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Insulin Resistance and the Metabolic Syndrome
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Insulin Resistance and Cardiometabolic Disease 2024
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Insulin Resistance and Cardiometabolic Disease 2024
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Insulin Resistance and Cardiometabolic Disease 2024
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What causes muscle insulin resistance?

Oxidation



13C NMR spectra of muscle glycogen synthesis in humans

C1 Glycogen

D

110 105 100 95 90
PPM

90 min

60 min
30 min

0 min

120 min

Shulman et al. NEJM 1990



Decreased insulin-stimulated muscle glycogen synthesis is
responsible for muscle insulin resistance in type 2 diabetes

Increment
(mmol glucosyl

units/kg muscle) Whole-body glucose
20 A pmol/ metabolism

(kg-min)

60 1 © Non-oxidative z Oxidative
15 A 7

Control . %//////////%
10 -
- 20 -
Type 2 diabetes
0 T T T T O ) n '
20 40 60 80 100 120 Control Type 2 diabetes

Minutes

Shulman et al. NEJM 1990



Insulin-Stimulated Muscle Glycogen Synthesis is Impaired in Type 2 Diabetes
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Potential Rate-Controlling Steps in Muscle Glucose Glycogen Synthesis
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31P NMR spectra of human muscle
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13C NMR spectra of human muscle and plasma
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Glucose transport Is rate-controlling for insulin-
stimulated muscle glycogen synthesis in T2D
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Intramyocellular lipid (IMCL) content predicts muscle insulin resistance
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How does ectopic lipid cause muscle insulin resistance?

Randle postulates inhibition of pyruvate dehydrogenase (PDH) activity

@ . ‘ Acetyl CoA

Plasma glucose Fatty acids

Randle et al. Lancet 1963



Increasing plasma fatty acid concentrations causes a reduction in insulin-
stimulated muscle glycogen synthesis and [glucose-6-phosphate]
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Increasing plasma fatty acid concentrations results in a reduction in
Insulin-stimulated glucose transport/phosphorylation activity
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Glucose = G-6-P —— Pyruvate— Acetyl CoA

Plasma glucose



Increasing plasma fatty acid concentrations causes a
reduction in intramyocellular glucose concentrations
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Fatty acids acutely inhibit insulin-stimulated muscle glycogen
synthesis by inhibiting glucose transport activity

Plasma
glucose

A Glycogen
a synthase
J

Hexokinase A
R —
v

Dresner et al. J Clin Invest. 1999:103:253-259




Insulin Action in Skeletal Muscle
O
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Potential mechanisms by which fatty acids
Inhibit insulin-stimulated glucose transport activity
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[

Plasma glucose Fatty acids

Shulman JCI 2000



Fatty acids inhibit insulin-stimulated Pl 3-Kinase
activity in human skeletal muscle
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Molecular mechanism of ectopic lipid-induced muscle insulin resistance
Diacylglycerol (DAG)-PKCO/PKCe-insulin receptor pathway
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Role of muscle insulin resistance in the pathogenesis
of NAFLD and cardiovascular disease

Hypothesis: Muscle insulin resistance promotes NAFLD
and atherogenic dyslipidemia by changing the fate of
Ingested carbohydrate from muscle glycogen to fat.



Distribution of insulin sensitivity index in healthy lean individuals
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Meal tolerance
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Change in muscle and liver glycogen
following carbohydrate ingestion
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Change in liver fat and hepatic de novo lipogenesis
following carbohydrate ingestion
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Plasma Lipids
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Muscle insulin resistance promotes MASLD and atherogenic dyslipidemia by
changing the fate of ingested carbohydrate from muscle glycogen to fat
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The 95! Percentile Upper Limit of Hepatic Triglyceride Content
In Healthy Lean Individuals is 1.85% - not 5.5%
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Effects of a single-bout of exercise on
Insulin-stimulated muscle glycogen synthesis
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A single-bout of exercise reverses the abnormal pattern
of carbohydrate storage in insulin resistant individuals

Rabgl et al. PNAS 2011

o®
]
Gly;‘.gen Exercise Vo
L

\ h '\

Insulin Sensitive Insulin Resistant




Insulin signaling in hepatic glucose metabolism
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DAG-PKCe-insulin receptor pathway-
mediated hepatic insulin resistance

/

Iucose production
Samuel et al. JIBC 2004, Samuel et al. JCI 2007, Samuel and Shulman. Cell 2012



Threonine!'® in the insulin receptor catalytic loop is phosphorylated
by PKCe and it is evolutionarily conserved from humans to fruit flies

Species Gene Sequence
Threonine!160

Homo sapiens Insr DIYE DYYRK
Mus musculus DIYE DYYRK
Xenopus laevis DIYE DYYRK
Danio rerio DIYE DYYRK
[P Drosophila melanogaster DIYE DYYRK

Insulin Receptor
Kinase Catalytic Loop
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InsrT150A mice are protected from high-fat diet
Induced hepatic insulin resistance
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Molecular mechanism of sn-1,2-DAG-PKCe-
IRKT1180phosphorylation-induced insulin resistance
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Kun et al. Cell Metabolism 2020



Sequestration of sn-1,2-DAGs in lipid droplets
do not cause insulin resistance

Insulin receptor

Plasma membrane

O ()
T1160  T1160

sn-1,2-DAGs

n- === No Insulin Resistance

Lipid Droplet

Endoplasmic reticulum

(e.g. 'Hdac 3 ko, 2CGlI-58 ko, 3BMTTP ko, “Athlete’s Paradox)
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PKCe contributes to lipid-induced insulin resistance
through cross talk with p70S6K and other regulators
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The sn-1,2-DAG-PKCe-IRKT160 phosphorylation pathway occurs in many organs
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Starvation leads to increased hepatic membrane DAG content and PKCe activation
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The Evolutionary Basis of Insulin Resistance

Plasma glucose level T
following refeeding
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Effect of modest weight loss on MASLD and T2D

Role of Metabolic Dysfunction-Associated
Steatosis Liver Disease (MASLD) in Type 2
Diabetes



Hepatic glucose metabolism before and after weight loss
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Body weight and hepatic lipid content before and after weight loss
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Mechanisms for Dysregulated Hepatic Glucose Metabolism in
Type 2 Diabetes
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Dinitrophenol (DNP) corrects MASLD and hepatic insulin resistance
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Screening of compounds: Oxygen
consumption rate in cultured hepatocytes
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DNP-methyl ether (DNPME)
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Perry et al. Cell Metab. 2013



Dose Response: DNP vs. DNPME
Body temperature
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DNPME Rx Reverses Insulin
Resistance in HFD Rats
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METABOLIC DISEASE

Controlled-release mitochondrial
protonophore reverses diabetes and

steatohepatitis in rats

Rachel J. Perry,"** Dongyan Zhang, ' Xian-M an Zhang,*
JamesL. Boyer,®* Gerald |. Shulman *=*

Science 2015



CRMP Rx Reduces Liver and Muscle
TAG, DAG content and nPKC activity
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Non-invasive assessment of hepatic mitochondrial
metabolism by positional isotopomer NMR tracer
analysis (PINTA)
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CRMP increases hepatic fat oxidation, reduces liver fat and is
safe and well tolerated in non human primates
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CRMP Rx Protects Against Age-Related Metabolic Disease
and Hepatocellular Carcinoma in HFD fed Mice

LIVER-DIRECTED MITOCHONDRIAL UNCOUPLING
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Goedeke et al. Aging Cell 202)



CRMP Reduces Tumor Growth in Murine Models of Colon Cancer

Cell Reports

Uncoupling Hepatic Oxidative Phosphorylation
Reduces Tumor Growth in Two Murine Models of

Colon Cancer

Graphical Abstract

Diet-induced obesity
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Authors
Yongliang Wang, Ali R. Nasiri,

William E. Damsky, ..., Michael N. Pollak,

Gerald I. Shulman, Rachel J. Perry

Correspondence
rachel.perry@yale.edu

In Brief

Wang et al. demonstrate that diet-
induced hyperinsulinemia increases
colon adenocarcinoma tumor glucose
uptake and oxidation in mice. They
further demonstrate that reversal of
hyperinsulinemia by a liver-specific
mitochondrial protonophore is sufficient
to reverse the obesity-induced
acceleration of tumor growth.

Wang et al. Cell Reports 2018



Cell Metabolism

Glucagon promotes increased hepatic mitochondrial
oxidation and pyruvate carboxylase flux in humans
with fatty liver disease

Graphical abstract Authors

Kitt Falk Petersan, Sylvie Dufour,
Wajahat Z. Mehal, Gerald |. Shulman

Pl Lives b palty | iy bl i psibn
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. '& 3 E Comespondence
' kitt.petersen@yale.edu (K.F.P.),
gerald.shulman@yale.edu (G.1.5.)
- ™ - In brief
P
ﬂ l""\ - It is unclear whather rates of hepatic

mitochondrial oxidation are alterad in
1( LHE B O individuals with MASLD and MASH. Hera,
Patersen et al. show that rates of hepatic
] mitochondrial oxidation are not altered in
9 humans with fatty liver or steatohepatitis
and that glucagon can increase rates of
hepatic mitochondrial oxidation in
- humans with and without fatty liver by
r " ! N 50%-75%.

Petersen et al.

Cell Metabolism 2024
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Rivus Pharmaceuticals’' Phase 2a HuMAIN Trial Meets Primary Endpoint of Weight Loss
and Secondary Endpoints in Patients with Obesity-Related Heart Failure

— Data from the HuMAIN study in patients with obesity-related heart failure with preserved
ejection fraction (HFpEF) will be presented in a Late Breaking Clinical Trial Plenary Session at
the Heart Failure Society of America Annual Scientific Meeting =

- Enrollment completed in Phase 2 M-ACCEL trial of HUE in patients with metabolic
dysfunction-associated steatohepatitis (MASH) -

= HUE, a novel oral, once-daily Controlled Metabolic Accelerator, is a new class of
investigational therapies designed to reduce body fat while preserving muscle -

CHARLOTTESVILLE, Va., and SAN FRAMCISCO, Ca., August 13, 2024 - Rivus



1886-LB Safety, PK, and preliminary efficacy of the liver-targeted mitochondrial protonophore TLC-6740: A Phase 1 study e

Edward J. Gane,' Ryan S. Huss,2 Jane Sur,2 Eisuke Murakami,? Steve Weng,2 Brian J. Kirby,2 Gerald I. Shulman,® G. Mani Subramanian,2 Archana Vijayakumar,2 Robert P. Myers? .
1University of Auckland, New Zealand Clinical Research, Auckland, NZ; 20rsoBio, Inc., Menlo Park, CA, USA; 3Yale University, New Haven, CT, USA orsobio

TLC-6740 Causes Dose-Dependent Increases in Energy Expenditure and
Improvements in Metabolic Parameters
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