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Abstract

Obesity in humans is often associated with metabolic inflexibility but the underlying
molecular mechanisms remain incompletely understood. The aim of the present study
was to investigate how adaptation to prolonged fasting affects energy/nutrient-sens-
ing pathways and metabolic gene expression in skeletal muscle from lean and obese
individuals. Twelve lean and 14 non-diabetic obese subjects were fasted for 48 hours.
Whole-body glucosel/lipid oxidation rates were determined by indirect calorimetry and
blood and skeletal muscle biopsies were collected and analyzed. In response to fast-
ing, body weight loss was similar in both groups but the decrease in plasma insulin
and leptin, and the concomitant increase in growth hormone were significantly atten-
uated in obese subjects. The fasting-induced shift from glucose toward lipid oxidation
was also severely blunted. At molecular level, the expression of insulin receptor 3
(IRB) was lower in skeletal muscle from obese subjects at baseline, whereas the fast-
ing-induced reductions in insulin signaling were similar in both groups. The protein
expression of mitochondrial respiratory-chain components, although not modified by
fasting, was significantly reduced in obese subjects. Some minor differences in meta-
bolic gene expression were observed at baseline and in response to fasting. Surpris-
ingly, fasting reduced AMP-activated protein kinase (AMPK) activity in lean but not in
obese subjects, whereas the expression of AMPK subunits was not affected. We con-
clude that whole-body metabolic inflexibility in response to prolonged fasting in obese
humans is associated with lower skeletal muscle IRB and mitochondrial respiratory-
chain content as well as a blunted decline of AMPK activity.
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Introduction

Obesity is an endemic metabolic disorder affecting almost half a billion people world-
wide. Human beings, as all living organisms, have to constantly adjust their metab-
olism in response to changes in environmental nutrient availability. Metabolic
inflexibility, which reflects the inability to adapt tissue-specific substrate oxidation to
whole-body fuel availability, was suggested to be implicated in the development of
obesity, insulin resistance and type 2 diabetes . Thus, the shift from carbohydrate
toward lipid oxidation during the transition from postprandial to fasting state is im-
paired in obese subjects . Taken together, metabolic inflexibility is manifest in a range
of metabolic pathways and tissues, notably in skeletal muscle®, but little is known
about the underlying molecular mechanism(s) &7.

To ensure efficient metabolic adaptations to nutritional or environmental changes, var-
ious energy/nutrient-sensing pathways are mobilized in peripheral tissues &. Among
them, the AMP-activated protein kinase (AMPK), a serine/threonine protein kinase,
which acts as a cellular energy and nutrient sensor, is believed to play a crucial role
in the regulation of tissue-specific substrate metabolism °''. AMPK consists of a het-
erotrimeric complex containing a catalytic subunit a and two regulatory 8 and y sub-
units. Each subunit has several isoforms encoded by distinct genes, giving multiple
heterotrimer combinations with different tissue distribution and cellular localization °.
The a subunit contains a threonine residue (Thr172) whose phosphorylation by up-
stream AMPK kinases, such as the liver kinase B (LKB1) or calmodulin-dependent
protein kinase kinase B (CAMKK}), is required for AMPK activation. The 3 subunit
acts as a scaffold to which the two other subunits are bound, and contains a carbo-
hydrate binding site which allows AMPK to sense energy reserves in the form of
glycogen ™. Binding of AMP and/or ADP to the y subunit activates AMPK via a com-
plex mechanism involving direct allosteric activation, phosphorylation on Thr172 by
AMPKK, and inhibition of dephosphorylation by protein phosphatase(s) that remain to
be identified ®". Thus, any change in cellular energy status activates AMPK, leading
to concomitant inhibition of energy-consuming processes and stimulation of ATP-gen-
erating pathways in order to restore energy balance *'. As a result, glycogen and
protein synthesis, as well as cell growth and differentiation, are inhibited, whereas
fatty acid (FA) oxidation and glucose uptake are stimulated *''. This regulation in-
volves phosphorylation by AMPK of key metabolic enzymes and transcription factors
involved in gene expression %",

26



Chapter 2

The purpose of the present study was to investigate whether metabolic adaptations
to prolonged fasting differ in lean and obese individuals and whether this is associated
with changes in skeletal muscle AMPK signaling pathway, as previously reported in

rodents 213,
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Materials and Methods

Ethical approval

The present study (Clinical Trial Registration Number: NTR2401) was approved by
the Medical Ethical Committee of the Leiden University Medical Centre and performed
in accordance with the principles of the revised Declaration of Helsinki. All volunteers
gave written informed consent before participation.

Subjects

Twenty-six volunteers, 12 lean (2 males, 10 females, body mass index (BMI) 23.3 +
0.5 kg/m?) and 14 obese (2 males, 12 females, BMI 35.2 £ 1.2 kg/m?) subjects were
included. All of them were healthy weight-stable non-smoking Caucasians with a fast-
ing plasma glucose <5.6 mmol/l and without family history of diabetes. Height, weight,
body mass index (BMI), hip and waist circumference were recorded according to
World Health Organization recommendations.

Study design

All participants were admitted to our research center after an overnight fast. The in-
tervention study started after a standardized breakfast (t=0, two slices of brown bread
with cheese), followed by 48 hours of fasting. Water and caffeine-free tea were al-
lowed ad libitum. To ensure complete adherence to the study, the subjects were kept
under supervision in our research center during the whole experimental period. Blood
samples were taken after breakfast (t=90 min) and after 24 and 48 hours of fasting
by venapuncture in the elbow. Muscle biopsies (~50-75 mg) from musculus vastus
lateralis were collected after breakfast (t=135 min) and after 48 hours of fasting, as
previously described 4.

Indirect calorimetry

Subjects were placed under the ventilated hood after 45 min, 24 hours and 48 hours
of fasting (OxyconPro, Mijnhardt Jaegher, The Netherlands). Substrate oxidation was
calculated from CO» and O5 concentrations in the exhaled air, as previously de-
scribed 8.

Laboratory analysis
Serum glucose, total cholesterol, high density lipoprotein (HDL) cholesterol, triglyc-
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erides (TG) and c-reactive protein (CRP) were measured on a Modular Analytics P-
800 system (Roche Diagnostics, Germany). Low density lipoprotein (LDL) cholesterol
was calculated according to the Friedewald equation . Serum insulin and insulin-like
growth factor 1 (IGF-1) were measured by immunoluminometric assay on an Immulite
2500 automated system (Siemens Healthcare Diagnostics, The Netherlands). Corti-
sol, free T4 (FT4) and thyroid stimulating hormone (TSH) were measured by elec-
trochemoluminescence immunoassay on a Modular Analytics E-170 system (Roche
Diagnostics, Germany). Triiodothyronine (T3) was measured with by fluorescence
polarization immunoassay on an AxSym system (Abbott, US). Growth hormone (GH)
was measured by immunofluorometric assay (Wallac, Finland). Serum active ghrelin,
leptin and adiponectin were determined by radioimmunoassay (Millipore, USA).

Western Blot

Skeletal muscle biopsies (~30-45 mg) were homogenized by Ultra-Turrax (22 000
rpm; 2x5 sec) in a 6:1 (v/w) ratio of ice-cold buffer containing: 50 mM HEPES (pH
7.6), 50 mM NaF, 50 mM KCI, 5 mM NaPPi, 1 mM EDTA, 1 mM EGTA, 5 mM B-GP,
1 mM Na3VvVO4, 1 mM DTT, 1% NP40 and protease inhibitors cocktail (Complete,
Roche, The Netherlands). Western blots were performed using phospho-specific
(Serd473-PKB, phospho-Akt substrate and Thr172-AMPKa from Cell Signaling;
Thr246-PRAS40 from Biosource; Tyr612-IRS1 from Invitrogen) or total primary anti-
bodies (Tubulin and AMPKB1+2 from Cell Signaling; AMPKa1 and AMPKa2 from Ki-
nasource; AMPKy1, PGC-1a and MitoProfile OXPHOS from AbCam; AMPKy3, IRB
and LKB1 from Santa Cruz; CAMKKa/p from BD Biosciences; AMPKa2 truncated is
a kind gift of Pr. DG Hardie), as previously described'”.

AMPK activity

AMPK heterotrimeric complexes were immunoprecipitated from 500 yg of muscle
lysate using protein A-agarose beads (GE Healthcare, The Netherlands) and a pan
a-specific AMPK antibody (Santa Cruz) incubated together at 4°C overnight on a ro-
tating wheel. After incubation, the immunoprecipitate was washed twice in ice-cold
lysis buffer without NP40 and once in ice-cold assay buffer containing: 50 mM HEPES
(pH 7.2), 80 mM KCI, 1 mM EDTA, 5 mM MgCI2, 1 mM DTT, 1% glycerol and 1 mg/ml
FFA-free BSA. The reaction was initiated at 30°C by addition of a mixture of 200 uM
AMP, 200 yM SAMS-peptide (kind gift from Dr. L. Bertrand, Brussels, Belgium), 100
UM Mg-ATP, and 2 uCi of [y-32P]ATP (PerkinElmer, The Netherlands). After 15 min,
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the beads were briefly spun down and 20 pl of supernatant was spotted onto P81
filter paper (Whatman, GE Healthcare, The Netherlands). After extensive washing in
1% phosphoric acid, the filter paper was dried and analyzed for radioactivity using a
Tri-Carb Liquid Scintillation Counter (Packard, The Netherlands). The non-specific
activity (without SAMS-peptide) was subtracted from the specific kinase activity, which
was expressed in mU/mg protein.

RNA isolation and real-time RT-PCR

Total RNA was isolated from skeletal muscle biopsies (~25-30 mg) using the phenol-
chloroform extraction method (Tripure RNA Isolation reagent, Roche, Germany) and
quantified by NanoDrop. First-strand cDNA were synthesized from 1 pg total RNA
using a Superscript first strand synthesis kit (Invitrogen, The Netherlands). Real-time
PCR assays were performed using specific primers sets (sequences provided on re-
quest) and SYBR Green on a StepOne Plus Real-time PCR system (Applied Biosys-
tems, US). mRNA expression was normalized to ribosomal protein S18 (Rps18) and
expressed as arbitrary units.

Statistical analysis

All data are presented as mean * standard error of the mean (SEM). For metabolic
parameters and indirect calorimetry, a mixed model was used to determine the effects
of fasting in between groups. For Western blot and RT-gPCR, the data were analyzed
with unpaired or paired t-tests for determining the baseline differences and within
group effects, respectively. All the statistical analysis were performed using SPSS for
Windows version 18.0 (SPSS Inc., US).

Results

Effects of fasting on body weight, body composition and metabolic parameters in
lean and obese subjects

The anthropometric and metabolic characteristics of the subjects were determined
at baseline (post-meal), i.e. ~90 min after a standardized breakfast (300 Kcal), and
after 24 or 48h of fasting (Table 1). At baseline, body weight, BMI and waist-to-hip
ratio were significantly higher in obese than in lean subjects. Plasma glucose, insulin,
leptin and triglycerides levels were also elevated in the obese group (+11%, +148%,
+204% and +40%, respectively; p<0.05), reflecting whole-body insulin/leptin resist-
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ance and glucose intolerance. In response to fasting, body weight was decreased to
the same extent in obese and lean subjects (-2.8% vs -3.5%, respectively; p<0.05).
As expected, fasting induced a significant decrease in plasma glucose, insulin, leptin,
T3 and TSH levels, whereas circulating total cholesterol, LDL, growth hormone, CRP
and cortisol increased in both groups (Table 1). However, the fasting-induced changes
in plasma insulin (at 24 and 48h: -76% and -84% vs -87% and -85% in obese and
lean, respectively; p<0.01), growth hormone (at 48h: +343% vs +900% for obese and
lean, respectively; p<0.01) and leptin (at 24 and 48h: -22% and -43% vs -45% and -
66% in obese and lean, respectively; p<0.01) levels were significantly attenuated in
obese subjects (Table 1).

Effects of fasting on whole-body glucose and lipid oxidation rates in lean and
obese subjects

The substrate oxidation rates were determined by indirect calorimetry at baseline and
after 24 and 48 hours of fasting (Table 2). At baseline, the absolute resting energy
expenditure (REE, in Kcal/day) was significantly higher in obese than in lean subjects
(+24%; p<0.05), an effect that however disappeared when the data are corrected for
lean body mass (Kcal/day/Kg FFM). This metabolic feature is associated with higher
lipid (+62%) and lower glucose (-22%; p<0.05) oxidation rates. Fasting led to signif-
icant decrease in respiratory quotient (RQ), indicating a shift in substrate metabolism
from glucose toward lipid oxidation in both groups (Table 2). However, these fasting-
induced changes were significantly attenuated in the obese subjects, with a lower re-
duction in glucose oxidation (at 24 and 48h: -38% and -60% vs -53% and -70% in
obese and lean, respectively; p<0.01) and a lesser increase in lipid oxidation (at 24
and 48h: +41% and +76% vs +133% and +214% in obese and lean, respectively;
p<0.01). In addition, the REE was also differently affected in response to fasting be-
tween groups, with a significant decrease only evidenced in the obese group (at 48h:
-7% vs +3% in obese and lean, respectively; p<0.01) (Table 2).

Effect of fasting on insulin signaling pathways in human skeletal muscle from lean
and obese subjects

The protein expression and phosphorylation state of key molecules involved in the
insulin signaling pathway were determined in skeletal muscle biopsies at baseline
and after 48h of fasting (Figure 1). Tubulin expression, used as a housekeeping pro-
tein, was similar between lean and obese subjects at baseline and was not affected
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Table 2. Substrate oxidation rates at baseline and during fasting in lean and obese subjects

Interaction

Obese

Lean

p-value
24h fast 48h fast

Post-meal

48h fast

24h fast

Post-meal

0.24/0.00
0.46/0.01
0.03/0.01

1719 + 55*
28.6 £ 0.9*
0.78 +0.01*

1734 + 59*

1856 + 63*

1444 + 70 1546 + 83

1502 + 68

Resting energy expenditure (kcal/day)

28.6+0.9*

30.4+0.8
0.87 +0.01%

286+1.4 30.7+1.2

29.7+1.6

Resting energy expenditure (kcal/lkgFFM/day)

Respiratory quotient

0.82 + 0.02*

0.82+0.02* 0.77 £0.02*

0.94 £ 0.03

5.9 £ 0.5* 0.09/0.02
0.07/0.08

4.8+0.6*

34+04

49+0.6* 6.6 £0.7*

21+06
236128

Lipid oxidation (umol/kgFFM/min)
Glucose oxidation (umol/kgFFM/min)

11.4+1.6* 74 +£14*

18.3+1.6"

7.1+1.6*

11.0+1.4*

12-14. *, p<0.05 vs basal ; #, p<0.05 vs lean subjects; kgFFM, kilogram fat free mass.

Data are shown as mean + SEM, n

Interaction p-value between post-meal and 24 hours/post-meal and 48 hours.

by fasting (Figure 1A). By contrast, the insulin
receptor B (IRB) expression was significantly
lower in obese when compared to lean sub-
jects at baseline (Figure 1B, -18%; p=0.02),
but its increase in response to fasting was
similar in both groups (+17% and +18% in
lean and obese, respectively; p<0.05). Down-
stream IR, the phosphorylation of insulin-re-
ceptor substrate (IRS) 1, protein kinase B
(PKB, also called Akt) and of PKB down-
stream targets Proline-Rich Akt Substrate of
40kDa (PRAS40) and Akt Substrate of 160
kDa (AS160) on key regulating residues were
similar between lean and obese subjects at
baseline (Figure 1C-F). In line with the de-
crease in plasma insulin levels, the phospho-
rylation states of these proteins were similarly
reduced after 48h fast in both groups. Of
note, protein expression of IRS1, PKB,
PRAS40 and AS160 were not affected what-
ever the conditions (data not shown).

Effect of fasting on AMPK expression and
signaling in human skeletal muscle from
lean and obese subjects

We next assessed whether prolonged fasting
affects the protein expression and phospho-
rylation state of AMPKa on its activating
Thr172 residue. AMPKa expression was sim-
ilar in lean and obese subjects whatever the
condition (Figure 2A). Surprisingly, AMPK-
Thr172 phosphorylation, which was not differ-
ent between groups at baseline, was reduced
by fasting in lean (-19%, p=0.08) but not in
obese (-1%, p=0.90) individuals (Figure 2B-
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Figure 1. Effect of fasting on insulin signaling pathways in skeletal muscle from lean and obese
subjects.

The expression of tubulin (A), insulin receptor B (B) and the phosphorylation states of Tyr612-IRS1 (C),
Ser473-PKB (D), Thr256-PRAS40 (E) and phospho-AS160 (F) were assessed by Western Blot in skeletal
muscle from lean and obese subjects before (black bars) and after 48h of fasting (open bars). Represen-
tative blots for one subject per group are shown. Results are normalized to lean subjects and expressed
as mean + SEM; n=12-14; *p<0.05 compared with baseline, #p<0.05 compared with lean subjects.

C). This borderline significant trend was confirmed by determination of AMPK activity
using a kinase assay (Figure 2D). Furthermore, the fasting-induced change in the
phosphorylation state of acetyl-CoA carboxylase (ACC) at Ser221, one of the main
AMPK downstream target, followed the same pattern although not reaching a signif-
icant threshold (-18% in lean vs +4% in obese, p=0.07 and p=0.72, respectively). Al-
though some differences were observed at the mRNA levels (Table 3), the protein
expression of the different isoforms of AMPK catalytic a and regulatory 8 and y sub-
units were similar at baseline, except for the AMPKy2 short isoform that was signifi-
cantly lower in obese when compared to lean subjects (Figure 3). The expression of
all these AMPK subunits was not affected by fasting in either group, suggesting that
the difference in AMPK response between lean and obese is unlikely due to changes
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Figure 2. Effect of fasting on AMPK signaling in skeletal muscle from lean and obese subjects.
The phosphorylation state of AMPKa on Thr172 (B) and the expression of AMPK(pan)a (A), LKB1 (E) and
CAMKKa/B (F) were assessed by Western Blot in skeletal muscle from lean and obese subjects before
(black bars) and after 48h of fasting (open bars). The phospho-on-total ratio for AMPKa-Thr172 was cal-
culated (C). AMPK activity was determined by kinase assay following immunoprecipitation of the AMPK
heterotrimer using a pan a antibody (D). Representative blots for one subject per group are shown. Results
are normalized to lean subjects and expressed as mean + SEM; n=12-14; *p<0.05 compared with baseline,
#p<0.05 compared with lean subjects.

in heterotrimer composition. Of note, the protein expression of the AMPK upstream
kinase LKB1, but not of CAMKKa/B, was significantly increased by fasting only in
lean subjects (Figure 2E-F).

Effect of fasting on metabolic genes expression in human skeletal muscle from
lean and obese subjects

The mRNA expression of key genes involved in glucose and lipid metabolism were
determined in skeletal muscle from lean and obese subjects. At baseline, transcript
levels of HK1, PKM2, PPARA, CD36, ACACA, ATP2A1, ACADM, ACOX3 and PDK4
were significantly higher in obese when compared to lean individuals, whereas LPL
mRNA expression was found to be significantly lower (Table 4). Prolonged fasting in-

35



Metabolic and endocrine adaptations to fasting in lean and obese individuals

sj09lqns ues| s GO 0>d ‘# ‘[eaw-jsod sA GO'0>d ¢, "9-8=U ‘|NIS F UBSW SB UMOYS aIe ejeq

000 FO0F0L L0F8L 20%80 CO0F0L CE9ES  £OvMHd ¢A aseuny uigjold pajeanoe-diNY
890 £0FG1 L'0F0'L RAEE )" L'0OF0L  22vlS 2OVMHd ono e @seun utejoid pajeAioe-diNY
0.0 «00F20 L0FLL £L0FL0 CTOF0L 2Zevls 2OV e @seun| uisjoid pajeanoe-diNy
900 €0F9l #ZO0FL'L F0F0C L'0F0'L 11GG LOVMSEA LA aseuny uiejoid payeoe-diNy
9/°0 A Z20F2CL Z20F0L L'0F0°) G9GS 2avMdd Zd eseuny ursjoud pajeande-dny
280 L0FCI L'0F0'L KL 0F€EL L'0F0°L Y9GS LavYed L eseuny uisjoid psjeanoe-dy
220 L 0FC1 L'0F0°L L'0F 1L L'0F0°L €966 A4 2 lsle] Zp oseuny utsjoid pajeAnoe-diNyY
890 L'0F2CL L0FLL L'0F 1L L'0F0°L 298§ LYYMEd L0 8seuly ulejoid pajeande-dNy
Lro So0F L) CoFLL Z20*FC1 LOFOL  $S2¥8  2XMAVD (A MMIAVD) g oseuny aseuny uisjoid juspusdap-ulnpow|ed/wniojed
260 0C*0¢ 90F0'L 90F8L ZO0FO0L  SP0L  LMMAVO (B MMINYD) e aseun aseuly uisjoid Juspuadap-ulinpow|ed/wniojed
€e0 Co0FVL 20*C1 AN L'0F0°L ¥6.9 LIMLS (1gM7) Lg eseury JoAn
se eaW-}so se [esw

anjea-d  1Se} Usy | 1sod 1se} ugy 1504 ousb loquiks
uoh zonug auag aweu auag

oeuapuf 9saq0 uea]

sjoalgns 9sago pue uead| WOy A|ISNW [B}B[9YS Ul SHUNANS HYJINY Pue saseuly YdINY 0 uoissaidxa YNy W uo Buijse) Jo sjoay3 ' ajqel

N

36



Chapter 2

A IB: AMPKao.1 B IB: AMPKa.2 C IB: AMPKB1 D IB: AMPKP2
Ewu 5100 gmo 3100
E g g g
o o o o
E 50 5 50 <Et 50 5 50
0 0 0 (]
Lean Obese Lean Obese Lean Obese Lean Obese
E IB: AMPKy1 F IB: AMPKy2L G IB: AMPKYy2S H IB: AMPKy3
3 =
- & & =
;imo E 100 -_E 100 # # Emo
T = £ e
g 4 g g
5 50 g 50 g 50 Z 50
= =
< <
0 [ 0 0

Lean Obese Lean Obese Lean Obese Lean Obese

Figure 3: Effect of fasting on protein expression of AMPK regulatory subunits in skeletal muscle
from lean and obese subjects.

The expression of AMPKa1 (A), AMPKa2 (B), AMPKB1 (C), AMPKB2 (D), AMPKy1 (E), AMPKy2 (long
isoform, F), AMPKy2 (short isoform, G), and AMPKy3 (H) were assessed by Western Blot in skeletal mus-
cle from lean and obese subjects before (black bars) and after 48h of fasting (open bars). Representative
blots for one subject per group are shown. Results are normalized to lean subjects and expressed as
mean + SEM; n=12-14; *p<0.05 compared with baseline, #p<0.05 compared with lean subjects.

duces significant upregulation of INSR, PDK4, PFKFB3 and UCP3, and downregu-
lation of HK2 and PPARGC1A mRNA expression in lean subjects (Table 4), in line
with previous studies '®2'. Furthermore, we also report that SLC2A4, PKM2, CD36,
ACSL1, NDUFB8 and ACAT2 were significantly reduced in response to fasting. How-
ever, among these key metabolic transcription factors and genes only ACAT2,
SLC2A1 and NRF1, were shown to be differentially affected by fasting in lean and
obese individuals (Table 4).

Effect of fasting on PGC-1a and mitochondrial respiratory-chain components ex-
pression in human skeletal muscle from lean and obese subjects

Finally, the protein expression of PGC-1q, a key transcription factor involved in mito-
chondrial biogenesis, and of several mitochondrial respiratory-chain complex subunits
were measured in skeletal muscle from lean and obese subjects (Figure 4). At base-
line, we found that although PGC-1a expression was similar in both groups, all the
respiratory-chain subunits were significantly lower in the obese when compared to
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Figure 4: Effect of fasting on mitochondrial respiratory-chain subunits expression in skeletal mus-
cle from lean and obese subjects.

The expression of PGC-1a (A) and various mitochondrial respiratory-chain subunits (Cl: NDUFB8; CII:
SDHB; ClIl: UQCRC2; CIV: MTCO1; CV:ATP5A) were assessed by Western Blot in skeletal muscle before
(closed bars) and after 48h of fasting (open bars) in lean and obese subjects (black and grey bars, re-
spectively). Representative blots are shown. Results are normalized to lean subjects and expressed as
mean + SEM; n=12-14; *p<0.05 compared with baseline, #p<0.05 compared with lean subjects.
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lean subjects (-30%, -30%, -40%, -43% and -21% for Cl to V, respectively; p<0.05).
The expression of PGC-1a and mitochondrial proteins were not significantly affected
by fasting in both groups, although a trend for a specific increase in the respiratory-
chain complex 1 subunit (+25%; p=0.06) was observed in skeletal muscle from lean
subjects (Figure 4).
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Discussion

By contrast to the vast literature available on the signal transduction pathways in-
volved in metabolic adaptations to exercise in human skeletal muscle, only few sys-
tematic studies have been conducted to investigate the molecular processes
triggered by fasting, especially in individuals with metabolic disorders. To our knowl-
edge, this study is the first to report the effects of prolonged fasting on whole-body
substrate oxidation rates in relation with changes in signal transduction pathways
and metabolic gene expression in skeletal muscle from both lean and obese sub-
jects.

The physiological adaptation to fasting is generally marked by increased lipolysis,
ketone body synthesis and lipid oxidation, and a concomitant decrease in glucose
uptake and oxidation by peripheral tissues ’. In lean individuals, we observed several
of these well-known effects on whole-body substrate metabolism together with de-
creased plasma levels of glucose, insulin and leptin, and concomitant increase in
GH. Not surprisingly, our obese subjects exhibited elevated levels of glucose, insulin,
TG and leptin and lower circulating adiponectin at baseline when compared to lean
individuals, and a marked whole-body metabolic inflexibility characterized by impaired
fasting-induced switch from glucose toward FA oxidation. In addition, the decrease in
plasma leptin and insulin levels in response to fasting was also blunted, in line with
previous reports ?2*, Among the limitations to the interpretation of these data, it should
be mentioned that it cannot be totally excluded that some of the baseline differences
between lean and obese individuals might partly reflect impaired metabolic adaptation
to the initial standardized breakfast taken by the subjects. However, Labayen et al.
have also reported a lower RQ and higher lipid oxidation rate at baseline in obese
women after an overnight fast when compared to lean individuals 2%, suggesting that
these fundamental differences are independent to meal response. Interestingly, we
found that the protein expression of the insulin receptor 8 (IRB) was reduced at base-
line in skeletal muscle from obese when compared to lean individuals. However, the
IRB protein expression was similarly increased in response to fasting in both lean
and obese individuals, likely reflecting a compensatory feedback mechanism trig-
gered by reduced plasma insulin levels. In contrast to our findings, Bergman et al.
have found no effect of 48h-fasting on the expression of the insulin receptor 2. This
discrepancy might be explained by the fact that their baseline samples were collected
after an overnight fast, a nutritional condition that might be sufficient to already induce

42



Chapter 2

IR expression. Of note, IR downstream signaling, reflected by the phosphorylation
state of IRS1, PKB, PRAS40 and AS160, was similarly reduced by fasting in both
groups.

The fasting-induced increase in plasma GH levels is believed to play an important role
in the regulation of whole-body substrate metabolism, notably by inhibiting glucose
uptake and enhancing lipid oxidation in skeletal muscle #’. Interestingly, we found that
the change in plasma GH levels was significantly different between groups, with a
much larger increase in lean compared to obese individuals. This result is in line with
our previous findings showing that obese women exhibit lower plasma GH concen-
trations in response to a 20h-fast compared to normal weight women 2?8, suggesting
that GH hyporesponsiveness may contribute to metabolic inflexibility. At present, it is
unclear to which extent the fasting-induced increase in GH modulates signaling path-
ways involved in the regulation of glucose/lipid metabolism in human skeletal muscle.
However, it has recently been shown that fasting induced similar up-regulation of lipid
oxidation genes in skeletal muscle from wild-type and GH receptor knockout obese
mice, suggesting that GHR signaling is likely not required for the control of lipid oxi-
dation during fasting 2°. Among the fasting-induced changes in skeletal muscle meta-
bolic gene expression observed in our study, some were previously reported, such as
upregulation of PDK4 and UCP3, and are likely contributing to the whole-body shift
from glucose to lipid oxidation in humans '82:30-32_ However, no major differences in
transcriptional regulation in response to fasting were found between lean and obese
individuals.

One of our initial hypotheses was that the nutrient/energy sensing AMPK pathway is
activated by fasting in skeletal muscle and subsequently triggers metabolic adapta-
tions to food deprivation. Indeed, although most of its established functions came from
in vitro and/or rodent studies, it is largely acknowledged that AMPK activation promotes
both glucose uptake and lipid oxidation in skeletal muscle through direct phosphory-
lation of key regulatory enzymes or transcription factors 3334, In the present study, we
did not find any differences in basal (post-meal) AMPK activity in skeletal muscle from
lean and obese subjects. This is in line with most of the previous reports 19353, al-
though one study has reported reduced AMPK activity in skeletal muscle from healthy
obese and type 2 diabetes individuals 3. Surprisingly, we showed that fasting de-
creases skeletal muscle AMPK activity in lean subjects, an effect lost in obese indi-
viduals. Of note, it was also recently reported that 72 hours of fasting does not
significantly affect AMPK activity in healthy individuals 2. One could therefore argue
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that fasting-induced AMPK activation is an early regulatory event that transiently oc-
curs in the first hours following food deprivation. Additional experiments with earlier
time points are therefore required to clarify this issue.

Why does AMPK activity decrease in healthy individuals in response to fasting and
why is this effect lost in obesity? The regulation of AMPK activity is complex and in-
volves 1) adenine nucleotides binding to the y-subunit, 2) Thr172 phosphorylation by
LKB1 and/or CAMKKR, 3) Thr172 dephosphorylation by AMPK-specific protein phos-
phatase(s), 4) phosphorylation of various regulatory residues on both a- and B-sub-
units, and 5) glycogen binding to the B-subunit . In addition, modification in the
AMPK subunits composition might also influence the kinase activity by changing the
sensitivity toward AMP and/or other post-translational regulatory mechanisms. In
human skeletal muscle, the majority of AMPK heterotrimers consists of either a232y1
or a2B2y3 complexes . However, except for the protein expression of the marginal
short AMPKYy2 isoform which was significantly lower at baseline in the obese when
compared to lean individuals, all the other catalytic a and regulatory $/y subunits were
similar between groups whatever the conditions. Among the AMPK regulatory mech-
anisms described above, an increase in cellular energy status during fasting is rather
unlikely and no differences in the phosphorylation state of AMPKa at the inhibitory
Ser485/491 residue were observed (data not shown). A fasting-induced increase in
protein phosphatase(s) activity cannot be excluded but the identity of the enzyme(s)
involved in AMPK-Thr172 dephosphorylation remains uncertain *''. Counter intuitively,
we found an increase in LKB1 protein expression after fasting in lean but not in obese
individuals that, however, merely suggests a compensatory mechanism secondary to
reduced AMPK activity in the former group. On top of the cellular energy state, AMPK
constantly monitors intracellular glycogen stores. Interestingly, a paradoxical increase
in skeletal muscle glycogen content was reported during prolonged fasting . It is
therefore tempting to speculate that this physiological adaptation might be involved in
reduced AMPK activity in lean subjects and altered in obese individuals with impaired
glycogen metabolism. The determination of skeletal muscle glycogen content in our
study would have clearly contributed to strengthen this point but the amount of avail-
able materials was unfortunately not sufficient to perform this measurement. Finally,
an attractive potential explanation emerges from a recent study showing that adrena-
line inhibits AMPK by a mechanism involving activation of an unidentified kinase which
phosphorylates the AMPK B-subunit on a new inhibitory residue *. Indeed, fasting is
known to increase plasma catecholamine levels “°, an effect that was reported to be

44



Chapter 2

partly blunted in obese individuals ?2. Taken together, the physiological rationale for a
reduced AMPK activity during prolonged fasting still remains unclear. One of the hy-
potheses builds on modulation of the so-called Randle cycle #': a reduced AMPK ac-
tivity would therefore prevent glucose uptake by reducing AMPK-mediated GLUT4
translocation to the plasma membrane, leading to subsequent inhibition of glucose
oxidation and the concomitant shift toward mitochondrial FA.

Finally, another striking finding is the marked decrease in protein expression of key
mitochondrial respiratory-chain subunits in from obese subjects, strongly suggesting
that the skeletal muscle mitochondrial content is reduced in these individuals. This
may affect the capacity of skeletal muscle to adapt to increased FA availability asso-
ciated with fasting and underlie the impaired shift from glucose toward mitochondrial
FA oxidation. Although the underlying molecular mechanisms remains to be eluci-
dated, this strengthens previous reports showing that mitochondrial density in skeletal
muscle, assessed either by mtDNA content and/or by ex vivo determination of mito-
chondrial respiratory-chain complexes activities, was reduced in skeletal muscle from
obese subjects 4?43, In the present study, due to lack of materials, we were unfortu-
nately not able to measure other mitochondrial markers, such as mtDNA content or
activities of citrate synthase and B-hydroxyacetyl coenzyme A dehydrogenase. Addi-
tional studies are therefore required to determine additional mitochondrial parameters
and clarify the (patho)physiological consequence of these findings.

In conclusion, our main findings show that obese individuals are characterized by
whole-body metabolic inflexibility in response to prolonged fasting, a feature associ-
ated with apparent alteration in AMPK signaling and reduced skeletal muscle IRB
and mitochondrial content.
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