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The pathogenic continuum of obesity-
linked diseases	
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Our “toxic” sedentary environment 





Dietary protein intake in T2D subjects: a two-
edges sword 

Muscle 
protein mass 

Renal function 

Protein intake 

T2D management 
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Est-ce que la composition des 
protéines alimentaires peut avoir 
un impact sur le développement 

du  diabète de type 2 ? 



insulin resistance	


glycemia	


inflammation	


triglyceridemia	


LDL-cholesterol 	


HDL-cholesterol	


Effects of…	
Obesity, diabetes 
and CVD	


Dietary Fish	




Male Wistar rats (200-250g) 

Chow or High-Fat diets (28 days) 
High-fat diet • 40% Fat (20% Lard, 20% Corn Oil) 

• 27% Carbohydrate (Sucrose) 
• 20% Protein (casein, cod, or soy) 

Obesity and insulin resistance 
 • body weight gain and adiposity 
 • whole-body insulin action (clamp) 
 • tissue insulin action (2-DG uptake) 
 • insulin receptor signaling 

Protocol 



HIE clamp technique 

Dietary cod protein prevents insulin resistance 

However, feeding cod protein did not affect weight 
gain or adiposity 

Lavigne et al., Am. J. Physiol. 278 (Endocrinol. Metab.), E491-E500, 2000.	
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Are all fish equals ? 

Proteins	


AGPI n-3	




Salmon protein hydrolysate prevents weight gain 
and improves insulin sensitivity in fat-fed rats 
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Multiple fish protein sources carry anti-inflammatory properties 



Experimental protocol in human obese subjects	

Crossover design!
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Dietary cod protein improves insulin sensitivity 
and reduces inflammation in insulin-resistant 

human subjects 
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Prevention of T2D 

Two potential mechanisms underlying the 
beneficial effects of fish proteins on T2D 

Fish proteins 

biopeptides Amino acids 

effect on the gut and 
the microbiota 

effect on metabolic 
tissues and immune 

cells 

MACROPHAGE 



Plasma amino acid composition of HF-fed 
rats consuming different dietary proteins 

Lavigne et al. Prevention of skeletal muscle insulin resistance by dietary cod 
protein in high fat-fed rats. Am J Physiol Endocrinol Metab. 2001 Jul;281
(1):E62-71.  

G
lu

co
se

 in
fu

si
on

 r
at

e
(m

g 
gl

uc
os

e/
K

g/
m

in
)

0

5

10

15

20

b
b

Casein Cod
protein

Soy
protein

a

G
IR

   
(m

g/
kg

/m
in

)	


chow 

HF-fed HF-fed HF-fed 

Dietary proteins in vivo 

HF-fed HF-fed 



The effects of dietary proteins can be 
reproduced by amino acids in vitro 

.
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Lavigne et al. Prevention of skeletal muscle insulin resistance by dietary cod 
protein in high fat-fed rats. Am J Physiol Endocrinol Metab. 2001 Jul;281
(1):E62-71.  
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uptake in L6 myocytes	
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Is mTORC1/S6K1-mediated 
insulin resistance relevant to 
human insulin resistance ?	
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Insulin 
resistance 

Integrative view of molecular pathways implicated in the pathogenesis of muscle and liver insulin 
resistance through activation of iNOS	
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mTOR and S6K1 phosphorylate distinct serine 
residues 
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Genetic disruption of S6K1 blunts IRS-1 
S1101 phosphorylation in mice and cells	
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Obesity Nutrients 

Frédéric Tremblay Sophie Brûlé 

PNAS  August 28, 2007  vol. 104  no. 35, 14056–
14061  



BCAAs	  
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«	  Five	  branched-‐chain	  and	  aromatic	  amino	  acids	  had	  highly	  significant	  
associations	  with	  future	  diabetes:	  isoleucine,	  leucine,	  valine,	  tyrosine	  and	  
phenylalanine.	  A	  combination	  of	  three	  amino	  acids	  predicted	  future	  diabetes	  
(with	  a	  more	  than	  fivefold	  higher	  risk	  for	  individuals	  in	  top	  quartile).	  »	  



These features can lead to type 2 diabetes,  
hypertension and cardiovascular disease 

Visceral obesity is associated with a cluster 
of metabolic abnormalities 

. Hypertriglyceridemia 

. Low HDL-cholesterol 
. Elevated apolipoprotein B 

. Small, dense LDL particles 
. Inflammatory profile 

. Insulin resistance 

. Hyperinsulinemia 

. Glucose intolerance 

. Impaired fibrinolysis 

. Endothelial dysfunction 



Boulet et al. 2013, Obesity Society Meeting 

Blood and fat tissue samples obtained from 59 women undergoing 
gynecological surgery at the CHU de Québec Hospital 
 
Subjects covering the lean to moderately obese range: BMI 20-41 kg/m2 

 
Non-diabetic, generally low levels of fasting glucose and insulin  
 
Body composition by DEXA, Body fat distribution by CT scan 
 
Full blood lipid profile 
 
Characterization of adipocyte morphology 
 
Biocrates Absolute IDQTM p180 kit was used for metabolite 
quantification  

Study Sample 



Table 1: Anthropometrics, body fat distribution and 
metabolic characteristics of the women (n=59) 

Characteristics Mean ± SD Range (min-max) 

Age (years) 47.0 ± 4.98 37.7 - 59.4 

Weight (kg) 70.6 ± 12.6 53 - 108 

BMI (kg/m2) 27.3 ± 4.7 20.3 - 41.1 

Fat mass (kg) 25.8 ± 7.7 12.4 - 47.3 

Lean-body mass (kg) 43.8 ± 5.6 35.6 - 58.9 

Fat percentage (%) 35.3 ± 5.1 22.7 - 45.1 



Blood amino acids as a function of BMI 



Table 2: Pearson correlations between blood levels of amino 
acids or acyl carnitines and adiposity markers 

BMI  Fat mass Visceral 
AT area 

Subcutaneous 
AT area 

Omental 
adipocyte size 

Subcutaneous 
adipocyte size 

Alanine 0.34* 0.31# 0.35* 0.28# - 0.26# 

Arginine 0.27# 0.28# - - - 0.29# 

Glutamate 0.28# - 0.46**§ 0.33* 0.26# - 

Isoleucine 0.40* 0.40* 0.28# 0.35* 0.27# 0.32# 

Leucine 0.39* 0.37* 0.31# 0.33* 0.30# 0.29# 

Lysine 0.26# 0.29# - 0.27# - - 

Phenylalanine 0.29# 0.29# - - - - 

Threonine 0.30# - - - - - 

Tyrosine 0.35* 0.37* 0.31# 0.34* 0.26# 0.31# 

Valine 0.34* 0.37* 0.27# 0.31#§ - - 

C3 - - 0.36*§ - - - 

C5 0.32* 0.38* 0.31# 0.39*§ - - 



Principal component analysis 
Factor related to blood BCAA levels 



Principal component analysis 
Factor related to blood glutamate levels 

…Observed in patients with low levels of insulin resistance 



What	  this	  study	  adds:	  
•Increased	  concentrations	  of	  BCAAs	  are	  already	  
present	  in	  young	  obese	  children	  and	  their	  
metabolomic	  profiles	  are	  consistent	  with	  
increased	  BCAA	  catabolism.	  

•	  Elevations	  in	  BCAAs	  in	  children	  are	  positively	  
associated	  with	  insulin	  resistance	  measured	  18	  
months	  later,	  independent	  of	  their	  initial	  body	  
mass	  index.	  
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Prevention of T2D 

Two potential mechanisms underlying the 
beneficial effects of fish proteins on T2D 

Fish proteins 

biopeptides Amino acids 

effect on the gut and 
the microbiota 

effect on metabolic 
tissues and immune 

cells 

MACROPHAGE 



Goals of the Project 

Develop a functional food to improve insulin 
sensitivity and prevent diabetes 

Metabolically Bioactive 
Peptides (MBPs) 

+ 

ω-3 Polyunsaturated Fatty 
Acids (PUFA) 



Salmon peptide isolation 

Muscle Protein 

Mixture of 
Peptides 

- Solubilization 
- Enzymatic Digestion 

Ultrafiltration 

Salmon Peptides  
(<1 kDa) 

Screening in vitro: 
-   insulin-induced glucose uptake in muscle cells 
-   insulin-mediated suppression of hepaotocyte glucose production 
-   inhibition of macrophage inflammation 
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When fed a high fat (55% kcal) and sucrose diet (HFHS) containing cholesterol (0.2%), 
these mice are prone to develop obesity and dyslipidemia, leading to T2D and CVD	


LDLr -/-  mice 	


HFHS Fish oil 10% SPH 10% SPH + Fish oil 

12-24 weeks	


Daily gavage 	


Impact on obesity-linked glucose intolerance 
and dyslipidemia	




* 

       Body weight gain(g)   Energy intake (kcal/jd)   

Body weight gain and energy intake of LDLr-/-/ApoB100 mice after 12 
weeks on HFHS diet supplemented with or without salmon peptides 

and/or fish oil 



The	  addi(on	  of	  salmon	  pep(des	  and/or	  fish	  oil	  improve	  
glucose	  tolerance	  in	  HFHS	  fed	  LDLr-‐/-‐/ApoB100	  mice	  	  



Dyslipidemia in obese LDLr KO mice is reduced by fish oil and the 
salmon protein fraction 



Adipose tissue inflammation is reduced by fish oil and the salmon 
protein fraction 



Identify Novel Bioactive 
salmon Peptides  

Pre-clinical Validation 
in Animal Models 

Clinical trial with 
functional food enriched 

with BFPs 

2011-2015 

Current Goals of the research program 

Commercialization of 
functional foods 

containing n-3 PUFA 
and BFPs 



Collaborators!
Laval University!
Hélène Jacques 
John Weisnagel 
André Tchernof 

 Marie-Michèle Boulet 
!

Dalhousie University	

Tom Gill	


Roger McLeod	

!

Univ. of Cincinnati	

George Thomas	


	

Univ. of Vienna	

Michael Roden	

Michael Krebs	


	


A. Marette’s lab	

Geneviève Chevrier	


Patricia Mitchell	

Geneviève Plion	

Charles Lavigne	


Frédéric Tremblay	

Sophie Brulé	


Lelia Khamzina	

Alain Veilleux	


	


ACKNOWLEDGMENTS	




Insulin Insulin Insulin 

Ph
-m

TO
R

  D
en

si
to

m
et

ry
 U

ni
ts

 

Ph
-S

6K
1 

D
en

si
to

m
et

ry
 U

ni
ts

 

Ph
-I

R
S-

1 
D

en
si

to
m

et
ry

 U
ni

ts
 

5 10 20 35 
Chow HFHS 

- - 5 10 20 35 5 10 20 35 
Chow HFHS 

- - 5 10 20 35 5 10 20 35 
Chow HFHS 

- - 5 10 20 35 

5 

0 

10 

15 

0 0 

10 

20 

30 

20 

40 

60 

P-mTOR	
 P-S6K1	
 PsIRS-1	


mTOR/S6K1 activation and IRS-1 serine phosphorylation 
in liver of high-fat fed obese rats	




S6K1 phosphorylates GST-IRS-1 in vitro  
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Potential sites in IRS-1 phosphorylated by S6K1 
based on motif recognition. 

Residues (rat IRS-1) 
 
Ser57 
Ser265 
Ser302 
Ser325 
Ser358 

GST-IRS-1N 

S6K1 recognition motif (K/RxRxxS) in GST-IRS-1  

GST-IRS-1C Ser1101 



 
identification of Ser1101 as an S6K1-mediated 

phosphorylation site in IRS-1 
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Effect of fish peptides on glucose uptake in L6 myocytes!

The values represent the means ± SEM of 5-9 experiments. 
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Effect of fish peptides on hepatic glucose production in 
cultured hepatocytes!
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