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LE DIABETE

Maladie métabolique caractérisée par un exces chronique
de sucre dans le sang

Sucre dans le sang: glycémie

!

Apports Taux stable Besoins

alimentation 1 g/ énergeétiques

——— Diabete >1,26 g/l

Mécanismes régulateurs




LE DIABETE

463 millions sujets atteints dans le monde (2019)

- Diabeéte de type 1 (10%)
- début: sujet jeune
- cause: déreglement du systeme immunitaire
destruction des cellules pancréatiques produisant I'insuline

-2 Diabeéte de type 2 (90%)
- début: age mur
- cause: dysfonctionnement du pancréas: défaut de sécrétion d'insuline
résistance des tissus cibles a I'insuline

U

Une maladie liée au vieillissement de la population




LLE DIABETE DE TYPE 2

- Maladie de plus en plus fréquente:

<4%

4-5%
®5-7%
@ 7-9%
@ 12%
@ 12%

Epidémie de diabéte

IDF Atlas 2017




LLE DIABETE DE TYPE 2

NORTH AMERICA & CARIBBEAN

EUROPE

Half the global diabetes healthcare spending 1 in 7 adults in this region is at risk

USD 1lin every USD 4 of the global diabetes 1in 6 live births is affected by
occurs in thisregion of type 2 diabetes
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SOUTH AND
CENTRAL AMERICA

2 out of 5 people with
diabetes were undiagnosed

Only 4% of global healthcare
expenditure for diabetes
spent in this region
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AFRICA
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1in 4 live births is affected
by hyperglycaemia in pregnancy
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+4 8 % 3 out of 4 deaths due to
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LLE DIABETE DE TYPE 2

- Répartition dans le monde

Top 10 countries for number of adults with diabetes [20-79 years) and their healthcare

expenditure, 2017 348
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LLE DIABETE DE TYPE 2

- Touche majoritairement les pays industrialisés

Mais 4 diabétiques sur 5 vivent dans des pays émergents

Prevalence (%) estimates of diabetes [20-79 years|
by income group and age
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LLE DIABETE DE TYPE 2

- Affecte les personnes d’age mur

DEATHS ATTRIBUTABLE TO DIABETES BY AGE (20-79 YEARS)




LES COMPLICATIONS DU DIABETE

Rétinopathie:
Cécité \

1¢re cause

%’.

Néphropathie:
Insuffisance rénale
1¢re cause

Espérance de vie réduite

6¢me cause de déces

Attaques:
2 fois plus

Maladies

cardio-vasculaires:

2-4 fois mortalite

Neuropathie:
Amputation
1¢re cause

D~ o




HOMEOSTASIE GLUCIDIQUE

Glucides complexes
(amidon, glycogene)

OO0~ | Mimentation

Glucides simples ) <

v 4

| I

Excrétion
urinaire

Utilisation Organes

Organes Production Glucose
producteurs | sglucose plasmatique / glucose
[ Foie: 80% |
Journée 4 Reins: 15% Limites physiologiques: 0,8-1,2 g/l
Intestins: 5% l
| Foie: 35%
Jeun 1 Reins: 45% Besoins .
| Intestins: 20% énergétiques | Lxercice

utilisateurs

Cerveau: 50%
Muscles: 15%
Intestins: 15%
Tissu adipeux: 5%

Autres: 15%



HOMEOSTASIE GLUCIDIQUE

7%
i’r . 3 o
! \7(‘} .
Pancréas

Glucagon l llnsuhne

Glucose sanguin
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Muscles
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PHYSIOPATHOLOGIE DU DIABETE DE TYPE 2

[ 4

Tissus

-
=

Muscles

adipeux
Qnsulino-résistancD

Foie

Facteurs d’environnement

PR BN

Hyperglycémie

Facteurs génétiques

N l ~

Déficit de sécrétion d’insuline

Cellule B




PHYSIOPATHOLOGIE DU DIABETE DE TYPE 2

-> Prédisposition génétique

Population générale 6 %

Jumeau monozygote 100%

Jumeau dizygote 30 % . Pancréas
Groupe ethnique 50 % "ot ,

- Indiens Pima ‘
- lles du Pacific sud
Muscle

< « Maladie polygénique »




PHYSIOPATHOLOGIE DU DIABETE DE TYPE 2

- Facteurs environnementaux

- Surpoids (25 < IMC < 30): 2012: 32,3 % (Etude ObEp1)
- Obésite (IMC = 30): 2012: 15 % (+3,4% en 3 ans)
43 % diabétiques sont obeses

- Activite physique: sédentarité
- Alimentation: apports caloriques trop élevés

trop riches en graisses saturées et en sucres
pas assez de fibres

- Autres facteurs

- Faible poids de naissance

- Vieillissement de la population




DIABETE ET VIEILLISSEMENT

- Prévalence du DT2 augmente avec 'age: USA: 20 a 65 ans: 11,3%
apres 65 ans: 26,9%
France: 5,5% en 2012

20 -

] % de la population 18,4
Prévalence du diabete
. ’ A g HOommes
en fonction de I'age Femmes
(Etude ObEp1 2012)
10 - 10,8
0,4 0,4 1,3 P
0 - 1,4 !
I I I 1

)

18-24 25-34 35-44 45-54 55-64 65 ans
ans ans ans ans ans et +

- Incidence de nouveaux cas /an augmente avec 'age:

0,5-1% : au-dela de 65 ans ‘
<0,2%: 25-44 ans




DIABETE ET VIEILLISSEMENT

OGTT: ingestion orale
de 100g de glucose

Age-related
decreased
insulin

Oid

Glucose
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Age-related

insulin
resistance
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20+
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ADIPOSITE

Age-related
decreased
insulin
Coexisting secretion
illness y 4
\ Age-related

/ insulin
resistance




ADIPOSITE

- Surpoids et obésité

w ObEpi 2000 W ObEpi 2003 MW ObEpi 2006
Prévalence du diabete M ObEpi 2009 W ObEpi 2012
en fonction de I'TMC ig‘g | % de Ia population 16,0
(ObEp1 2012) ‘

14,0
12,0
10,0
8,0
6,0
4,0
2,0
0,0

Population IMC=<24.9 25<IMC< IMC = 30
totale 29.9 kg/m2




ADIPOSITE

—> Surpoids et obésité

L’'IMC MOYEN SELON L'AGE

B0 - m13-24 ans
% dela 714

35-44 ans
45-54 ans

B 55-64 ans

m 65 ans et plus

05091114 1.7 1,1
I e—

Maigreur Mormal Surpoids Obésité modéree ou Obésité massive
sévére




ADIPOSITE

- Evaluation: tour de taille

35 7 % d'hommes 31 393 33333333
30 -
ObEpi 1997
25 1 ObEpi 2000 gu 212
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ADIPOSITE

- Tissus adipeux sous-cutané vs viscéral

Subcutaneous\

- Retroperitoneal

Visceral —

[ (f

Visceral
adipose tissue

Subcutaneous
adipose tissue

Obese woman Obese man



DIPOSITE

- Tissus adipeux sous-cutané vs viscéral

Genes
Excess energy intake
Physical inactivity

Expandability of
Intact subcutaneous fat depots e I IUTETT ]
Adipocyte function

Ectopic fat deposition
: visceral, liver, heart, etc.
Proinflammatory
adipocytokines?




ADIPOSITE

- Inflammation chronique du TAV

adipo-/angiogenic cell cluster  adipokines
(coupled adipogenesis and inflammatory cytokines
angiogenesis)
adipocyte M2 macrophage e Ny
cD8* Tcell M1 macrophage b
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CD4* T cell blood vessel

M1 macrophage crown-like structure
(dead adipocytes and
CD8* T cell M1 macrophages)

J




ADIPOSITE

- Récepteur de la ghréline

Human
NH-G '8 'S F'L 8P E HQRy

Q
KEEI{RE

Kp P A K L Q P R -<ooH

Produced by the stomach

28 aa peptide

n-octanoyl group (C8:0)
Acylated at Ser 3




ADIPOSITE

- Récepteur de la ghréline: souris KO pour GHS-R

Age-associated obesity GHS-R ablation

Adiposité = TFFA | Thermogenesis | FFA 1 Thermogenesis
Energy imbalance Energy balance
TObesity | Obesity

TInsulin resistance lInsulin resistance .

Lin L. et al., Aging Cell, 2011




ADIPOSITE

hronic, “Sterile” i
Adipose Redistribution Cl::::; : m?::ne F:T::::g;ﬁ:: " Cellular Senescence
ggsgs‘r’giejls W Adipogenesis’ Stress "
\ ‘ Telomere
\ W - shortening
|Q -
o AGING .
T Iy d
( - t “l ,,} +SASP
- o rs ~ —’
‘ / i e 0
Ectopic Lipid Adipose-derived Reduced miRNA Reduced Brown &
Deposition Hormone Changes Processing Beige Fat Function
FFA - -4 A—
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AGING

l Leptin Resistance
(Ac n

) == MiRNAs

Cold
exposure

Palmer AK. et al., Experimental Gerontology, 2016




ACTIVITE PHYSIQUE

Age-related
decreased
insulin
Coexisting secretion
illness y 4
\ Age-related
/ insulin
resistance

Adiposity

Decreased physical Lifestyle




ACTIVITE PHYSIQUE

- Exercice

Researchers report that people over the
age of 60 need to lift weights more often
than younger adults to maintain muscle
mass and muscle size. And maintaining
muscle mass, the researchers conclude,

Exercise vs. aging

Effect of aging Effect of exercise

Metabolism
is essential to healthy aging. Metabolic rate Decrease Increase
Body fat Increase Decrease
Percentage of people who participate Blood sugar Increase Decrease
in aerobic and muscle-strengthening Insulin levels Increase Decrease
activities: LDL ("bad") cholesterol Increase Decrease
= HDL (“good”) cholesterol Decrease Increase
0, 0
11.8% 8.6%
MEN 277 WOMEN
30% Jd . . ’ 7
" w 30 minutes d’exercice modéré
% 18.5% 1844 yearsold 199 quotidien
w N
15

5 65Y€als°'d and over N—-—A/-

65 years old and over
0o . . ' ' . 0 . ' ' . . . . . . . 0 . 0 ' .
2000 2005 2009 2000 2005 2009 ‘

SOURCES: DREAMSTIME COM, WESMD, CENTERS FOR DISEASE CONTROL R. TORO / & UiveScience.com
AND PREVENTION, U.S. DEPT. OF HEALTH AND HMUMAN SERVICES




ACTIVITE PHYSIQUE

- Exercice et complications vasculaires

{endothelial
function
Aging > Dysfunction —3 [ CcVD

of Arteries
Tarterial
stiffness

Aerobic Exercise
and/or

Complementary
Strategies

Santos-Parker et al., Advances in Physiology Education, 2014




Change in Weight
(kg)

m

Change in Physical
Activity (MET-hr/wk)

ALIMENTATION

- Restriction calorique: Etude DPP (Diabetes Prevention Program)

Lifestyle intervention: exercice + régime alimentaire

+4
+2 7 -
o Placebo 40 Placebo
_2_ m
—4- Metformin E 30 -
- Q o
—6 Lifestyle T Metformin
-8 1 I 1 I I I 1 I 2 w I
0 0.5 1.5 2.0 25 3.0 3.5 4.0 E ..n_.J Lifestyle
@ T 20—
>0 [
==
iya ' |
81 g e A
Q
6- Lifestyle S 10 _l__l_
N I

Metformin

0

Placebo

1
1.5 2.0 25 3.0 3.5 4.0

DPP Research Group, New England Journal of Medicine, 2002

Year

1 T T T T T T T
0 05 1.0 15 20 25 3.0 35 4.0




ALIMENTATION

- Magnésium

Sujets agés: 72,3 ans

47% hommes, 53% femmes

Variables Quartile of Mg intake P for
Q1 (n=52) Q2 (n=53) 03 (n =52) Q4 (n=53) trend

Quartile range of Mg intake (mg/kg) < 23 23-32 33-44 =45

Mean Mg intake (mg/kg) * 18+04 28+03 3.7+03 58+14 <0001

Waist circumference (cm) 280 for men 1.00 041 (0.11-1.54) 0.57 (0.14-2.27) 009 (002-037) 000

or =90 for women

Metabolic syndrome 1.00 210 (0.73-6.06) 1.68 (0.60-4.70) 049 (0.17-143) 0.153

Body fat percentage (%)=25 1.00 0.80 (0.32-2.05) 0.55 (0.21-1.44) 021(007061) 0004

for men or 230 i

for women (obese)

Body mass index (kg!rﬂpjél? (obese) ) 1.00 063 (0.26-1.53) 0.21 (0.07-061) 0.09 (002-035) <0001

Huang JH et al., Nutrition Journal, 2012




MICROBIOTE

- Role métabolique et immunitaire

Dietary fiber Normal microbiota

|
|
|
Microbiota Commensal = |
2 N «» R Pathogens |
Microbial 9 Tl Intestinal %“ = Anti \ |
fermentation - ™ inflammato |
lumen & |
/ \ bacteria % |
} |
Acetate Propionate  Butyrate 0 o & |
|
& S |
Mucus layer |
‘ : |

Epithelial

barrier

, |
i 1Th,, cells ; | 1T cells ! |
| I Eggrlﬁ:p?uncﬂon ; | ::Eig v |
yTREG3Y BN, TREG3y |
| } Chylomlcnon F'af Lamina Physiological inflammation |
PYY GLP-1 \ propria l |
| _I_I |
FFA !
| Satiety GP Ré@ Homeostasis |

\ | Insulln/élgnallng
“}-Fat'accumulation

SCFA= short chain fatty acid




MICROBIOTE

- Dysbiose du diabétique

Healthy control Patient

\

Meéme profil chez le
sujet agé > 65 ans

Type 2 diabetes

Firmicutes [ ] Bacteroidetes Fusobacteria
[ Actinobacteria Verrucomicrobia [ ] Proteobacteria

Syntheése des SCFAs Activité
Activité proinflammatoire .
Anti-inflammatoire

SCFA= short chain fatty acid




MICROBIOTE

- Dysbiose du diabétique

e Sonic 18 V 4
’/"

V' 4 Dysbiosis

.'.\(.\/,

annn enAARMANN APANRN

ann

Epithelial cell =
activation ‘

Dendritic cell

Metabollc
endotoxemia
Cytokme release

TLRs

\ Inflammatory

response




ALTERATIONS DE LA SECRETION D’INSULINE

Age-related
decreased
insulin

Coexisting secretion
iliness \
Age-related
Factors g insulin
Predisposing resistance
GENetiCS mmmmme elg‘:rty
to

diabetes \

\ Adiposity
Drugs
Decreased physical




ALTERATIONS DE LA SECRETION D’INSULINE

Dysfonction des cellules 3

Voitage dependent
Ca®* channel Ca?*

Depolarization _?ﬁ l;cretins

ATP/ADP

Mitochondria —
'C‘fi?f;ia)
Oxydation Pyruvate o
du glucose \ .
Fusion des granules
o Transcription gene de I'insuline
Nucleus / 2 Insulin Production proinsuline
GLuT2 Secretory
granules

Source: Fauci AS, Kaspaer DL, Braunwald €, Hauser 5L, Longo DL, Jameason JL, Loscalzo 3:
Marrizon's Principles of Internal Medicine, 17th Edition: http://wuw. accessmedicine.com
Copyright @ The McGrav-Hill Companies, Inc. All rights reserved.




ALTERATIONS DE LA SECRETION D’INSULINE

Dysfonction des cellules 3

Rats agés de 4, 14 et 24 mois: OGTT

a b
e - young group  _ 50 i
P |
= -=~ adult group "i:'
2 -~ old group E 404 *
E 10 -
- 304
L -
3 ° / 4
P E 204 Autre sécrétagogue:
2 s E .o
s o 104 arginine
: S
= 0 T T T T T < 0 Yy
0 10 30 60 120 ) g > i
& S fe)
time (min) & ¥ ;
young
s
2.8mM glucose 16.7mM glucose :
C d <
0.8 2.0+ S
= 7 — < old
= ] T 1000
° ) 0 1.5+ =
E 0.6 * a
> g
c - A
35 0.4 - | 1.0 03 10 20 30
é E *# Glucose (mM)
c £ o5
= 0.2- 3 0.5
/- (-
0.0 : 0.0 T
Ry ® > ®
400 ~l° vb

Liu Yu. et al., Age, 2012




MECANISMES MIS EN JEU

» Sénescence

Cellular stressors
Healthy cells

. DNA damage

. p15lnk£l-alrp21l2|:-1 . *

+ Oncogene activation SASP
+ Telomere dysfunction -

« ROS »

+  Insulin resistance *

Age

Senescent cells
+ Increased BGal activity
+  Upregulated anti-apoptotic

pathways
= SASP

|

* *
Immune
‘* clearance

'x!;' Immune cell

|

Aguayo-Mazzucato, Diabetologia, 2020




MECANISMES MIS EN JEU

» Sénescence

a Senescence
Gene

Step in GSIS

Kenf11
Abccs
Ano8
Besta
Trpm3
Trpmd
Trpms
Cacnaild
Cacnailb
Cacnala
Sen3a
Scn8a
Kenb 1
Kenhi
Kenh&
Kenaz2
Kend1
Gip1r
Gegr
Sic30a8
ins2

Ins1

fGal-

pGal*

Gek | Glycolysis

KM= channel

Cl channel

Cation channal

Voltage-gated Ca® channel

Voltage-gated Na™ channel

Voltage-gated K channel

Incretin pathway

Insulin granule

Aguayo-Mazzucato, Diabetologia, 2020

Ageing

0.05 Gena Step in GSIS

Sle2az | Glucose transport
Abccg| K,rr channel
Anoé| CI- channel
Trpm3
Cation channel

Trpmé&

Cacnaib | Vollage-gated Ca®* channal

ScnBa
Voltage-gated Na' channel

Scnda

Gjdz | Electrical coupling

Glpir | Incretin pathway

-0.05
SJCSI:}EB| Insulin granule

1 year 2 years



MECANISMES MIS EN JEU

» Autophagie

) Classlll PI3K

Mitochondrion P13

Cytosolic
. Vps34
e Akt
@ I—mﬁ'o ——— Rapamycin

Autophagosome

icle

o nucleation

LC3-l € LC3-l

(Atg7, Atg10)

- degradation




MECANISMES MIS EN JEU

» Autophagie

b Young Adult Old

| ' ——LC3-1
- & _1C3-II

Autophagy @

Atg7
0 LC3 we— ;;; * — \eclml
(Ath)
U KVpsS&

&R

J

Autolysosome

c 0.4- d 0.5

c 03] == " -

3 8 os i

€ 02 =

3 S 021

3 01 e 014

0.0 T 0.0 T
AOOQQ *OQQQ v.b§ Gb
—> Accumulation de protéines mal repliées .
Liu Yu. et al., Age, 2012




MECANISMES MIS EN JEU

» Mitophagie

Autophagy induction

Autophagosome / Lysosome fusion

Altération du potentiel membranaire mitochondrial

—> Pas dégradation mitochondries altérées

Diminution du nombre de mitochondries .

Fex et al., Journal of Endocrinology, 2018




MECANISMES MIS EN JEU

» Stress du réticulum endoplasmique

D
N
@ @ ER stress 1‘

Accumulation de
protéines mal repliées / 1 \

svmrer——U——)

shosshonation  INKDE - X8R
7 \\ | /

Reduction of CHOP =» Apoptosis <= CHOP ER
translation chaperone

—> Age: baisse expression des chaperonnes du RE et des enzymes de repliement

Brown MK, Front Physiol, 2011



MECANISMES MIS EN JEU

» Stress du réticulum endoplasmique

|

Cytokines :
[(IL-1BI|FN-v)] [ Hypoxia J
Free Fatty Acids [ Insulin Mutations]
(Long-chain)
v
Islet Amyloid
[ngh Glucose] (Nitric Oxide ] | ER redox potential Polypeptide
| ER-Golgi | ATP (hIAPP)

Trafficking

| ATP-citrate lyase
| Carboxypeptidase E

Proinsulin
Biosynthesis |~

Fonseca SG et al., Trends Endocrinol Metab, 2011




ALTERATIONS DE LA SECRETION D’INSULINE

Perte de masse des cellules

Normal Type 2 diabetes

A

Ilot de Langerhans
Atrophy and cell death
(apoptosis, necrosk)

Young group Adult group Old group

SOpm SOy SOyum
Ced (el

Gu Z. et al., Age, 2011



MECANISMES MIS EN JEU

» Prolifération/apoptose

>

Rates/Levels

Beta cell apoptosis
Cell cycle inhibitors (e.g. p16'Nk4)

Islet Amvylin Deposition

Beta cell proliferation

Cell cycle activators (e.g. FoxM1)

Transcriptional Regulators (e.g.
Bmi-1, Ezh2)

Transcription Factors (e.g. Pdx1,
MafA)

Age

Gunasekaran U. et al., Aging, 2011

Rats agés de 4, 14 et 24 mois

B g
T 5

TUMEL positive B-cells
% of control
a
=
iL

150+

2% of control
a
b

PCMA positive B-cells
3

B young group
[ adult group *
[ old group -
*
.
B young group
3 adult group
I old group
—_
i
-1

Gu Z. et al., Age, 2011




MECANISMES MIS EN JEU

A B eiement_ o name FC FDR  backTTest Young Signal Old_Signal GENE_ID
— 14191579 Smarca’ 48 0 oot 9306 1980 93761
14190011 TopZa 4.5 [n] 0.042 3435 EELY 21873
14183885 Top2a 35 0 013 1115 320 21973
14191835 Malati 3.4 [u] 0.083 27761 g102 T22849
YDung vs Old 14180863 S5pbc2s a1 27 0.043 5614 1872 GE442
N2 set /"- 14178648 IMAGE=5945372 2.8 7 oAz 23912 8378
14189805 Igf2bp2 28 17 0Di8 520 188 319765
14175338 Malat1 2.7 18 0.033 55028 20770 T22839
14190550 Cst3 2 17 0050 49350 19874 13010
= 14185884 Isl1 2.4 17 0.028 T114 2828 16382
C eLement_ip name FC FDR  backTTest Young_Signal Old_Signal GENE_ID
— 14187523 Suclg2 18 71 0017 1474 2574 20817
14181302 Tpds214 48 70 0014 1938 3522 21587
FC2.0 14188810 Mthid2 48 70 0000 826 1516 17768
14178723 Adnp -1.8 Ta 0.044 4576 Bg4d 11538
14179354 NP_TREJSESOFPA 20 70 0025 504 980 272723
FC00 14182863 Padi2 20 70 0027 1844 3674 18600
14178758 Myl9 -2.0 Ta 0,034 d4218 B432 aBE32
FG-2.0 14191165 Drmbi1 22 10 o008 4284 6242 12845
14179104 Myl 22 70 o028 1462 3240 98532
e 14183144 Dmbt1 23 70 0048 738 1684 12845

Figure 1. Aging is associated with distinct gene expression patterns in islets. Genomic rmicroarray mRMNA expression analysis of islets in the basal
state, comnparing islets from young mice (1.5 months of age) versus those from old mice {14 or 19 months ofage). The 2 pairwise arrays comprising in
this data set (N2) represented the expression sets that exhibited the lzast exocrine contamination. (A) Heat map of the 91 elements of the PancChip
microarray that were differentially expressed 1.5 fold change (FC) or more. Red: genes with higher expression in islets from young versus old mice.
Green: genes with lower expression in islets from young versus old mice. (B and C) The most differentially expressed genes in islets from young versus
ald mice. (B) Genes that were expressed at higher levels in young mice. (C) Genes that were expressed at lower levelsin young mice.

Rankin MM. And Kushner JA, Islets, 2010




MECANISMES MIS EN JEU

Islet mRNA Gene Expression

1.5 Month Old Mice

I Control: Sham Surgery

I Fartial Pancreatectomy
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Islet mRNA Gene Expression

14 Month Old Mice

Il Control: Sham Surgery
I Partial Pancreatectomy
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Figure 2. Partial pancreatectomy induces cell cycle component gene expression in islets from young mice but not in old mice. Candidate gPCR mRNA

expression studies of islets after 50% partial pancreatectomy versus sham-operated controls. (A) Studies performed in young mice (1.5 months). (B}

Studies performed in old mice (14 months). Results expressed as fold change from control.
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