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What causes muscle insulin resistance? 
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13C NMR spectra of muscle glycogen synthesis in humans

Shulman et al. NEJM 1990
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Decreased insulin-stimulated muscle glycogen synthesis is 
responsible for muscle insulin resistance in type 2 diabetes
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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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How does ectopic lipid cause muscle insulin resistance?
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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

Plasma glucose Plasma fatty acid
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Increasing plasma fatty acid concentrations causes a 
reduction in intramyocellular glucose concentrations

Dresner et al. J Clin Invest. 1999;103:253-259
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Insulin Action in Skeletal Muscle
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Potential mechanisms by which fatty acids 
inhibit insulin-stimulated glucose transport activity 
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Insulin

Griffin et al. Diabetes 1999, Yu et al. JBC 2002, Morino et al. JCI 2005, Szendroedi et al. PNAS 2014, Shulman NEJM 2014, Song et al. Cell Met 2020

DAG

Molecular mechanism of ectopic lipid-induced muscle insulin resistance
Diacylglycerol (DAG)-PKCq/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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Muscle insulin resistance promotes MASLD and atherogenic dyslipidemia by 
changing the fate of ingested carbohydrate from muscle glycogen to fat



The 95th Percentile Upper Limit of Hepatic Triglyceride Content 
in Healthy Lean Individuals is 1.85% - not 5.5%

Petersen et al. JCI Insight 2022
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Effects of a single-bout of exercise on 
insulin-stimulated muscle glycogen synthesis

.

µmol
(liter muscle · min)

0

50

100

150

200

250

300

350

Pre-Exercise 

†

IR OFFSPRING   CONTROLS

Perseghin et al. NEJM 1996 

***

IR OFFSPRING   CONTROLS

100%

Post-Exercise

P<0.05



Glycogen

Insulin Sensitive Insulin Resistant

Glycogen Exercise

De novo lipogenesis

Liver TG

Glucose

Rabøl et al. PNAS 2011

A single-bout of exercise reverses the abnormal pattern 
of carbohydrate storage in insulin resistant individuals 



IRS2 Akt2

GSK3

P

FOXO

P

GS Nucleus

FOXO PEPCK

G6Pase

Insulin

P P13K

Insulin signaling in hepatic glucose metabolism

Glucose production

Glycogen synthesis GluconeogenesisGlycogenolysis

P



IRS2 Akt2

GSK3

P

FOXO

P

GS Nucleus

FOXO PEPCK

G6Pase

Insulin

P P13K

DAG-PKCe-insulin receptor pathway-
mediated hepatic insulin resistance

Glucose production

Glycogen synthesis GluconeogenesisGlycogenolysis

P

DAG

PKCe

?

Samuel et al. JBC 2004, Samuel et al. JCI 2007, Samuel and Shulman. Cell 2012



Threonine1160 in the insulin receptor catalytic loop is phosphorylated 
by PKCe and it is evolutionarily conserved from humans to fruit flies

Species Gene Sequence

Homo sapiens Insr DIYETDYYRK

Mus musculus Insr DIYETDYYRK

Xenopus laevis insr DIYETDYYRK

Danio rerio insra DIYETDYYRK

Drosophila melanogaster InR DIYETDYYRK
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P



Insulin receptorT1160E is kinase dead
Insulin receptorT1160A is protected from PKCe inhibition 

MC Petersen et al. JCI 2016



InsrT1150A mice are protected from high-fat diet 
induced hepatic insulin resistance

MC Petersen et al. JCI 2016

Basal Hyperinsulinemic-
euglycemic clamp



Molecular mechanism of sn-1,2-DAG-PKCe-
IRKT1160phosphorylation-induced insulin resistance
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Sequestration of sn-1,2-DAGs in lipid droplets 
do not cause insulin resistance

Insulin receptor

1Sun et al. Nat Med 2012, 2Cantley et al. PNAS 2013, 3Abulizi et al. J. Lipid Res 2020, 4Gaspar et al. Diabetologia 2023
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PKCe contributes to lipid-induced insulin resistance 
through cross talk with p70S6K and other regulators

Gassaway et al. PNAS 2018



Lyu et al., JCI Insight, 2021

Lyu et al., Cell Metabolism, 2020

Song et al., Cell Metabolism, 2020 Hubbard et al., ADA oral presentation 2021

The sn-1,2-DAG-PKCe-IRKT1160 phosphorylation pathway occurs in many organs



Starvation leads to increased hepatic membrane DAG content and PKCε activation

Perry et al., Cell, 2018



LipolysisStarvation
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Glucose availability to obligate glucose utilizers
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Plasma glucose level
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Insulin
resistance

The Evolutionary Basis of Insulin Resistance



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

Effect of modest weight loss on MASLD and T2D



Hepatic glucose metabolism before and after weight loss

KF Petersen et al., Diabetes 2005
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Body weight and hepatic lipid content before and after weight loss
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Perry et al. Cell Met 2013, Perry et al. Science 2015, Perry et al. Cell 2015, Samuel and Shulman JCI 2016, Abulizi et al. FASEB J 2017
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Dinitrophenol (DNP) corrects MASLD and hepatic insulin resistance

DNP

• Increased lipid 
oxidation

• Reduced hepatic fat 
content in fat-fed 
rats
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• Improved hepatic 
insulin sensitivity
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Samuel et. al. JBC 2004 
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Dose Response: DNP vs. DNPME 
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Perry et al. Nature Comm 2017



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

Goedeke et al. Aging Cell 202)



CRMP Reduces Tumor Growth in Murine Models of Colon Cancer

Wang et al. Cell Reports 2018



Petersen et al. Cell Metabolism 2024







Liver-Targeted
Mitochondrial 
Uncoupling 

 VTCA, fatty acid oxidation, EE

 Hepatic TAG, DAG,     acetyl CoA

 PKCε translocation/inflammation

 Hepatic insulin sensitivity      Fasting gluconeogenesis
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 PKCθ/PKCε translocation

 Peripheral insulin 
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Liver-Targeted Mitochondrial Uncoupling
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Perry et al. Cell Metabolism 2013, Petersen and Shulman, Physiological Reviews 2018, Perry et al. Science 2015, 
Goedeke and Shulman, Molecular Metabolism 2021, Goedeke, et al. Science Translational Medicine 2023
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