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Obesity, Metabolic Syndrome, Diabetes,
and Heart Failure

¢ .5 millionyears =————)p G— 50 YEArS =——

From: Roger Unger - UTSW
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Maintaining Cardiac Function
Through Metabolic Substrate Balance

Glucose Fatty Acids

giphy.com

Studies on Myocardial Metabolism”

IV. Mpyocardial Metabolism in Diabetes

I. Uncar, m.p., M. GILBERT, M.D., A. SIEGEL, M.S., J. M. Braiv, Mm.p. and R. J. Bing, m.p.

lactate usage and a slight decline in that of
pyruvate. There is no change in utilization of
amino acids by the heart in both species.
Myocardial glucose consumption 1s reduced
in dog and man relative to the elevation in
blood glucose concentration. The myocardial
usage of ketones 1s shghfly increased m diabenc
hearts of patients and significantly elevated in
the dog. The main difference concerns the
utilization of fatty acids; this is significantly
increased in the human heart but is unchanged
in the dog. Whether this 15 due 1o a species
difference or to differences in type and severity
of diabetes is not clear. Anesthesia, which was
used in the dogs, may have played some part.

Ungar ... Bing 1955 Am J Med 18(3):385



Metabolic Substrate
Utilization in the Heart

Table 2. Brief Overview of Myocardial Metabolism in
Physiological and Pathophysiological Conditions

Glucose Fatty Acid
MVo, Metabolism Metabolism

Aging ) 7 )

Female sex 0 !

Obesity —
Diabetes, types 1 and 2

Hypertension: LV hypertrophy

Dilated cardiomyopathy

Ischemia

Peterson and Gropler 2010 Circ Cardiovasc Imaging 3:211

Diabetes and Metabolomics

Diabetes. 2015 Mar;64(3):718-732.

Metabolomics and Diabetes: Analytical and Computational Approaches.
Sas KM1, Karnovsky A2, Michailidis Ga, Pennathur 84‘

Metabolomics is an integral part for understanding disease
processes ... information garnered in the biomarker
investigations, future research should shed more light on
disease pathogenesis and explore new treatment options.

Valine
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| Diabetes Mellitus, type 2 - 1 node
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> Metabolic Substrate
Fatty Ao Utilization

GLUT4
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Changes in Human Heart GLUT Levels

RNA Protein
Human heart failure Human heart diabetes

A. Western Analysis

o

GLUT1 . . GLUT4

T
o - ‘ + - + - + ‘

- + + - - + +

- Biopsies obtained during coronary bypass surgery

HL = hyperlipidemia
’_L‘ DM2 = diabetes mellitus type 2

125

Aok

-

T
Non-failing Failing

GLUT1 mRNA/
cyclophilin A mRNA

Immunoreactive Protein
(% of normoglycemic controls)

GLUT4

GLUT4 mRNA/
cyclophilin A mRNA

T T
Non-failing Failing

Razeghi ... Taegtmeyer 2002 Cardiology 280(41):34786

Armoni ... Karnieli 2005 J Biol Chem 280(41):34786
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Glucose Utilization and Rodent
Models of Type 1 Diabetes

Protein Glucose Uptake
Diabetic Mouse Heart Diabetic Mouse Heart

Wild-type

Vehicle STZ

Wild-type
T

*

r

Wild-type

Total Glucose Uptake
(numol/g ww)

T

Vehicle
n=7)

(arbitrary units)

GLUT4 Protein Level

Vehicle
(n=>5) Panagia ... Clarke 2005 Am J Physiol 288:H2677

Constitutive GLUT4 Expression Prevents
Development of Glucose Utilization Defects

- s
~ e

(umol / min / g dry)
(umol / min / g dry}

Control Diabetic  Transgenic 0 Control Diabetic  Transgenic
(dbl+) (db/db) (dbidb) (dbi+) (dbidb) (dbidb)
(hGLUT 4) (hGLUT 4)

Belke ... Severson 2000 Am J Physiol 279:E1104
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Question: Is the change in
cardiac metabolic
substrate flexibility

adaptive or maladaptive?

Inducible Cardiomyocyte-Specific
GLUT4 Expression (mG4H)

DOX absent = OFF

a-MHC d A e

MHC-rtTA ‘ TRE-GLUT4

DOX present = ON

&
v .

*

EEE[ "
o-MHC NGV ¢ . TRE
MHC-rtTA | ™ TRE-GLUT4 .
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mMG4H Mice Exhibit Inducible
Cardiac-Specific Expression of GLUT4

Con mG4H
DOX() 2 4 8 2 4 8

myc

|-_.---||!F--Q--llljﬂn-_

Hrt = Heart TA = Tibialis anterior 1\
GC = Gastrocnemiu Sol = Soleus

Vas = Vastus Iateéa_l‘}ald 5-fold Heart

GLUT4 Induction Increases Basal and
Insulin-Stimulated Glucose Uptake

Cardiac
Myocytes
2-DG
Uptake

[ Basal
B 0.1 nMIns

n=3-4

aP <0.01 vs. Con-Basal Renata O. Perei

B enata O. Pereira
P <0.001 vs. All Wende ... Abel in prep
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GLUT4 Induction Increases Glycolysis and
Rescues Diabetic Cardiac Glycolytic Defects

Isolated
Working
Hearts
Glycolysis

[ Venhicle
B s1z

n=6-10
§ P <0.01 vs. Con

Joseph Tuinei
Wende ... Abel in prep

GLUT4 Induction Increases GLOX but
Accelerates Diabetic Cardiac GLOX Defects

Isolated
Working
Hearts
Glucose
Oxidation
((c]Xe) 4]

[ Venhicle
B s1z

n=6-10
1 P<0.001 vs. All
*P <0.01 vs. Veh

Joseph Tuinei
Wende ... Abel in prep
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Oxidative Phosphorylation

www.genome.jp/kegg/pathway.html

Conclusion - Part 1

In the context of diabetes,
enhancing glucose delivery by
expression of GLUT4
accelerates the progression of
mitochondrial dysfunction.

10
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Systems Biology

Transcriptome Genome Phenome Phenome

[Epigenome ' Obesity, diabetes, heart failure,
BHI, etc.

Transcriptome

[ Northerns, gPCR, microarray
& RNA-seq, miR, IncRNA, etc.

ALY >
}.‘.,,m..ﬂ,mw - Proteome
Mass spec, western blot, Co-IP,

IHC, PTMs, etc.

Metabolome
Glucometer, ELISA, GC-MS,
HPLC, NMR, fluxomics, etc.

Genome / Epigenome
Southerns, sequencing,
GenBank, ENCODE,
Saendme ChlIP-seq, bsDNA-seq, etc.
Proteome Metabolome

Adapted from Lewis and Abdel-Haleem 2013 Front Physiol 4:237

v

nlelmty
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Pathway Analysis of Microarray

-log(p-value)
012345678 911112131415

Metabolic diseascumm
Amino acid metabolism mmm
Lipid metabolis s m-—
Nucleic acid metabolis M m————
Carbohydrate metabolis m m m—
Skeletal and muscular disorders | m—
Energy production s mmm
Cardiovascular system development & function s s
Post-translational modification s mmm
Endocrine systemdevelopment & function s
Inflammatory responsecmmm
Endocrine system disorders mmmm
Cell death mmm
Cardiovascular diseascmm
Gene expression MmN
Nutritional diseascumn
Protein degradation mmn
Wende ... Abel in prep
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Oxidative Phosphorylation

GeneSifter using KEGG

Ndufa9 Gene Promoter Structure

RefSeq Genes

-3 kb
[

Ndufa9 —

KEY

TSS = Transcription start site
= = CpG island

. = Sp1 RE

http://ecrbrowser.dcode.org
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C,C4, Myotubes
n=9
* P<0.05

Ndufa9 Gene Promoter Mapping

Transient
Transfection
Promoter

Activity Glucose

[0 5.5 mMm
B 25 mMm

Normalized RLU

2kb + () -2kb +Sp1

Wende ... Abel in prep

Systems Biology

Transcriptome Genome Phenome

ntensity

/Epigenome

Proteome

Mass spec, western blot, Co-IP,
IHC, PTMs, etc.

Metabolome
Glucometer, ELISA, GC-MS,
HPLC, NMR, fluxomics, etc.

Genome / Epigenome
Southerns, sequencing,
GenBank, ENCODE,
ChlP-seq, bsDNA-seq, etc.

Elution time

Proteome Metabolome

Adapted from Lewis and Abdel-Haleem 2013 Front Physiol 4:237
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O-GlIcNAcylation

the jmmmf qf tio aj:'m[ chemistry

2014
THEMATIC

MINIREVIEW
ERIES

Nutrient Regulationof Cellular Metabolism
& Physiology by O-GLcNAcylation

30 years old: O-GlcNAc reaches age of reason -
Reg of cell signaling and metabolism by
0O-GlcNAcylation.

9

13 63
Overview Articles Authors Impact Comments

Metabolic Integration:
Protein O-GIcNAcylation

Glucose
metabolism

Fruc-6-P
Amino acid Glutamine
metabolism
GFAT

GlcN-6-P
Fattyacid ___________Acetyl
metabolism CoA
GlcNAc-6-P

GIcNAc-1-P
—utp

N

UDP-GIcNAC 2
HO-P-0H
)

Nucleotide _____
metabolism

0= ¥
2 Ser/Thr  0.GIcNAC transferase Ser/Thr
(OGT) Kinase
@ ——————— /Naked el Phospho
prot —- —
0-GlcNAcase Phosphatase

Hart ... Lagerlof 2011 Annu Rev Biochem 80:825
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GIcNAc Regulation of Sp1

. Insulin
J /| receptor
IRS1/2 p85
p110
1 [UDP-GIcNACc) > o¥ Pl 3-kinase

Promoter DNA

Vosseller ... Hart 2002 Curr Opin Chem Biol 6(6):851

GlcNAcylation Regulates Ndufa9
Gene Expression

Transient
Transfection
Promoter Glucose
Activit
¥ O 55 mMm

B 25 mMm

Normalized RLU

None GFP OGA

C,C12 Myotubes

n=3 Li W

i i Wang
P <0.05 Wende ... Abel in prep
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Conclusion - Part 2

Enhanced glucose delivery
regulates oxidative capacity
via transcriptional mechanisms
including GIcNAcylation of
transcription factors.

Mitochondrial Protein O-GlcNAcylation and
Neonatal Cardiomyocyte Metabolic Function

Mitochondrial Protein Complex | Activity
O-GIcNAcylation

30 mM Glc 30 mM Glc
+ Adv (-) + Adv-OGA

é:i i 55mM 30 mM Gic 30 mM Glc 30mM Glc

+ Adv (-)

O-GIcNAcylation of NDUFA9

Hu ... Dillmann 2009 J Biol Chem 284(1):547

5.5 mM Glc
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GLUT4 Induction Alters the

Cardiac Mitochondrial Glycoproteome

Isolated
Mitochondria pH 3 (E) pH 10
2D-PAGE [——
Pro-Q e - ;
Emerald

pH 3 (E) pH 10

15% SDS-PAGE
15% SDS-PAGE

Hansjérg Schwertz
Wende, unpublished

Systems Biology

Transcriptome Genome Phenome
/Epigenome

Metabolome
Glucometer, ELISA, GC-MS,
HPLC, NMR, fluxomics, etc.

Genome / Epigenome
Southerns, sequencing,
GenBank, ENCODE,

m/z ! ChlP-seq, bsDNA-seq, etc.
Proteome Metabolome

ntensity

Adapted from Lewis and Abdel-Haleem 2013 Front Physiol 4:237
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Metabolomic Signatures of
Diabetic Heart Disease

3D — PCA

N
<«

KEY
@® Con-Veh
Con-STZ
mG4H-Veh
mG4H-STZ

GC and HPLC - metabolomics James Cox

Studies on Myocardial Metabolism”

IV. Mpyocardial Metabolism in Diabetes

I. Uncar, m.p., M. GILBERT, M.D., A. SIEGEL, M.S., J. M. Braiv, Mm.p. and R. J. Bing, m.p.

Birmingham, Alabama

lactate usage and a slight decline in that of
pyruvate. There is no change in utilization of
amino acids by the heart in both species.
Myocardial glucose consumption is reduced
in dog and man relative to the elevation in
blood ¢ c_concentrati b yocardial
usage offketones is slightly increasedfin diabetic
hearts of patients and significantly clevated in
the dog. The main difference concerns the
utilization of fatty acids; this is significantly
increased in the human heart but is unchanged
in the dog. Whether this is due to a species
difference or to differences in type and severity
of diabetes is not clear. Anesthesia, which was
used in the dogs, may have played some part.

Ungar ... Bing 1955 Am J Med 18(3):385

7/1/16
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GLUT4 Induction Alters Cardiac

Ketone Utilization Genes
Ketone RNA - Microarray Ketone
Synthesis .| o Oxidation
BHB

Con mG4H
Veh STZ Veh STZ

BDH1/Bdh1

Con mG4H
Veh STZ Veh STZ

SCOT/Oxct1
HMGCS2/Hmgcs2

Con mG4H
Veh sT1Z Veh sTZ

m-Thiolase/Acaa2

Manoja Brahma

GLUT4 Induction Alters Cardiac
Ketone Protein GIcNAcylation

Input IP-SCOT1

L
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GlIcNAc

S ——
Overlay — i B s

) (2
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Manoja Brahma
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Conclusion - Part 3

Enhanced cardiac glucose
delivery alters metabolic flux
through other pathways and

regulates the mitochondrial

proteome via O-GIlcNAcylation.

Systems Biology

Transcriptome Genome Phenome
ViR /Epigenome

B oo

Genome / Epigenome
Southerns, sequencing,
GenBank, ENCODE,
ChlP-seq, bsDNA-seq, etc.
Proteome Metabolome

Adapted from Lewis and Abdel-Haleem 2013 Front Physiol 4:237
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Epigenetics - Programming
DCCT: Diabetes Control and Complications Trial

The New England
Journal of Medicine

oo 3 the Maseac

SEPTEMBER Number 14

THE EFFECT OF INTENSIVE TREATMENT OF DIABETES ON THE DEVELOPMENT AND
PROGRESSION OF LONG-TERM COMPLICATIONS IN INSULIN-DEPENDENT DIABETES
US

ni0xs TriAL Reszanci Grour®

Conventional

Conventional

Percentage of Patients

Intensive

Glycosylated Hemoglobin (%)

Year of Study

Conventional 324
Year of Study Intensive 335

Epigenetics - Memory
EDIC: Epidemiology of Diabetes Interventions Trial

EDIC follow-up

Intensive therapy group }—>} Intensive therapy

Conventional therapy group r—>} Intensive therapy

1 9 10
Time (years)

NEU mALB  ALB HYP

At completion At completion 2009 follow-up
of the DCCT of the EDIC

N B O
o O

o

Percentage of &
patients (%)

o

Pirola ... EI-Osta 2010 Nat Rev Endocrinol 6(12):665
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Epigenetics: Transgenerational and Drift

Ageing
Inherited
epigenetic lesions

QQ?QQOQQ :> Transgenerational

inheritance of
disease risk

92999905

A 4

Germ line

;,:%?;f7 P0000000 <§<§§>
R B

Adult life Intrauterine growth
ft Nutrition t t
Metabolism
Environment
Disease

P0900609 v N\ 20900909
Growth phase
pigenetic dr

N\ e o

92099999
Gut and Verdin 2013 Nature 502:489

Epigenetic Code

Proteins

HATs HDACs
HMTs | | HDMs

e L
£ S~
t"’"‘f

Fischer 2014 EMBO J 33(9):945:489
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Metabolite Signaling to Chromatin

Mitochondrion
Glycolysis
Glucose ) ® Pyruvate

FADH2 FA!

‘Acy\-CcA)

NADH NAD

Oxaloacetate Citrate
.

(‘ NADH Oxaloacetate
NAD ACL

® Malate Isocitrate €,

NAD

TCA cycle )
NADH

MOH ® Fumarate
Oxaloacetate <= Malate FADH2

NADH NAD FA

Succinyl-CoA
L] L]

Succinate
CoA-SH_ GD|

NADPH NADP*

FAD FADH2 etabolisn S -Ketoglutarate <—sme— lsocitrate

Gut and Verdin 2013 Nature 502:489

Methylation and Expression

RNA — microarray Legena: = - .
I Pyruvate dehydrogenase kinase, isoenzyme 4, mRNA

chré: 5,496, 808| 5,496,508|
Con_Veh_Dox CpG meth 1l [

I Il
Con_STZ_Dox CpG meth 1l R |

I

|

(NI
(NI
rrm

mG4_Veh_Dox CpG meth I Rinm
mG4_STZ_Dox CpG meth 1| 1Hmt
IR < —

CpG Islands

Protein — western blot
Con

Veh | STZ

GeneSifter and Zymo/UCSC Genome Browser
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Other Human/Mouse Comparisons

Genetics Of Lipid Lowering Drugs
And
: Diet Network
GOLDNJ *~cg00574958, CPT1A

*=~cg17058475, CPTIA

€g09737197, CPT1A~3~cg01082498, CPTIA

ol i o ROM M ew
C*_.omosome
Figure 2. Epig wide association Manhattan plot for V' Z-C in the discovery dataset (n=991). /LDL-C indicates very-low-density

lipoprotein che
ng19

686050001 68,610,000 1
WS has f T

4]
781

)} SE———

HeoG2 ChvomiM  —
GM12878
HI-hESC

HMB Conservedil tor Binding Stos
VSPPARG_011 VSELK! 02 VSCOUP_011
VSSPY

SMAX 01
vsulicaax o3l
VSNKX2S Off

I wang
transcription factor binding sites. CpG indicates cytosine-(phoss

Irvin ... Arnett 2014 Circulation 130:565

Other Human/Mouse Comparisons

Mouse
Gene Expression

Con Con mG4H mG4H
Veh STZ Veh STZ

I Cptla * Mouse
IR Cptla DNA Methylation

| 198 ™ (eIl 9qD118gD2" " D3

Scale 10 kb} { mm10
chr19: | 3,325,000 3,330,000 3,340,000/ 3,345,000/ 3,350,000/

Con-Veh mCpG | | | |“[|
Con-STZ mCpG I
mG4H-Veh mCpG (11
mG4H-STZ mCpG (Il T
| -
cpG: 66 i
CpG: 44|
Common SNPs(138) \ ‘ | l

GENE

chr19 (qA)

0 N L

Wende, unpublished
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Where Does Glycemic Memory Fit In?

DOX absent = OFF

a-MHC d A e

MHC-rtTA = TRE-GLUT4

DOX present = ON

2

* 5
— Y EEE "
ahic v, e o

MHC-rtTA | ™ TRE-GLUT4 . ©

Metabolomics

Oconveh @con-STZ Q mG4H-STZ
O mG4H-Veh O mG4H-1wk O mG4H-2wk
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Glucose Cycling Alters
Epigenetic Programming

Genomewide
bsDNA-seq

mG4H-OFF

Zymo Research
Heart, LV Wende, unpublished

Background

NH, NH,

HaC
fil _onwrs 7 \fil ——— [Gene regulation)
NS0 NS0
DNA DNA
c 5-mC
)
TDG/BER E

NH, O NH, NH,

| =N TETs O HTY =N TETs  HO | N

e A
o o o
DNA DNA DNA
5-caC 5-fC 5-hmC

5-hmC

Wyatt and Cohen 1952 Nature 170(4338):1072
Kriaucioni and Heintz 2009 Science 324(5929):929
Tahiliani ... Rao 2009 Science 324(5929):930

http://chemistry.uchicago.edu/faculty faculty/person/member/chuan-he.html
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How does GIcNAc fit in?

*— O-GlcNAc ’/\\\
HCF1 " :
H3K4me3 :

Mariappa ... Aalten 2013 EMBO J 32:612

Conclusion - Part4

Cellular glucose fluctuations
regulates the epigenome via
histone modifications and
controlling the machinery for
DNA methylation.

27
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Overall Summary

Using combined methylomics,
transcriptomics, proteomics,
and metabolomics we have

begun to define the mechanism
of glucotoxicity.
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