed Contributes to Circulating ANGPTL4 during Exercise in

Humans

Since no release of ANGPTL4 from the legs could dmmonstrated, we investigated the
contribution from the hepato-splanchnic bed to eiserinduced plasma ANGPTL4 levels.
ANGPTL4 increased 3.5-foldP(< 0.05) during recovery from 2 h semi-supine cwgl{Fig. 2.).
Calculation of the arterial-to-venous differenceg(F2B) and the production (Fig.Q over the
hepato-splanchnic bed revealed a release durirayeeg after exercise (one-way ANOVA (<
0.01)). The post hoc Dunnett’s test did reach htirde significance P = 0.08 andP = 0.06,
respectively, at time point 3 h). In addition, @re@a under the curve (AUC) revealed a significant
exercise-induced release 1820 + 426 pg x miR/k (0.05) and production 2038 + 474 [R<

0.05).

3.3 Inhibition of Glucagon-to-insulin Ratio and FFA Blunts Exercise-induced Increase in

Plasma ANGPTL4

During exercise, both the increase in glucagomsaHin ratio and FFA are blunted by a pancreatic
clamp [27]. Young healthy male volunteers perfornee@ h cycling exercise with a pancreatic
clamp and - on a different day - the same exemite saline infused as control. During the saline

infusion, plasma ANGPTL4 increased 3.2-foRi € 0.05) in the recovery from exercise while the

12



increase in plasma ANGPTL4 was markedly reduced.4afold; P < 0.05) with the pancreatic

clamp (Fig. 3).

3.4 Regulation of Plasma ANGPTL 4 by the Glucagon-to-insulin Ratio at Rest

To evaluate whether an elevated glucagon-to-ingualiio stimulates exercise-induced increase in
plasma ANGPTL4 levels, ANGPTL4 was measured in dasnfrom a hormone infusion study
where the exercise-induced increase in the glucégamsulin ratio was mimicked in resting
healthy subjects [24]. When increasing the glucamgeimsulin ratio for 1 h by infusion of glucagon
to a plasma concentration of ~100 pmol/L and reuyicihe insulin level by infusion of
somatostatin, an increase in plasma ANGPTL4 maeiflesith similar kinetics to that developed in
the recovery from exercise (FigA¥ 1 h of saline infusion resulted in a small graldimcrease in
circulating ANGPTL4 (Fig. A). When glucagon was administered without somatiosteo-
infusion, insulin increased following blood glucgseak at ~120 pmol/L [24] and no difference in
plasma ANGPTL4 between the glucagon and salinesiofuwas observed (Fig.Bi Finally,
infusion of only somatostatin that decreases catoud) insulin [24] resulted in a similar minor
change in plasma ANGPTL4 as the saline infusiom.(BC). The plasma FFA response was
assessed as a further stimulus for ANGPTL4. Inangaglucagon for 1 h together with lowering of
insulin by somatostatin resulted in a FFA peak &t During the saline infusion, FFA increased
gradually (Fig. D). When glucagon was administered without insulimbition, FFA was reduced
due to the anti-lipolytic effect of insulin (FigE} Finally, with infusing somatostatin alone plasma

FFA increased (Fig.H).

3.5 cAMP-protein Kinase A Signalingin HepG2 CellsInduces ANGPTL4 mRNA Expression

13



As glucagon increases cCAMP and activates proteiade A (PKA) in hepatocytes, the response of
ANGPTL4 mRNA to stimulation of this pathway was kased using HepG2 cells. A cell-
permeable cAMP analogue and the adenylate cycleseator forskolin increased ANGPTL4
MRNA, which was reduced by two competitive inhibst@f PKA (Fig. 3). Insulin also inhibited
the forskolin-induced ANGPTL4 mRNA induction (Fi§B). Regulation pattern of ANGPTL4
MRNA by activators and inhibitors of the cAMP-PKAtpway is similar to the regulation of the
known cAMP target genes phosphoenolpyruvate catboage (Fig &) and glucose-6-
phosphatase (Figlh. Thus the hepatic ANGPTL4 production can be skited via the cAMP-

PKA pathway.

3.6 Influence of AMPK on ANGPTL4 mRNA Regulation in Human Muscle Cells

It has been suggested that activation of AMPK segg®s the fatty acid-dependent up-regulation of
ANGPTL4 mRNA in skeletal muscle following exercisesulting in lower ANGPTL4 mRNA
content in the exercising compared to the restagg[L7]. Since the present data do not indicate
such difference, the effect of AMPK activation oINGPTL4 abundance was studied in human
primary muscle cells. Cells were stimulated withnptate for 24 h leading to induction of
ANGPTL4 mRNA (Fig. &); however, this induction was not suppressed bgteoulating with the
AMPK activator (A769662) (Fig. &). Treating muscle cells with only the AMPK actioet
A769662 and AICAR for 3 or 24 h did not decreasé father induced a small increase in
ANGPTL4 mRNA (Fig. @8). Activation of AMPK was visualized as phosphotida of AMPK
and the AMPK substrate ACC (FigCh As reported previously, both AMPK activators rieg@se
phosphorylation of ACC to a similar extend, whillCAR is more effective than 100 uM A769662

to stimulate phosphorylation of AMPK [30]. To fuethinvestigate the role of AMPK, the catalytic

14



subunitsal ando2 were knocked-down by siRNA, and muscle cells watnaulated with either
palmitate or oleate. FigureD6and @& display the efficiency of siRNA knock-down of AMPK
catalytic subunitnl anda2, respectively. The reduction of both AMPK catalygubunitsal and
a2, did not affect the palmitate- or oleate-mediatetliction of ANGPTL4 mRNA (Fig. B). Taken
together, the data do not indicate that activabbAMPK influences ANGPTL4 mRNA abundance

in skeletal muscle.
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4. DISCUSSION

This study demonstrates that - despite the fadt ANGPTL4 mRNA levels increase in skeletal
muscle after exercise - the protein is not reledsetthe circulation from either an exercising or a
resting leg. In contrast, the hepato-splanchnicdmedributed to the increase in plasma ANGPTL4
after exercise. The hormone infusion and “panareatamp” studies suggest that increased
glucagon-to-insulin ratio is a potent stimulus fwoduction of ANGPTL4 in the hepato-splanchnic
bed, and then vitro HepG2 studies support that hepato-splanchnic AN@RElease is mediated

by a cAMP-PKA dependent up-regulation of ANGPTL4 R/Rabundance in hepatocytes.

During exercise pronounced up-regulation of ANGPThRNA takes place in both liver [14,31]
and skeletal muscle [14,17] of mice. Here we previdvivo evidence in humans for a release of
ANGPTL4 from the liver during exercise, whereas tleg (e.g., skeletal muscle) does not
contribute. We did not evaluate the participatidrother tissues, e.g. the intestine, the spleen, or
adipose tissue to the exercise-induced increasplasma ANGPTL4. The liver as source for
exercise-induced ANGPLT4 is in line with the findimf glucagon as the stimulus, particularly
because skeletal muscle does not exhibit releviacigon receptor expression [32]. The finding
adds ANGPTLA to the list of exercise-regulated harffeepatokines”, including FGF21 [24] and
follistatin [25], and mRNA data in mice suggesttthaercise is a profound stimulus for the liver to
secrete metabolically active factors — factors Whitay act on other tissues in an endocrine fashion
[33]. Based on hepatic mMRNA abundance in micelitlee is also likely to be an important source
of plasma ANGPTL4 at rest and during fasting [19pwever, prior to exercise no detectable
release of ANGPTL4 was demonstrated in this stedggesting that the hepato-splanchnic bed is

not the only tissue releasing ANGPTL4 to the ciatioih. Due to the high mRNA content of

16



ANGPTL4 in subcutaneous adipose tissue [1,12huliat be that fat tissue is a source of circulating

ANGPTL4 during fasting.

We provide evidence for activation of the cCAMP/PiaAthway regulating ANGPTL4 expression.
In experimental models, PPARPPAR [1], and glucocorticoid receptor signaling [19}-tggulate
ANGPTL4 mRNA. The data obtained bathvivo andin vitro provide evidence for a contribution
of glucagon-dependent activation of the cAMP/PKAhpay to exercise-induced increase in
ANGPTL4. Since an elevated glucagon-to-insulinardth vivo is accompanied by increased
circulating FFA we could not differentiate betwetre two stimuli. However, regulation and
kinetics of plasma FFA, were not paralleled by demin plasma ANGPTL4. Of note, increasing
FFA in 6 h in resting subjects has been demonstiaténcrease plasma ANGPTL4 [15]; however,

elevation of FFA for 6 h also induces insulin resise.

Infusion of somatostatin alone resulted in incrdaBEA (Fig. 4), but had no effect on plasma
ANGPTL4 (Fig. £). The up-regulation of plasma ANGPTL4 occurs 1-after the peak in the
glucagon-to-insulin ratio (Fig. A), pointing to transcriptional regulation. The callulture
experiments support that cAMP-mediated activatiorPKA increases ANGPTL4 mRNA. The
results are in accordance with data obtained intevbnd brown adipocytes, showing tigat
adrenergic stimulation increases cAMP and ANGPTIRNA and protein abundance [34]. There
is little information about how the cAMP/PKA-depemd pathway activates ANGPTL4 expression.
Activation of PKA increases the transcriptional ity of PPARs by mechanisms involving
stabilization of the PPAR/RXR/DNA binding, but albg potential interaction with other cofactors
[35]. During exercise, epinephrine activates thergtyl cyclase and also leads to increased cCAMP

in hepatocytes, which may add to ANGPTL4 stimulatidhe inhibitory effect of insulin, which is

17



suppressed during exercise, seems to play an adlitrole in up-regulation of ANGPTL4, as
glucagon infused without somatostatin does not ¢éedan increase in ANGPTL4. Also, cortisol
increases during exercise, but in humans predmsodeems to reduce circulating ANGPTL4 [23],

making cortisol an unlikely mediator of exerciseitised ANGPTLA4.

The increase in ANGPTL4 mRNA in skeletal musclehwiit a release to the circulation suggests a
para/autocrine function. ANGPTL4 protein is detdcie muscle tissue by ELISA and with
immunofluorescence staining [17] and is releasethéomedia of primary human myotubes upon
electric pulse stimulation [29]. ANGPTL4 may interdocally with LPL, which is also increased in
skeletal muscle biopsies after a short-term fagetteer with PDK4, UCP3, and CPT1 [36].
ANGPTL4 inhibits LPL activity on the surface of didgry endothelial cells within muscle tissue
[37], and interactions between ANGPTL4 and LPL wefso observed intracellularly [6,12].
Another possible function of intramuscular ANGPThrbduction is regulation of angiogenesis as
suggested in relation to neovascularization anddenhealing [38]. Of note, increased muscle
MRNA or enhanced intramuscular protein releasebkas shown for other secreted factors such as
IL-8 or VEGF which do not necessarily translateihigher systemic levels [39,40]. On the other
hand, we cannot exclude a contribution of muscleés®NL4 to plasma concentrations under other

circumstances.

In vitro, we did not observe the previously reported inbityiteffect of AMPK activation on
ANGPTL4 mRNA in skeletal muscle cells [17]. With @milar approach, using the same
concentration of AICAR (1 mM) and short-term (3 &g well as long-term (24 h) treatment, no

reduction of ANGPTL4 mRNA content was observed.oparable conclusion was reached using
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the AMPK activator A769662 and knocking-down théabgic subunits of AMPK. In contrast to
cell culture experiments in murine C2C12 myotubeg studied human myotubes. Down-
regulation of ANGPTL4 by AMPK activation is tissgeecific, as demonstrated in brown but not
white adipose tissue [34]. Thus, different resalitained in human and murine myotubes could be
expected. We conclude that AMPK activation in eigéng human muscles does not interfere with

ANGPTL4 mRNA expression.

Data on regulation of ANGPTL4 mRNA in human skdletaiscle during exercise are inconsistent
[14,17]. Norheim et al. found increased ANGPTL4 nfRN response to exercise before and after
12 weeks of training [14]. Catoire et al. - als@lgmg one-legged exercise, but without assessment
of the arterial-to-venous difference - found noré@ase in ANGPTL4 mRNA in muscle in the
exercising leg but only in the resting leg [17].both studies, no control for the effect of thersho
term fasting was included. The present data unuethe importance of the control setting because
an overnight fast followed by exercise led to amadt identical increase in skeletal muscle
ANGPTL4 mRNA as that of an overnight fast followey rest. ANGPTL4 is increased by short-
term fasting in skeletal muscle and when combineith \@acute exercise no major additive or

inhibitory effects are observed.

ANGPTL4 is a mediator of hyperplasia of pancreatiells [41], suggesting a feedback loop to the
endocrine pancreas. Hence, conditions affectingsémsitivity to insulin and glucagon such as the
metabolic syndrome and type 2 diabetes could besa@&d to dysregulate ANGPTL4. The

metabolic syndrome and type 2 diabetes are chaimedeby insulin resistance that could increase

ANGPTL4. Notably, ANGPTL4 mRNA abundance in adipdssue is reduced in response to a
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hyperinsulinemic-euglycemic clamp in healthy sutgdmut not in patients with type 2 diabetes [42].
Circulating levels of ANGPTL4 are also related tarkers of the metabolic syndrome [43] and are
elevated in type 2 diabetes [44]. Thus, impairesllim sensitivity is associated with elevated

circulating ANGPTLA4.

5. Conclusion

In conclusion, ANGPTL4 is released from the hepgilanchnic bed but not the leg during
exercise. The glucagon-to-insulin ratio is idestifias an important regulator of ANGPTL4 plasma
in humans, probably involving cAMP-PKA-driven helgaANGPTL4 expression. Further insight
into the effects of hepatic release of ANGPTL4 dobé of great value to understand exercise-

induced inter-organ crosstalk.
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FIGURE LEGEND

Figure 1.

Nine healthy male subjects performed 2 h (0 — 2fhpne-legged knee extensor exercise. A:
Arterial (#) and femoral venous concentrations of angiopcié protein 4 (ANGPTL4) from
both the restingA) and the exercisingk) leg (the curves are superimposed) (MANOVA, TirRe:

< 0.0001, GroupP = 0.9929, Time x Grou® = 1.000). B: Arterial to venous differences oves t
resting @A) and the exercisingk) leg of ANGPTL4 (Two-way ANOVA, TimeP = 0.0073, Group:

P = 0.6064, Time x Groud® = 0.9954). C: Production (ng/min) or clearancéAbBIGPTL4 from
the resting A) and the exercising&) leg (Two-way ANOVA, Time:P = 0.1734, GroupP =
0.4460, Time x GroupP = 0.5284). D: ANGPTL4 mRNA content in the skelataliscle biopsies
from both the restingo) and the exercisings{ leg (Two-way ANOVA, TimeP < 0.0001, Group:

P = 0.9761, Time x Grou@® = 0.7075). #: Significant changes from time pdinh by a 2-way

ANOVA followed by a Dunnett’s post hoc teft< 0.05 was considered significant.

Figure 2.

Hepato-splanchnic release of angiopoietin-like girod (ANGPTL4) in healthy human subjects
during exercise. A: ANGPTL4 concentration in théegy (®) and the hepatic veino) before,
during (0-2 h) and into recovery after exercise6(B) (Two-way ANOVA, Time:P < 0.0001,
Group: P = 0.3727, Time x GroupP = 0.9883). B: Arterial-to-venous (ug/l) differenoger the
hepato-splanchnic bed. A negative value indicateslease whereas a positive value indicates an
uptake (One-way ANOVA, TimeP = 0.0017). C: Hepato-splanchnic production of ANGR is
calculated as arterial-to-venous difference muégblby hepatic plasma flow (pg/min) (One-way
ANOVA, Time: P = 0.0014). A positive value indicates a release the circulation and a negative
an uptake. #: Significant changes from time poinh @fter an 2-way ANOVA followed by a
Dunnett’s post hoc test. (*) designates a bordewiignificance of the post hoc Dunnett’'s ted? at
0.08 andP = 0.06 respectively at time point 3 h. The aredeurthe curve for both arterial-to-
venous difference (B) and production (C) were digantly different from zeroR < 0.05) by a-
test.
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Figure 3.

Inhibition of the increase in glucagon-to-insuliatio by somatostatin infusion in healthy male
subjects (n = 5) blunts the exercise-induced irsgeam plasma angiopoietin-like protein 4
(ANGPLT4) (Two-way ANOVA, Time:P < 0.0001, GroupP = 0.0002, Time x GroupP <
0.0001). The subjects performed 2 h of bicyclingreise (0 — 2 h) on two separate days. On the
control day saline was infused)(and on the pancreatic clamp day somatostafinMas infused,
see Ref. [27] for details. $: Significant differenicetween groups by 2-way ANOVA; *: Significant
change from the 0 h time point by one-way ANO\< 0.05 was considered significant.

Figure 4.

Effect of increasing the glucagon-to-insulin rabio plasma ANGPTL4 and free fatty acids (FFA)
in resting healthy subjects (n = 10). For detailsluding the glucagon-to-insulin ratio of the sgud
see Ref. [24]. A-C: Changes in plasma ANGPTL4 catregion by infusion of glucagon and
somatostating) (Two-way ANOVA, Time:P < 0.0001, GroupP = 0.5002, Time x Groug? <
0.0001) (A), by infusion glucagom) (Two-way ANOVA, Time:P < 0.0001, GroupP = 0.6127,
Time x Group:P < 0.0001) (B), by infusion of somatostati#) (Two-way ANOVA, Time:P =
0.0004, GroupP = 0.4160, Time x Grou@® < 0.0001) (C) and by saline infusion as contrgl (
(A-C). Plasma concentrations of glucagon and insaie presented in Ref. [24]. D-F: Changes in
FFA concentration by infusion of glucagon and sasttin @) (Two-way ANOVA, Time:P <
0.0001, GroupP = 0.0152, Time x Groug® = 0.0515) (D), by infusion of glucagom)((Two-way
ANOVA, Time: P < 0.0001, GroupP = 0.2870, Time x Grou@® < 0.0001) (E), by somatostatin
(®) (Two-way ANOVA, Time:P < 0.0001, GroupP = 0.0179, Time x Groug? < 0.0001) (F), and
by saline ¢) (D-F). $: Significant difference between groups Bway ANOVA. *: Significant
change from the 0 h time point by one-way ANO\P< 0.05 was considered significant.

Figure 5.
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Regulation of angiopoietin-like protein 4 (ANGPTL4phosphoenolpyruvate carboxykinase
(PCK1), and glucose-6-phosphates (G6PC) mRNA conteirlepG2 cells by the cAMP-protein

kinase A (PKA) pathway. A-D: Cells were treated witO0 uM 8-(4-chloropheylthio) (CPT)-

CAMP (cAMP), 20 uM forskolin (F) 30 uM H89, 100 pRp8-8-bromoadenosine-3",5 -cyclic
monophosporothioate (Rp-8), or 100 nM insulin (las) indicated for 2 h. mRNA abundance
related top-actin is shown as mean + SEM. *: Significant diflece evaluated biytest. P < 0.05

was considered significant.
Figure 6.

The effect of AMPK activation on angiopoietin-lifggotein 4 (ANGPTL4) mRNA abundance in
differentiated human skeletal muscle cells. A: €e&lere treated with 250 uM palmitate and 100
UM A769662 for 24 h. B: Cells were treated with 10 A769662 or 1 mM 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR) for 3 or 24 h: Representative immunoblots of protein
lysates (in duplicate) using the indicated antibediRelative band intensities normalized to total
protein are shown as fold change compared withcletieated cells (mean £ SEM). D-F: Cells
were transfected with siRNA oligonucleotides aga/lIPK catalytic subunitil (PRKAA1L) and

a2 (PRKAA2) and treated with 250 puM palmitate ancaté for 24 h. ANGPTL4 mRNA
abundance related to TATA box binding protein (TBRasured by qPCR is shown as mean *
SEM. *: Significantt-test. P < 0.05 was considered significant.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Supplementals. Exercisevs. Fasting

Supplemental Figure 1.
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Supplemental Figure 1. Two groups of healthy malgexts were studied after an overnight fast,
where one group (n = 10) performed 3 h (0 — 3 Hioycling exercise and one group (n = 8) rested
in bed. A: Angiopoietin-like protein 4 (ANGPTL4) nNA content in skeletal muscle biopsies in
the resting ¢) and the exercisinge{ group (Two-way ANOVA, TimeP < 0.0001, GroupP =
0.3404, Time x GroupP = 0.2024). B-D: Response of plasma free fatty a¢kFA) (Two-way
ANOVA, Time: P < 0.0001, GroupP = 0.0010, Time x Grou@® < 0.0001), glucagon (Two-way
ANOVA, Time: P = 0.0001, GroupP = 0.7648, Time x Groug? < 0.0001), and insulin (Two-way
ANOVA, Time: P < 0.0001, GroupP = 0.1362, Time x Group? = 0.0114) to exercise&) and
resting QA). #: Significant changes from time point 0 h bywdy ANOVA followed by a Dunnett’s
post hoc test; $: Significant difference betweeougs. *: Significant change from the 0 h time
point by one-way ANOVAP < 0.05 was considered significant.
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