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Abstract 

Problem: Gestational obesity and insulin resistance pose a significant threat to the future 

health of our population. Mothers and children of these metabolically maladaptive 

pregnancies experience extensive morbidity and mortality. This study characterized post-

prandial insulin sensitivity in female Sprague Dawley rats at 5-days and 15-days 

gestation. Based on these findings, a model of gestational obesity was developed using 

35% sucrose supplementation (SS). The efficacy of a preventative and a therapeutic 

intervention at modulating sucrose-induced gestational insulin resistance in Sprague 

Dawley rats was elucidated. 

Methods: Insulin sensitivity in the post-prandial state includes insulin-dependent and 

Hepatic Insulin Sensitizing Substance (HISS)-dependent components, and can be 

characterized with the Rapid Insulin Sensitivity Test (RIST). HISS is a putative hepatic 

factor released in the fed-state that selectively increases glucose uptake in skeletal 

muscle, kidney and heart. In the first phase of this study, the effects of insulin were 

assessed in pregnant animals (5 and 15-days gestation) and their virgin controls. Groups 

of 15-day gestation and virgin animals had SS for 8-weeks (with a 2-week recovery), 10-

weeks or 22-weeks. Half of all of the 10-week SS animals were treated with either 

SAMEC (given chronically, containing S-adenosyl-methionine, vitamin C and vitamin E) 

or BENAC (given once the night before the acute study, containing bethanechol chloride 

and n-acetyl-l-cysteine). Body weight, weight gained over the gestational period, fat pad 

mass, post-prandial glycemia, plasma insulin and triglyceride concentrations were 

measured in all groups.  
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Results: 5-days gestation was associated with preserved direct insulin action and 

increased HISS-dependent insulin action. 15-days gestation was associated with a mixed 

insulin resistance: both direct and HISS-dependent insulin action were reduced. SS in 

these pregnant and virgin rats eliminated HISS-dependent insulin action, associated with 

hyperinsulinemia, hypertriglyceridemia and obesity.  In the SS group given 8-weeks of 

sucrose (then a 2-week recovery), virgins spontaneously partially recovered HISS-

dependent insulin action. At 15-days gestation, recovery was complete with reductions in 

plasma insulin and triglyceride concentrations, and normalization of body weight and fat 

pad mass. 10-week SS resulted in complete absence of HISS-dependent insulin action, 

and produced a model of gestational obesity. Prolonged (22-week) SS did not result in 

hyperglycemia or elevation of plasma insulin concentration above 10-week SS. SAMEC 

in 10-week SS 15-day pregnant and virgin rats prevented the loss of HISS-dependent 

insulin action, and normalized plasma insulin and triglyceride concentrations. BENAC 

given to 10-week SS virgin and 15-day pregnant rats normalized overall insulin responses 

secondary to restoration of HISS-dependent insulin action. This was accompanied by a 

reduction (for virgins) and normalization (at 15-days gestation) of plasma insulin and 

triglyceride concentrations. In 15-day pregnant controls (no sucrose), BENAC increased 

the HISS-dependent insulin action significantly above baseline and reduced plasma 

triglycerides and insulin below control levels.  

Conclusions: These results suggest an explanation for the insulin resistance occurring in 

pregnancy, whereby HISS may facilitate metabolic adaptation. HISS may represent a 

pathophysiological missing link in the insulin resistant disorders of pregnancy. These 

findings substantiate a series of unexplored treatments (including BENAC and SAMEC) 
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for the epidemic of gestational obesity and diabetes in mothers-to-be and the deleterious 

metabolic programming occurring in the next generation. 

 



 V 

Acknowledgements 

  

Supervisor:  

Dr. Wayne Lautt 

 

Committee Members: 

Dr. Paul Fernyhough 

Dr. Don Smyth 

Dr. Vincent Woo 

 

Technical support and experimental design: 

Dallas Legare 

 

Animal care and handling: 

Gerry Nollette 

 

Financial support:  

Vanier CIHR CGS 

MD/PhD CIHR student stipend 

SciMarTM 

 



 VI 

Dedication 

 

I would like to dedicate this thesis to the laboratory animals that gave their lives 

for my science. Their sacrifice was instrumental, and will never be forgotten.  

 

 

 



 VII 

 

Table of Contents 

 

Abstract ............................................................................................................................. II	  
Acknowledgements .......................................................................................................... V	  
Dedication ........................................................................................................................ VI	  
Table of Contents .......................................................................................................... VII	  
List of Tables .................................................................................................................... X	  
List of Figures .................................................................................................................. XI	  
List of Abbreviations ................................................................................................... XIV	  
Copyrighted Material Permissions ............................................................................... XX	  
Statement of Intent ...................................................................................................... XXI	  
Introduction ..................................................................................................................... 10	  
Endocrinology	  of	  Insulin	  ..............................................................................................................	  10	  
Insulin	  Production	  ........................................................................................................................................	  10	  
Insulin	  Secretion	  ...........................................................................................................................................	  11	  
Insulin	  Signaling	  ............................................................................................................................................	  12	  
Endogenous	  Glucose	  Production	  ...........................................................................................................	  22	  
Breakdown	  of	  Glucose	  Homeostasis	  -‐	  Diabetes	  ..............................................................................	  29	  
Breakdown	  of	  Glucose	  Homeostasis	  –	  Gestational	  Obesity?	  .....................................................	  38	  

Metabolism	  in	  Normal	  Pregnancy	  ............................................................................................	  39	  
Insulin	  Resistance	  .........................................................................................................................................	  39	  
Insulin	  Secretion	  ...........................................................................................................................................	  43	  
Insulin	  Clearance	  ..........................................................................................................................................	  44	  
Blood	  Glucose	  Concentration	  ..................................................................................................................	  44	  
Glucagon	  ...........................................................................................................................................................	  45	  
Lipid	  Metabolism	  ..........................................................................................................................................	  46	  
Fed	  versus	  Fasted	  State	  .............................................................................................................................	  48	  
Placental	  Glucose	  Transport	  ....................................................................................................................	  51	  

Potential	  Etiologies	  of	  Insulin	  Resistance	  in	  Pregnancy	  ...................................................	  52	  
Hormones	  .........................................................................................................................................................	  52	  
Cytokines	  ..........................................................................................................................................................	  56	  
Insulin	  Clearance	  ..........................................................................................................................................	  57	  
Signaling	  ...........................................................................................................................................................	  58	  

Hepatic	  Insulin	  Sensitizing	  Substance	  (HISS)	  and	  Fed-‐state	  Insulin	  Sensitivity	  ......	  60	  
Physiology	  of	  HISS	  ........................................................................................................................................	  60	  
Alternative	  hypotheses	  to	  Explain	  Measurements	  of	  HISS-‐Dependent	  Insulin	  Action	  ..	  69	  
Methods	  of	  Measuring	  Insulin	  Sensitivity	  .........................................................................................	  72	  
Measuring	  Insulin	  Sensitivity	  in	  Pregnancy	  –	  Historical	  Approaches	  ...............................................	  72	  
The	  Rapid	  Insulin	  Sensitivity	  Test	  (RIST):	  The	  Only	  “Gold	  Standard”	  to	  Quantify	  HISS	  Action
	  ..........................................................................................................................................................................................	  74	  
Pharmacology	  of	  Atropine	  ....................................................................................................................................	  84	  



 VIII 

Models	  of	  HISS-‐Dependent	  Insulin	  Resistance	  (HDIR)	  ................................................................	  89	  
Prevention	  of	  HDIR:	  SAMEC	  .....................................................................................................................	  95	  
Treatment	  of	  HDIR:	  BENAC	  ......................................................................................................................	  99	  
The	  Rat	  Model	  for	  Studies	  in	  Pregnancy	  .........................................................................................	  102	  

Gestational	  Obesity	  ......................................................................................................................	  106	  
Normal	  Weight	  Gain	  .................................................................................................................................	  106	  
Maternal	  Dysfunctions	  in	  Metabolism:	  The	  Spectrum	  of	  Obesity,	  Impaired	  Glucose	  
Tolerance	  (IGT),	  and	  Gestational	  Diabetes	  Mellitus	  (GDM)	  ....................................................	  108	  

Statement of Context .................................................................................................... 116	  
Chapter 1: Healthy Gestation ...................................................................................... 117	  
Introduction	  ...................................................................................................................................	  117	  
Methods	  ...........................................................................................................................................	  119	  
Ethics	  ...............................................................................................................................................................	  119	  
Animals	  and	  Groups	  .................................................................................................................................	  119	  
Breeding	  ........................................................................................................................................................	  120	  
Fast-‐Feed	  Cycle	  &	  Surgical	  Preparation	  ..........................................................................................	  121	  
Metabolic	  Markers	  ....................................................................................................................................	  121	  
Rapid	  Insulin	  Sensitivity	  Test	  (RIST)	  ................................................................................................	  122	  
Sample	  Collection	  ......................................................................................................................................	  123	  
Data	  Analysis	  ...............................................................................................................................................	  123	  

Results	  ..............................................................................................................................................	  125	  
Discussion	  .......................................................................................................................................	  134	  
Overview	  .......................................................................................................................................................	  134	  
Technical	  Considerations	  .......................................................................................................................	  135	  
Gestational	  Insulin	  Resistance	  –	  The	  Current	  Paradigm	  ..........................................................	  136	  
Pregnancy	  as	  a	  Model	  of	  HISS-‐dependent	  insulin	  resistance	  (HDIR)	  .................................	  137	  
Early	  gestation	  (G-‐5)	  and	  changes	  in	  insulin	  sensitivity	  ..........................................................	  138	  
Late	  gestation	  (G-‐15)	  and	  changes	  in	  insulin	  sensitivity	  .........................................................	  142	  
What	  is	  the	  mechanism	  of	  insulin	  resistance	  in	  pregnancy?	  ..................................................	  146	  
Is	  there	  a	  role	  for	  HISS	  in	  pregnancy	  (vascular	  or	  metabolic)?	  .............................................	  147	  
Alternative	  Hypotheses:	  HGP	  &	  The	  Liver-‐Vagus-‐Hypothalamic	  Rapport	  .......................	  148	  

Chapter 2: High Sucrose Models of HDIR ................................................................. 154	  
Introduction	  ...................................................................................................................................	  154	  
Methods	  ...........................................................................................................................................	  156	  
Ethics,	  Breeding,	  Feed-‐Fast	  Cycle	  &	  Surgical	  Preparation,	  Metabolic	  Markers,	  Rapid	  
Insulin	  Sensitivity	  Test	  (RIST),	  Fat	  Sampling	  &	  Sacrifice,	  ........................................................	  156	  
Analysis	  ..........................................................................................................................................................	  156	  
Animals	  and	  Groups	  .................................................................................................................................	  157	  

Results	  ..............................................................................................................................................	  159	  
Discussion	  .......................................................................................................................................	  172	  
Overview	  .......................................................................................................................................................	  172	  
Gestational	  Obesity	  –	  The	  Current	  Paradigm	  ................................................................................	  173	  
Models	  of	  Insulin	  Resistance	  that	  result	  in	  HISS-‐Dependent	  Insulin	  Resistance	  (HDIR)
	  ...........................................................................................................................................................................	  175	  
Sucrose-‐Fed	  Insulin	  Resistance–	  Induction	  and	  Recovery	  ......................................................	  176	  
What	  is	  the	  mechanism	  of	  the	  sucrose-‐induced	  HDIR?	  ............................................................	  179	  

Conclusion	  ......................................................................................................................................	  188	  
Chapter 3: Prevention of HDIR with SAMEC ........................................................... 189	  



 IX 

Introduction	  ...................................................................................................................................	  189	  
Methods	  ...........................................................................................................................................	  192	  
Ethics,	  Breeding,	  Feed-‐Fast	  Cycle	  &	  Surgical	  Preparation,	  Metabolic	  Markers,	  Rapid	  
Insulin	  Sensitivity	  Test	  (RIST),	  Fat	  Sampling	  &	  Sacrifice,	  Analysis	  .....................................	  192	  
Animals	  and	  Groups	  .................................................................................................................................	  192	  

Results	  ..............................................................................................................................................	  195	  
Discussion	  .......................................................................................................................................	  208	  
Overview	  .......................................................................................................................................................	  208	  
High-‐Sucrose	  Supplementation:	  A	  Model	  of	  HDIR	  ......................................................................	  209	  
SAMEC	  as	  a	  preventative	  of	  HDIR	  in	  Virgin	  Females	  .................................................................	  209	  
SAMEC	  as	  a	  preventative	  of	  HDIR	  in	  Pregnant	  Females	  ...........................................................	  210	  

Conclusion	  ......................................................................................................................................	  214	  
Chapter 4: Treatment of HDIR with BENAC ........................................................... 215	  
Introduction	  ...................................................................................................................................	  215	  
Methods	  ...........................................................................................................................................	  218	  
Ethics,	  Breeding,	  Feed-‐Fast	  Cycle	  &	  Surgical	  Preparation,	  Metabolic	  Markers,	  Rapid	  
Insulin	  Sensitivity	  Test	  (RIST),	  Fat	  Sampling	  &	  Sacrifice,	  Analysis	  .....................................	  218	  
Animals	  and	  Groups	  .................................................................................................................................	  218	  

Results	  ..............................................................................................................................................	  221	  
Discussion	  .......................................................................................................................................	  238	  
Overview	  .......................................................................................................................................................	  238	  
High-‐Sucrose	  Supplementation:	  A	  Model	  of	  HDIR	  ......................................................................	  239	  
BENAC	  as	  a	  Therapeutic	  in	  the	  Treatment	  of	  HDIR	  in	  Virgin	  Females	  ..............................	  239	  
BENAC	  as	  a	  Therapeutic	  in	  the	  Treatment	  of	  HDIR	  in	  Pregnant	  Females	  ........................	  240	  

Conclusion	  ......................................................................................................................................	  243	  
Scientific Implications .................................................................................................. 244	  
References ...................................................................................................................... 247	  
 ........................................................................................................................................ 272	  
 

 



 X 

List of Tables 

 

Table 1 (Chapter 1): Adiposity Parameters During Gestation ........................................ 129	  

Table 2 (Chapter 2 - High Sucrose Models of HDIR): Adiposity Parameters ............... 163	  

Table 3 (Chapter 3 - Prevention of HDIR with SAMEC): Food (Standard and SAMEC) 
and Water (Sucrose and Pure) Water Intake ........................................................... 196	  

Table 4 (Chapter 4 - Treatment of HDIR with BENAC): Food (Benac and Standard) and 
Water (Sucrose and Pure) Water Intake .................................................................. 222	  

 

 

 

 



 XI 

List of Figures 

 

Figure 1: Structure of the Insulin Receptor ....................................................................... 14	  

Figure 2: GLUT4 Translocation Signaling ....................................................................... 21	  

Figure 3: Glucose, Insulin and Glucagon-time Profiles .................................................... 31	  

Figure 4: Insulin Requirements in Pregnancy ................................................................... 40	  

Figure 5: Fuel Disposition in Pregnancy following an overnight fast .............................. 42	  

Figure 6: Fed versus Fasted State in the Pregnant Female ............................................... 50	  

Figure 7: HCG, Estrogen and Progesterone with time in human gestation ...................... 53	  

Figure 8: The HISS Paradigm ........................................................................................... 62	  

Figure 9: Femoral Arterial-Venous Loop ......................................................................... 76	  

Figure 10: RIST Time Profile ........................................................................................... 79	  

Figure 11: RIST Time Profiles including Control and Post-Atropine RIST .................... 81	  

Figure 12: Basal Metabolic Rate, Maternal Fat Deposition, Fetal Weight and Caloric 
Intake Plotted with Time in the human pregnancy ................................................. 107	  

Figure 13: Perinatal mortality plotted against pregnancy weight gain ........................... 109	  

Figure 14: Beta-Cell Hypertrophy in Pregnancy versus Gestational Diabetes ............... 112	  

Figure 15 (Chapter 1): Impact of Gestation on Insulin Action in the Fed State ............. 127	  

Figure 16 (Chapter 1): Metabolic Changes in Gestation ................................................ 131	  

Figure 17 (Chapter 1): Dynamic Glucose Infusion Curves ............................................ 133	  

Figure 18: HISS as Part of Metabolic Adaptation to Early Pregnancy ........................... 141	  

Figure 19: HISS as Part of Metabolic Adaptation to Late Pregnancy ............................ 145	  

Figure 20 (Chapter 2 - High Sucrose Models of HDIR): Experimental Design with 
Groups ..................................................................................................................... 158	  

Figure 21 (Chapter 2 - High Sucrose Models of HDIR):  Food, Sucrose, Water and Total 
Fluid Intake Prior to Breeding ................................................................................ 160	  

Figure 22 (Chapter 2 - High Sucrose Models of HDIR): Glucose Uptake Parameters .. 165	  

Figure 23 (Chapter 2 - High Sucrose Models of HDIR): Metabolic parameters ............ 167	  



 XII 

Figure 24 (Chapter 2 - High Sucrose Models of HDIR): Dynamic Glucose Infusion 
Curves Obtained During the RIST in Virgins ......................................................... 169	  

Figure 25 (Chapter 2 - High Sucrose Models of HDIR): Dynamic Glucose Infusion 
Curves Obtained During the RIST in Pregnancy .................................................... 171	  

Figure 26: Sucrose as a model of HDIR in Pregnancy ................................................... 184	  

Figure 27 (Chapter 3 - Prevention of HDIR with SAMEC): Experimental Design with 
Groups ..................................................................................................................... 194	  

Figure 28 (Chapter 3 - Prevention of HDIR with SAMEC): Adiposity Parameters in 
Virgin Groups ......................................................................................................... 198	  

Figure 29 (Chapter 3 - Prevention of HDIR with SAMEC): Adiposity Parameters in 
Pregnant Groups ...................................................................................................... 200	  

Figure 30 (Chapter 3 - Prevention of HDIR with SAMEC): Glucose Uptake Parameters 
in Virgin Groups ..................................................................................................... 202	  

Figure 31 (Chapter 3 - Prevention of HDIR with SAMEC): Glucose Uptake Parameters 
in Gestation Groups ................................................................................................ 204	  

Figure 32 (Chapter 3 - Prevention of HDIR with SAMEC): Metabolic Parameters in 
Virgin Groups ......................................................................................................... 206	  

Figure 33 (Chapter 3 - Prevention of HDIR with SAMEC): Metabolic Parameters in 
Gestation Groups .................................................................................................... 207	  

Figure 34: SAMEC as a preventative of HDIR in Pregnancy ........................................ 212	  

Figure 35 (Chapter 4 - Treatment of HDIR with BENAC): Experimental Design with 
Groups ..................................................................................................................... 220	  

Figure 36 (Chapter 4 – Treatment of HDIR with BENAC): Adiposity Parameters in 
Virgins..................................................................................................................... 224	  

Figure 37 (Chapter 4 – Treatment of HDIR with BENAC): Adiposity Parameters in 
Gestation ................................................................................................................. 225	  

Figure 38 (Chapter 4 - Treatment of HDIR with BENAC): Glucose Uptake Parameters in 
Virgins..................................................................................................................... 227	  

Figure 39 (Chapter 4 - Treatment of HDIR with BENAC): Glucose Uptake Parameters in 
Gestation ................................................................................................................. 229	  

Figure 40 (Chapter 4 - Treatment of HDIR with BENAC): Metabolic Parameters in 
Virgins..................................................................................................................... 231	  

Figure 41 (Chapter 4 - Treatment of HDIR with BENAC): Metabolic Parameters in 
Gestation ................................................................................................................. 233	  



 XIII 

Figure 42 (Chapter 4 - Treatment of HDIR with BENAC): Dynamic Glucose Infusion 
Curves Obtained During the RIST in Virgins ......................................................... 235	  

Figure 43 (Chapter 4 - Treatment of HDIR with BENAC): Dynamic Glucose Infusion 
Curves Obtained During the RIST in Gestation ..................................................... 237	  

Figure 44: BENAC as a Treatment of HDIR in Pregnancy ............................................ 242	  



 XIV 

List of Abbreviations 

 

ACH – Acetylcholine  

AGC – Protein Kinases A G and C family  

AGRP – Agouti-related peptide 

AMISS – Absence of Meal Induced Insulin Sensitization Syndrome 

AMPK - AMP-activated protein kinase 

APS – Adapter protein with a pleckstrin homology and SRC homology 2 domain 

ATP – Adenosine Tri-Phosphate 

AV – Arteriovenous  

BCR – Breakpoint Cluster Region  

BENAC – Bethanechol and N-acetyl cysteine 

BMI – Body Mass Index  

BSO – 1-buthionine-[S, R]-sulfoximine 

C3G – Cyanidin 3-Glucoside 

CAD – Coronary Artery Disease 

CAMKK-β – Calcium/ calmodulin-dependent protein kinase kinase-β 

cAMP – Cyclic Adenosine Mono-Phosphate 

CAP – Casitas B-lineage Lymphoma Associated Protein 

CBL – Casitas B-lineage Lymphoma 

CDC42 – Cell Division Control Protein 42 

CIP4 – CDC42-interacting protein 4 

CREB – cAMP Response Element-Binding Protein 



 XV 

CRTC2 - CREB-Regulated Transcriptional Coactivator 2 

DOK – Docking Protein 

ER – Endoplasmic Reticulum 

ERK – Extracellular Signal Regulated Kinases 

FBP – Fructose-1,6-Bisphosphatase 

FFA – Free Fatty Acid 

FGIR – Fasting Glucose to Insulin Ratio 

FOX01 – Forkhead box protein O1 

FSH – Follicle Stimulating Hormone 

FSIVGTT – Frequently Sampled Intravenous Glucose Tolerance Test 

FXR – Farnesoid X Receptor 

G-15 – 15-day gestation 

G-5 – 5-day gestation  

G6PC – Glucose-6-Phosphatase 

GAB-1 – GRB2-associated-binding protein-1 

GC – Glucocorticoid  

GDM – Gestational Diabetes Mellitus 

GH – Growth Hormone 

GnRH – Gonadotropin Releasing Hormone 

GPCR – G-protein Coupled Receptor 

GPI – Glycosyl-Phosphatidyl-Inositol 

GRB2 – Growth factor receptor-bound protein-2 

GSH – Glutathione  



 XVI 

GSK – Glycogen Synthase Kinase 

GTP – Guanosine 5'-Tri-Phosphate 

HCG – Human Chorionic Gonadotropin 

HDIR – Hepatic Insulin Sensitizing Substance (HISS)-Dependent Insulin Resistance 

HFD – High Fat Diet 

HGP – Hepatic Glucose Production  

HIEC – Hyperinsulinemic Euglycemic Clamp 

HISS – Hepatic Insulin Sensitizing Substance 

HOMA-IR – Homeostasis Model of Assessment of Insulin Resistance  

HPL – Human Placental Lactogen 

IAPP – Islet Amyloid Polypeptide 

IGF – Insulin-like Growth Factor 

IGT – Impaired Glucose Tolerance 

IL – Interleukin  

IR – Insulin Receptor   

IRE1 – Inositol-Requiring Enzyme-1 

IRI – Immuno-Reactive Insulin 

IRS – Insulin Receptor Substrate 

IST – Insulin Sensitivity Test 

IRTK – Insulin Receptor Tyrosine Kinase 

ITT – Insulin Tolerance Test 

K – Potassium  

LDL – Low Density Lipoprotein 



 XVII 

LH – Luteinizing Hormone 

LKB – Liver Kinase B 

L-NAME – N-Nitro-L-Arginine Methyl Ester 

L-NMMA – N-Monomethyl-L-Arginine Acetate 

LPL – Lipoprotein Lipase 

MAP – Mitogen Activated Protein  

MIS – Meal-Induced Insulin Sensitization  

MTOR – Mammalian Target of Rapamycin 

ODQ – 1H-[1,2,4]-oxadiazolo-[4,3-a]quinoxalin-1-one 

NADH - Nicotinamide Adenine Dinucleotide  

NO – Nitric Oxide 

NPY – Neuropeptide Y 

NR – Nuclear Receptor  

P70S6K – p70 ribosomal S6 kinase 

PAR – Protease Activated Receptor   

PC-1 – Plasma Cell Membrane Glycoprotein-1 

PCK – Phosphoenolpyruvate Carboxykinase 

PCOS – Polycystic Ovarian Syndrome 

PDC – Pyruvate Dehydrogenase Complex 

PDK – 3-Phosphoinositide Dependent Protein Kinase 

PGC1-α – PPAR-γ Co-activator 1-α 

PH – Pleckstrin Homology  

PHAS-I – Eukaryotic Translation Initiation Factor 4E-Binding Protein I  



 XVIII 

PI – Phosphatidylinositol  

PI-3P – Phosphatidyl-Inositol-3-Phosphate 

PI-(3,4)P –  Phosphatidyl-Inositol-3,4-bis-phosphate  

PI-(3,4,5)P or PIP3 – Phosphatidyl-Inositol-3,4,5-Tris-Phosphate 

PKA – Protein Kinase A 

PKC – Protein Kinase C 

POMC – Pro-Opio-Melano-Cortin 

PPAR-γ – Peroxisome Proliferator-Activated Receptor γ 

PRL – Prolactin  

PTB – Protein Binding Domain 

PTEN – Phosphatase and Tensin homolog 

QUICKI – Quantitative Insulin Sensitivity Check Index 

RAS – Rat Sarcoma 

RIST – Rapid Insulin Sensitivity Test 

SAME – S-adenosyl methionine 

SAMEC – S-adenosyl methionine, Vitamin E and Vitamin C 

SD – Sprague-Dawley 

SGK – Serum and Glucocorticoid-Induced Protein Kinase 

SH2 – SRC-homology 2  

SHC – SRC Homologous and Collagen 

SHIP2 – SH2 domain containing inositol 5-phosphatase 2 

SHP – Small Heterodimer Partner  

SIN-1 – 3-morpholinosidnonimine  



 XIX 

SOHO – Sorbin Homology 

SOS – Son of Sevenless 

SRC – Sarcoma-family Kinases 

SREBP-1c – Sterol Regulatory Element-Binding Protein 

SRP – Signal Regulatory Protein 

SS – Sucrose Supplementation (35%) 

STAT - Signal Transducers and Activators of Transcription 

STD – Standard Diet 

T2DM – Type 2 Diabetes Mellitus 

TAT – Tyrosine Aminotransferase 

TNF – Tumour Necrosis Factor 

TSC2 - Component of Tuberous Sclerosis Heterodimer 

UPR – Unfolded Protein Response  

V – Virgin 

VLDL – Very Low Density Lipoprotein 

XBP-1 – X-box Binding Protein-1 

 

 

 

 

 

 



 XX 

Copyrighted Material Permissions 

 

Figures 1 through 14 have corresponding Copyright Permissions. 



 XXI 

Statement of Intent 

 

  

The following thesis will aim to examine the role of the putative hepatic factor  

Hepatic Insulin Sensitizing Substance (HISS) in both the physiological and pathological 

insulin resistance occurring during pregnancy using the Rapid Insulin Sensitivity Test 

(RIST).  HISS is released by the liver in the fed-state in the presence of intact 

parasympathetic nerves to the liver, hepatic glutathione, and a pulse release of insulin, 

promoting glucose storage as glycogen in heart, kidney and skeletal muscle, and 

balancing the lipogenic action of insulin on adipose tissue (137). The RIST is a 

euglycemic clamp technique that measures both HISS and insulin action (142). In 

pregnancy, insulin resistance plays a role in the metabolic adaptation to fetal energy 

needs. When pathological, it can result in obesity, gestational diabetes mellitus, and 

multiple deleterious obstetrical outcomes for mother and child (44, 273).  

 

The upcoming generation will suffer a tremendous burden of disease from 

diabetes, with a good portion of this burden attributable to the increasing obesity and 

diabetes rates amongst the pregnant population (269). It is imperative that a new 

approach be taken to solve the problem of pathological gestational insulin resistance: by 

understanding the contribution of HISS to the insulin resistance of pregnancy, we can 

develop an animal model to study the disease state and develop targets for preventing 

and/or treating it.  
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The introduction will focus first on outlining the mechanism by which insulin is 

released and acts at a physiological then signaling level. Endogenous glucose production 

and glucose homeostasis in diabetes will be discussed. Normal pregnancy’s metabolism, 

insulin resistance and insulin pharmacokinetics will be outlined as well as potential 

etiologies of insulin resistance (including cytokines, insulin clearance, and signaling). We 

will then provide a synopsis of the literature on the HISS hypothesis, including methods 

of measuring HISS action and historical approaches to measuring insulin sensitivity in 

pregnancy. This will include a detailed description of the RIST (and the pharmacology of 

atropine, a tool used in the RIST), the test that was employed for the bulk of the data 

collection for this thesis. Pre-existing models of HISS-dependent insulin resistance 

(HDIR) will be summarized to provide the basis for the model of pathological insulin 

resistance in pregnancy developed for this thesis. The preventative SAMEC (S-adenosyl-

methionine, Vitamin E and Vitamin C) and the therapeutic BENAC (Bethanechol, N-

acetyl-cysteine) will be described to provide a context for their use in pregnancy. Finally, 

the pandemic of gestational obesity (contrasted with normal weight gain) and the 

spectrum of insulin resistance in pregnancy as it relates to our models will be outlined.  
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Introduction 

 

Endocrinology of Insulin 

 

Insulin Production 

 

 Insulin is produced in the pancreas within the islet beta cells as a single-chain 

polypeptide precursor, ‘preproinsulin’ (70). Via proteolytic processing, the 

aminoterminal signal peptide is removed and proinsulin is produced. This proinsulin is 

structurally similar to insulin-like growth factors I and II (which are weak agonists of the 

insulin receptor) (70). Proinsulin is then cleaved (on an internal fragment) generating C 

peptide, as well as the A and B chains of insulin (which are connected via disulfide 

bonds) (70). The processed insulin along with C peptide are stored and secreted together 

from secretory granules within the pancreatic beta cells. C peptide has a longer half-life 

in the serum versus insulin (70).  

 

In addition to insulin and C peptide, the pancreatic beta cells cosecrete islet 

amyloid polypeptide (IAPP), whose role is unclear (70). IAPP has been identified within 

the amyloid fibrils found in islets of diabetics (70). The action of IAPP appears to occur 

in the area postrema in the brain stem (202). It has been shown to inhibit glucose 

appearance in the plasma (acting in synergy with insulin) via coordinated delayed gastric 

emptying, inhibition of gastric acid production, inhibition of pancreatic enzyme release, 

and reduced bile release (202). It also inhibits glucagon secretion, but this effect is 
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overridden by hypoglycemia. It acts to reduce total insulin demand, and has some 

function in bone metabolism (202).  

 

Insulin Secretion 

 

 The major regulator of insulin release is blood glucose. Amino acids, ketones, 

gastrointestinal peptides and neurotransmitters can also influence insulin secretion (70).  

When blood glucose levels exceed 3.9 mmol/L, insulin synthesis is stimulated via 

enhanced protein translation and processing. This stimulation begins with glucose 

transport into the beta cell of the pancreas via the GLUT2 transporter (70). The entrance 

of glucose into the cytoplasm of the beta cell is immediately followed by glucose 

phosphorylation by glucokinase (a rate-limiting step in glucose-regulated insulin 

secretion) (57). The glucose-6-phosphage undergoes glycolysis to generate ATP, 

allowing inhibition of the ATP-sensitive K+ channel, and resulting in depolarization of 

the cell membrane. This triggers opening of the voltage-dependent calcium channels, 

leading to calcium influx and insulin secretion within secretory vesicles (57). Insulin 

secretion is pulsatile: small bursts occur every ten minutes; with larger bursts every 

eighty to one hundred fifty minutes (57). Neuroendocrine cells within the gastrointestinal 

tract secrete incretins following food ingestion to amplify the insulin secretion and 

suppress glucagon secretion (57). Of the incretins, glucagon-like peptide 1 (GLP-1, 

released from L-cells within the small intestine) is the most potent and is released only 

when blood glucose exceeds fasting levels (57).  
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Insulin secretion into the portal venous system results in approximately fifty 

percent being degraded by the liver (57). The intact insulin then enters systemic 

circulation to act at target organs. The resultant glucose homeostasis is a balance between 

hepatic glucose production, peripheral glucose uptake and peripheral glucose 

consumption (57). When fasting, low insulin levels favour hepatic gluconeogenesis and 

glycogenolysis, along with reduced glucose uptake in the insulin-sensitive tissues such as 

skeletal muscle and fat. This mobilizes metabolic energy stores such as protein (amino 

acids) and fat (free fatty acids via lipolysis) (57). Glucagon (as described in sections 

below) stimulates these processes when blood glucose or insulin levels are low (57).  

 

Insulin Signaling  

 

 Insulin promotes the storage and synthesis of lipids, protein and carbohydrates, 

while inhibiting their breakdown and release into circulation (46). Glucose transport is 

increased when GLUT4 transporters migrate to the plasma membrane, allowing 

facilitated diffusion to occur along a concentration gradient (46). This GLUT4 

translocation is triggered by signaling activated when insulin binds the insulin receptor 

(46). The insulin receptor (IR) is a heterotetrameric bifunctional complex that contains 

two extracellular α subunits that bind insulin, and 2 transmembrane β units that have 

tyrosine kinase activity (Figure 1: Structure of the Insulin Receptor, page 14, (46)). When 

insulin binds the α subunit, it induces transphosphorylation of one β subunit by another 

on specific tyrosine resides contained within an activation loop, resulting in increased 
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kinase catalytic activity (46, 225, 257). Other tyrosine sites of autophosphorylation are 

present at the juxtamembrane and intracellular tail regions (46, 225, 257). 
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Figure 1: Structure of the Insulin Receptor 

 

 

  

As depicted above, the insulin receptor is comprised of two extracellular α 
subunits that bind insulin, and two transmembrane β units that have tyrosine 

kinase activity. The binding of insulin (highlighted in orange) to the α subunit 
induces transphosphorylation of one β subunit by another on specific tyrosine 

resides contained within an activation loop, resulting in increased kinase 
catalytic activity. Sites of tyrosine autophosphorylation are present at the 

juxtamembrane and intracellular tail regions (lower portion of the diagram) that 
can serve as effector or adaptor molecules (such as those with NPXY motifs).  

(Adapted from figure 2 in “Insulin Signaling and Regulation of Glucose 
Transport, (46)). 
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Once the IR becomes activated, it can then phosphorylate tyrosine residues on 

intracellular substrates that include the: Insulin Receptor Substrate (IRS) 1 through 4, 

IRS5/DOK4, IRS/DOK5, GAB-1, CBL, APS, SHC isoforms, and Signal Regulatory 

Protein (SRP) family members (46, 225, 257). Some of these targets are recruited to the 

membrane adjacent to the receptor via NPXY motifs (such as IRS and SHC) while others 

bind directly to the activation loop (such as APS) (46, 225, 257). Once activated via 

phosphorylation, they interact with effector or adaptor molecules that contain SRC 

homology 2 (SH2) domains that recognize them, best characterized by the IRS family of 

proteins (46, 225, 257).  Proximal insulin signaling includes IRS1-through-4 and Shc-

mediated cellular signaling, which goes on to activate intermediate signaling such as PI 

3-kinase and Raf/MEK/MAP kinase signaling, respectively (23). The distal insulin 

signaling ends in PI 3-kinase dependent glucose and protein metabolism as well as lipid 

synthesis (23). Raf/MEK/MAP kinase results in cell growth and differentiation pathways 

being activated (23). 

 

 The IRS family (1 through 4) are structurally related, and each contain a 

Pleckstrin Homology (PH) domain, a protein tyrosine binding (PTB) domain, and 

multiple tyrosine residues that can undergo phosphorylation via the IR tyrosine kinase 

(23). They vary in tissue distribution and subcellular location (23). IRS-1 has the 

dominant role during nutrient excess, in conjunction with reduced feeding-stimulated 

signaling by IRS-2, and has a powerful effect on suppressing hepatic glucose production 

(87). Knockouts produce growth retardation, peripheral insulin resistance (mainly in 
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skeletal muscle), but avoid diabetes due to a robust IRS-2 dependent pancreatic β-cell 

compensation (10, 87, 248). IRS-2 is more important in the early post-prandial period to 

augment the initial response to insulin and reduces the requirement for long-term insulin 

action that can lead to IRS-1 mediated lipid production (87). Knockouts product 

metabolic defects in the liver, muscle and adipose tissue (87, 205). These knockouts 

develop overt diabetes due to pancreatic β-cell failure (259).  

 

Phosphatidylinositol 3-Kinase (PI 3-kinase) is a key intermediate (23). Active PI 

3-kinase is a heterodimer containing both a p110 catalytic subunit (which has three 

isoforms) and a regulatory subunit (with eight isoforms) that contains a SH3 domain, a 

Breakpoint Cluster Region (BCR) homology domain flanked by two proline-rich regions 

and two SH2 domains that flank the p110 subunit binding region (23). Virtually all of the 

effects of insulin on glucose transport, lipogenesis and glycogenesis are completely 

abolished by inhibitors or dominant-negative mutants of PI 3-kinase. The most important 

role (of many) in signal transduction is the phosphorylation of the phosphoinositides at 

the 3-position to produce Phosphatidyl-Inositol-3-Phosphate (PI-3P), Phosphatidyl-

Inositol-3,4-bis-phosphate (PI-(3,4)P), and Phosphatidyl-Inositol-3,4,5-Tris-Phosphate 

(PI-(3,4,5)P or PIP3) to allow binding of PH domains of other signaling molecules. These 

PH domains are the major target being the AGC family of Ser/Thr kinases such as AKT 

and protein kinase C (PKC). PKC activation is important in mediating insulin-stimulated 

glucose uptake, and is more closely linked to IRS-1 mediated signaling in muscle and fat 

than to IRS-2 mediated signaling, although both of these IRS proteins activate PI 3-

kinase (23).  
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 PIP2 and PIP3 recruit Akt to the plasma membrane via the PH domain, bringing it 

into proximity with 3-phosphoinositide dependent protein kinase-1 (PDK1), which 

resides at the membrane (23). PI 3-phosphates (particularly PIP3) activate PDK1, 

allowing it to phosphorylate and activate Akt, which goes on to (23): 

1) Phosphorylate glycogen synthase kinase 3 (GSK3), deactivating it. This leads to 

de-repression (i.e. activation) of glycogen synthase, resulting in stimulation of 

glycogen synthesis.  

2) Phosphorylate Forkhead box protein O1 (FOX01), leading to exclusion of FOX01 

from the nucleus, preventing it from activating transcription of various genes 

including Phosphoenolpyruvate CaboxyKinase (PCK) and Glucose-6-

Phosphatase (G6PC) (two important enzymes in gluconeogenesis).  

3) Promote insulin-stimulated glucose uptake: stable expression of constitutively 

active membrane-bound form of AKT in 3T30L1 adipocytes results in increased 

glucose transport and persistent localization of GLUT4 to the plasma membrane.  

 

Activation of the Mitogen-Activated Protein (MAP) kinase pathway is important 

in the metabolic and anabolic actions of insulin (23). Insulin stimulates tyrosine 

phosphorylation of IRS proteins GAB1and SHC, allowing them to bind the SH2 domain 

of the adaptor molecule GRB2. GRB2 recruits the guanyl nucleotide exchange protein, 

Son of Sevenless (SOS), to the plasma membrane, where it can activate the G-protein 

RAS (23). RAS then induces sequential phosphorylation and activation of the Ser/Thr 

kinases (23). These Ser/Thr kinases include (23) : 
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1) RAP, MAP kinase-kinase (or MEK) and MAP kinases ERK1 and ERK2, 

associated with the proliferative effects of insulin.  

2) SREBP-1c (Sterol Regulatory Element-Binding Protein), which regulates many of 

the effects of insulin on lipogenesis.  

3) mTOR (mammalian target of rapamycin). AKT phosphorylates and inhibits 

TSC2, component of tuberous sclerosis heterodimer, which inhibits mTOR. 

mTOR, in association with protein ‘raptor’, regulates protein synthesis by 

phosphorylating and activating p70 ribosomal S6 kinase (p70S6K). mTOR also 

phosphorylates PHAS-I, aka eukaryotic translation initiation factor 4E-binding 

protein I, enabling it to dissociate from elongation initiation factor 4E and 

increasing translation of mRNAs with highly structured 5’ un-translated region.  

 

GLUT4 translocation occurs in multiple stages, the majority of which are insulin 

dependent. In the absence of insulin, GLUT4 recycles at a slow rate between plasma 

membrane and vesicular compartments (46). When insulin stimulates translocation of 

GLUT4 to the plasma membrane via targeted exocytosis, GLUT4 endocytosis is 

attenuated (46). The microtubule network and actin cytoskeleton play a key role in this 

process (46). The stimulation of glucose uptake is mediated by phosphatidylinositol (PI) 

3-kinase dependent and independent pathways (46, 225, 257). Once the receptor 

undergoes phosphorylation as described above, IRS proteins can interact with the p85 

regulatory subunit of PI 3-kinase, allowing activation of the enzyme and targeting to the 

plasma membrane (46).  
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The lipid product of the enzyme is phosphatidylinositol 3,4,5-trisphosphate 

(PIP3), which allows for regulation and localization of multiple downstream proteins (46, 

234). PIP3 activation is attenuated by dephosphorylation via 5’-phosphatases (SHIP2) 

(46, 90, 197) or 3’-phosphatases (PTEN) (46, 157), providing a brake for this process. 

The increase in PIP3 results in recruitment and/or activation of PH domain-containing 

proteins, including the Ser/Thr kinase PDK1 that can phosphorylate and activate multiple 

downstream kinases: Akt1-3, PKC, and serum and glucocorticoid-inducible kinase 

(SGK) (46, 173).  

 

A separate insulin signaling pathway exists in lipid raft microdomains that are 

specialized regions on plasma membrane that are enriched with cholesterol, sphingolipid 

lipid-modified signaling proteins, glycosyl-phosphatidyl-inositol (GPI)-anchored proteins 

as well as glycolipids (46, 239). Part of the insulin receptor has been demonstrated to 

reside within the raft protein caveolin, with activation of the insulin receptor in these 

plasma membrane subdomains stimulating phosphorylation (at tyrosine residues) of the 

proto-oncogenes c-CBL and CBL-b (46, 88, 114, 193). This requires recruitment of CBL 

to the adapter protein APS that contains both SH2 and PH domains (18, 46, 114, 154). 

APS interacts with the three phosphotyrosines in the activation loop of the insulin 

receptor; so one receptor recruits two APS molecules (46, 98). Once bound, the APS 

becomes phosphorylated at a tyrosine, allowing the recruitment of CBL via the SH2 

domain, and CBL then undergoes phosphorylation on three tyrosines (46, 98, 154).  
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The CBL associated protein (CAP) is then recruited with CBL the insulin-

receptor-APS-complex, containing three SH3 domains and a sorbin homology (SoHo) 

domain (46, 154). CAP expression is associated with insulin sensitivity, and is found 

mostly in tissues that are insulin sensitive (46). Expression increases with peroxisome 

proliferator-activated receptor γ (PPAR-γ) activation, and can bind directly to the 

cytoskeleton proteins (46). A cascade of phosphorylation results in eventual GLUT 4 

translocation via subsequent activation of CRKII, C3G, and lipid-raft associated TC10 

(46). TC10 can then modulate activation of CIP4, Exo70, and Par6/Par3/PKC in a GTP-

dependent fashion (46). The above has been summarized in Figure 2: GLUT4 

Translocation Signaling (page 21) (46).  
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Figure 2: GLUT4 Translocation Signaling 

 

 

 

 

 

  

 

 

 

 

 

“Two signaling pathways are required for the translocation of the glucose transporter GLUT4 
by insulin in fat and muscle cells. Tyrosine phosphorylation of the IRS proteins after insulin 
stimulation leads to an interaction with and subsequent activation of PI 3-kinase, producing 

PIP3, which in turn activates and localizes protein kinases such as PDK1. These kinases initiate 
a cascade of phosphorylation events, resulting in the activation of Akt and/or atypical PKC. 
AS160, a substrate of Akt, plays an undefined role in GLUT4 translocation through its Rab-
GTPase activating domain. A separate pool of the insulin receptor can also phosphorylate the 

substrates CBL and APS. CBL interacts with CAP, which can bind to the lipid raft protein 
flotillin. This interaction recruits phosphorylated CBL into the lipid raft, resulting in the 

recruitment of CrkII. CrkII binds constitutively to the exchange factor C3G, which can catalyze 
the exchange of GDP for GTP on the lipid-raft–associated protein TC10. Upon its activation, 

TC10 interacts with a number of potential effector molecules, including CIP4, Exo70, and 
Par6/Par3/PKC&, in a GTP-dependent manner.” (Adapted from figure 3 in “Insulin Signaling 

and Regulation of Glucose Transport, (46)). 
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Endogenous Glucose Production 

 

 As described in the previous section, insulin regulates metabolism by activating 

the tyrosine kinase activity of the IR, resulting in activation of multiple downstream 

pathways that modulate metabolic flux, cellular growth and cellular survival (87). Low 

concentrations of IRS1 or IRS2 mediate fasting and post-prandial hepatic insulin 

responses to feeding under conditions of normal nutrition provided by standard diets (87). 

Direct hepatic insulin signaling through either IRS1 or IRS2 is essential for the central 

effect of insulin (87). Based on physiological findings, hormonal regulation of hepatic 

glucose production (HGP) must be (152): 

1) Rapid, occurring within seconds of exposing the organ to glucagon or insulin 

2) Sensitive, as either hormone is effective at sub picomolar concentrations 

3) Independent of ongoing protein synthesis 

 

Putative physiological regulators of HGP ought to be regulated by low hormone 

concentrations by posttranslational modifications of existing signaling complexes and by 

substrate flux, rather than by de novo transcription (152). In tracer studies in dogs, two 

major players were identified. Glucagon sets the basal tone of HGP, with insulin 

trumping glucagon at any concentration (152). Glucagon is a pancreatic regulatory 

peptide hormone that is produced by pancreatic alpha cells that acts to raise blood 

glucose concentrations in response to hypoglycemia, antagonizing the effects of insulin 

(152). In order to accomplish a rise in blood glucose, glucagon stimulates hepatic 
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glycogenolysis, releasing glucose into the bloodstream. Insulin and glucagon affect 

glycogenolysis by reciprocal changes of glycogen synthase and glycogen phosphorylase 

as well as by modulating glycolysis via glucokinase, fructose-bisphosphatase and 

pyruvate kinase (50, 152).  Acute elevations of insulin in physiological range have 

transient effects on gluconeogenesis (152, 208). However, a sustained elevation in insulin 

concentration is required to bring about a persistent change (68, 152). The ability of 

insulin to inhibit gluconeogenesis parallels its ability to lower free fatty acids and lactate, 

consistent with a bimodal mechanism i.e. direct stimulation of glycolysis and glycogen 

synthesis, and indirect inhibition through decreased gluconeogenic precursors (21, 152).   

 

 Regulation of HGP occurs in part due to substrate flux. Glycogen synthase is 

activated via phosphorylation at multiple sites and allosteric binding of G6PC (152, 216). 

Glycogen phosphorylase is rate limiting for glycogenolysis, and is oppositely regulated 

by covalent modifications through Protein Kinase A (PKA) and phosphorylase kinase 

and allosterically by its product glucose-6-phosphate (152, 216). In euglycemia, insulin 

paradoxically increases phosphorylase activity, shunting glucose to glycogen cycling 

(152, 216). In hyperglycemia, insulin inhibits this, suggesting a role for elevated glucose-

6-phosphate levels in this process (152, 198).  Fructose-1,6-Bisphosphatase (FBP) 

catalyzes the penultimate step in gluconeogenesis, converting Fructose-1,6-Bisphosphate 

(F1,6BP) to fructose-6-phosphate (152, 216). Feedback inhibition by F2,6BP and AMP 

reduces flux though FBP. Glucagon stimulation of cAMP/PKA rapidly reduces 

intracellular F2,6BP by favoring the phosphatase activity of 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase and relieves FBP inhibition to drive gluconeogenesis 
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(152, 199).  Additionally, FBP activation depletes its substrate F1,6BP, an allosteric 

activator of the glycolytic enzyme liver-type pyruvate kinase, which is also inhibited by 

glucagon and ATP (152, 199).  Pyruvate dehydrogenase kinase, as part of the pyruvate 

dehydrogenase complex (PDC), converts pyruvate to acetyl-CoA, committing the 

substrate to cellular respiration (152). PDC is phosphorylated and inhibited by pyruvate 

dehydrogenase kinase, and is activated by products of PDC: acetyl-CoA and NADH 

(152, 199).  PDK2 and PDK4 are induced by fasting and inhibited by insulin, with PDK 

inhibiting PDC during fasting, sparing pyruvate for gluconeogenesis (152). 

 

Transcriptional regulation of HGP occurs in part via FOX01 (which meets the 

Exton and Park criteria for putative mediators of hormonal HGP) (152). cAMP promotes 

FOX01 nuclear retention and dephosphorylation, with insulin in low concentrations 

inactivates FOX01 by driving nuclear exclusion via Akt-dependent phosphorylation 

(152). The main target of FOX01 is G6PC, which is a key controller of HGP (152). Loss 

of function of FOX01 reduces HGP by half, decreasing glycogenolysis, gluconeogenesis, 

and glucose cycling (152). This results in starvation-induced hypoglycemia (152). 

 

The rise in HGP in diabetes could include decreased receptor number and/or 

activity as a transcriptional mechanism (152). Other transcriptional mediators could 

include (152):  

1) PPAR-γ Co-activator 1-alpha (PGC1-α), which is induced by fasting and 

promotes transcription of glucogenic enzymes and mitochondrial proteins. 

FOX01 is an obligate partner for glucogenic enzymes.  
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2) cAMP Response Element-Binding Protein (CREB), by an unclear mechanism. 

CREBs belong to family of stress-activated DNA binding proteins with 

multifaceted functions: phosphorylated in response to glucagon, 

catecholamines, and insulin.  

3) CREB-Regulated Transcriptional Coactivator 2 (CRTC2), which is a CREB 

co-activator that confers hormone regulation on HGP. During fasting, CRTC2 

is dephosphorylated, allowing nuclear translocation. Nuclear CRTC2 binds 

CREB and recruits CRB and p300 to activated 1, G6PC, and PGC1-α 

transcription.  

4) Glucocorticoids can drive HGP via two mechanisms. They directly induce 

transcription of 1 and tyrosine aminotransferase (TAT), mediated through 

ligand-induced binding of nuclear GC receptor to GC response elements. 

They indirectly act via actions in muscle and adipose tissue to promote amino 

acid and glycerol flux to the liver, and to decrease insulin production in the 

pancreatic β-cell. Hepatic GC/GR signaling is essential for the stress-induced 

glycemic response.   

5) NR4As, with transcription of three orphan nuclear receptors of this family 

(Nurr77, Nurr1, NOR-1) rapidly induced by glucagon or fasting in the liver. 

Glucagon promotes HGP without stimulating protein synthesis: this implies 

that these are unlikely to play a role in the physiologic mediation of 

glucagon’s effect on HGP.  

6) AMP-activated protein kinase (AMPK), which is a cellular sensor of energy 

level and is activated by AMP or calicum-dependent phosphorylation through 
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Liver Kinase B1 (LKB1) and CaMKK-β respectively. These generate ATP by 

increasing fatty acid oxidation and reducing ATP hydrolysis through 

decreased lipogenesis and gluconeogenesis. Glucagon can also activate 

AMPK, but not in liver-specific 1 knockout mice, suggesting effects on 

AMPK are mediated by cellular ATP depletion through gluconeogenesis. 

Regulation of AMPK by FOXO not been examined extensively, but in vitro 

data suggests AMPK promotes FOXO3a activity. It is likely that AMPK and 

related kinases can restrain gluconeogenesis during extreme energy deficit and 

diabetes, but not under physiological conditions.  

7) Orphan regulators including CCAAT/Enhancer-Binding Protein α and β, 

Steroid Receptor Co-activator Family, Sirtuin-1 and the Circadian 

Pacemakers. 

 

Bile acid signaling also regulates HGP via the Farnesoid X Receptor (FXR) (152). 

Bile acids bind FXR and lower glucose by hepatic and extra-hepatic mechanisms. FXR 

target gene, Small Heterodimer Partner (SHP), encodes an atypical orphan nuclear 

receptor that lacks DNA binding domain and represses expression of genes implicated in 

HGP (G6PC, 1, PDK4) (152). Fibroblast growth factor 15/19 rises post-prandial after 

release of bile acids that activate its expression in the small intestine via FXR. It inhibits 

bile acid synthesis and promotes hepatic glycogen synthesis (152).  

 

The role of the autonomic nervous system in regulating hepatic glucose 

production has long been accepted. In electrophysiological studies, changes in glucose 
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balance have been measured in response to direct electrical stimulation of hepatic nerves. 

In cats, simultaneous measurements of glucose concentrations (leaving and entering the 

liver) as well as blood flow were conducted (136). Stimulation of hepatic sympathetic 

nerves produced a rapid increase in hepatic glucose output in under 1 minute, and this 

increase in output reached a peak 3-5 minutes post-stimulation (136). In the presence and 

in the absence of atropine, the responses to stimulation were similar. Stimulation of both 

sympathetic and parasympathetic nerves resulted in a pure parasympathetic response 

(136). The sympathetic nervous system promotes an elevation in blood glucose 

concentration via a hepatic mechanism.  

 

Foundational studies looking at hepatic parasympathetic nerves, blood flow, and 

the effects of insulin on carbohydrate metabolism have hinted at the importance of the 

hepatic parasympathetic nerves on the regulation of endogenous glucose production. In a 

pioneering study by Mondon and Burton in 1971, livers from fed rats were perfused with 

90% rat blood and glucose uptake by the liver was measured. It was determined that 

glucose uptake by the liver was equal to or greater than glucose release and that insulin 

did not effect net carbohydrate balance (169). Using 45% blood (which limits hepatic 

oxygen consumption) or glucagon, insulin markedly decreased glucose outflow. 

Glycogen deposition of the isolated livers was much slower than in the intact rats, and 

was increased by elevation of the glucose concentration in the perfusate but not by insulin 

or acetylcholine addition (169). Insulin in combination with acetylcholine or choline 

increased glucose uptake and glycogen deposition, indicating that insulin altered hepatic 

carbohydrate metabolism via reduction of catabolism, resulting in increased 
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gluconeogenesis (169). In the context of cholinergic stimulation, insulin enhanced 

glycogen synthesis.  

 

In a study by Xue et al, selective hepatic cholinergic denervation was shown to 

impair glucose metabolism, particularly in the fed state (267). Male Sprague-Dawley rats 

were randomized to hepatic vagotomy or sham operation. Liver glycogen content was 

measured in the fed and fasted state in both surgical groups 4-weeks post-operatively. 

HGP was also measured in a single-pass isolated liver perfusion model (with glucagon 

then insulin infusions). In the sham-operated livers, glycogen content rose from the fasted 

state to the fed state (around double the content) but those rats that had undergone 

selective cholinergic denervation of the liver had no rise in hepatic glycogen content with 

a feed. In sham animals, insulin was able to fully suppress glucagon-stimulated HGP, but 

this was impaired in the denervated animals.  These results demonstrate clear evidence 

that firstly, HGP is controlled by the hepatic parasympathetic nerves, and secondly, this 

control extends to glycogen production in response to the fed/fasted state (267). 

 

Insulin may suppress hepatic glucose production via the vagal nerve with signals 

generated by insulin-stimulated closure of potassium (K)-ATP channels (87, 182, 204). In 

studies of the central nervous system in rodents, it was determined that the direct effects 

of insulin in liver are necessary but not sufficient to inhibit HGP (152). Insulin receptor 

signaling in hypothalamic neurons affects HGP by activating K-ATP channels and 

suppressing flux through G6PC (152, 181). The site of insulin action includes orexigenic 

(appetite-promoting) NPY-AgRP neurons (126) and anorexigenic Pro-Opio-Melano-
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Cortin (POMC) neurons (153). The mechanism may also involve activation of STAT3 

via IL-6 signaling, providing a link with inflammatory changes associated with insulin 

resistance (101, 152). The rodent HGP rate is approximately 10-times the rate versus 

humans, therefore CNS effects may have gone undetected in human studies (152).  

 

 

Breakdown of Glucose Homeostasis - Diabetes 

 

The profile of insulin release is modified in a diabetes (215). Normally, insulin 

peaks 30-45 minutes after a meal (215). In diabetics, it peaks two hours after a meal 

resulting in a higher peak glucose concentration but only minimally prolonged 

hyperglycemia (215). In the setting of a delayed peak insulin, the contribution of 

glucagon to hyperglycemia is substantial (215). In this study, patients with T2DM were 

compared with normal subjects (age, sex and weight-matched) on the basis of glucose, 

insulin and glucagon concentration changes with time following an oral 50-gram glucose 

challenge following an overnight fast (33). At time 0, the glucose was ingested. Glucose 

concentrations in controls were 5mmol/L prior to ingestion, rising to 8mmol/L post-

ingestion, and returning to baseline within 2-hours. This rise in glucose concentration in 

controls seemed to trigger an immediate release of insulin (within 30 minutes of glucose 

ingestion), with a fall in glucagon as glucose increased. In T2DM, their pre-ingestion 

blood glucose was approximately 7mmol/L and rose to 11mmol/L post glucose ingestion. 

The insulin release resulting from the blood glucose rise was similar to the controls, 

despite reaching a higher level, and the peak insulin level was not reached until 2 hours 
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post-glucose challenge. When the diabetics were more severely hyperglycemic, the 

insulin released in response to the glucose challenge was even lower than controls. 

Glucagon was not fully suppressed in the diabetics, and actually increased after glucose 

ingestion. See Figure 3: Glucose, Insulin and Glucagon-time Profiles (page 31), (33, 

215). 
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Figure 3: Glucose, Insulin and Glucagon-time Profiles 

 

 

 

 

 

 

 

 

 

Following a 50-gram oral glucose load (time = 0), profiles of blood glucose (top), insulin 
(middle) and glucagon (bottom) were taken in human subjects (normal, mild T2DM and overt 
T2DM). Diabetics had an altered insulin and glucagon profile (insulin is delayed and glucagon 

fails to suppress), with a higher peak blood glucose concentrations (Adapted from Figure 1 
from “Pathogenesis of fasting and postprandial hyperglycemia in type 2 diabetes: implications 

for therapy” (33, 215)) 



 32 

In the post-absorptive state, diabetics experience an increase in their blood 

glucose levels, indicating some derangement of glucose disposal and production (215). 

Firth et al used dual isotope tracers and forearm catheterization techniques to measure the 

rate of glucose appearance (secondary to a 50-gram oral glucose load) in the blood after 

an overnight fast in non-insulin dependent type-2 diabetics versus their age, sex and 

weight-matched controls (74). This appearance would include both ingested glucose 

appearance and endogenous glucose production. It was determined that the net rate of 

glucose appearance was higher in in diabetics both before and after the glucose load. The 

rate of appearance of ingested glucose in both groups was similar: the rise in post-

prandial glucose concentration was not secondary to too much glucose being absorbed 

from the gut. As the pre-prandial glucose concentrations were already elevated in 

diabetics, and hyperglycemia stimulates hepatic glucose uptake, this does not imply that 

hepatic glucose extraction in diabetics is normal. However, the rate of endogenous 

glucose production was higher in diabetics before the glucose load. After eating, these 

diabetics failed to decrease their endogenous glucose production as quickly or to the 

same nadir as the non-diabetic controls. The impaired ability of the diabetic to suppress 

endogenous glucose production accounted for the entire rise of post-prandial glucose 

appearance (74). The same study by Firth et al examined rates of glucose disappearance 

from the blood in the same experimental set-up described above (74, 215). The diabetic 

subjects experienced a greater rate of glucose disappearance after the oral glucose load, 

likely secondary to urinary glucose loss (due to exceeding of the renal threshold for 

glucose), as muscular glucose uptake was similar between controls and diabetics (which 
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is inappropriate given the elevated glycemia in diabetics, potentially representing skeletal 

muscle insulin resistance) (74). 

 

In order to address the question of failure of hepatic glucose production 

suppression in diabetics, Basu et al performed an experiment were diabetics and controls 

had their blood glucose clamped at 8mmol/L (a common post-prandial blood glucose 

level where hepatic glucose uptake would be stimulated, but endogenous glucose 

production would not be fully suppressed) via intravenous glucose infusion (17).  Insulin 

was infused at various rates reflecting physiological ranges, with a somatostatin infusion 

to inhibit counter regulatory hormone release and glucagon to ensure constant portal 

insulin and glucagon concentrations (17). When insulin was infused at 150 or 300 

pmol/L, controls had suppression of endogenous glucose production (no further 

suppression occurred at 600 pmol/L) (17). However, diabetics had significantly higher 

hepatic glucose production at the lowest insulin dose (150 pmol/L), consistent with 

hepatic insulin resistance. With the intermediate and high insulin dose (300 and 600 

pmol/L), diabetics displayed a progressive decline in hepatic glucose production (17). 

Hence “these data explain why hepatic insulin resistance will be missed when insulin 

action only is assessed at high insulin concentrations” (215). Interestingly, when rates of 

glucose disappearance were measured in the same groups at the three doses of insulin, 

controls demonstrated a dose-response relationship between insulin dose and the rate of 

glucose disappearance. Diabetics demonstrated lower rates than at all three insulin doses 

(17). These findings posed a clear question: where was the insulin resistance in diabetics? 

Was it the liver, the skeletal muscle, or both? (215). 
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Basu et al employed the splanchnic catheterization method to study splanchnic 

blood glucose production in the same groups: type-2 diabetics and controls (215). By 

obtaining blood samples from a peripheral artery as well as the hepatic vein, and 

measuring splanchnic blood flow using indocyanine green; net splanchnic glucose 

balance can be determined. Using an infused tracer, one can then measure splanchnic 

glucose uptake. In the setting of similar elevations in blood glucose and insulin 

concentrations in diabetics and controls, splanchnic glucose production followed a 

similar pattern to HGP (higher in diabetics) (16). This implies that insulin-dependent 

HGP suppression is impaired in diabetics (since the liver is the primary source of 

splanchnic glucose). As far as hepatic glucose uptake, it was determined that diabetics 

have reduced splanchnic glucose uptake compared to controls at low (150 pmol/L) and 

significantly reduced at intermediate (300 pmol/L) insulin doses. When leg glucose 

uptake was measured, diabetics had slightly lower glucose uptake at the low dose of 

insulin (150 pmol/L) and significantly lower glucose uptake at the intermediate dose (300 

pmol/L) (16). When total muscle mass using dual-energy X-ray absorptiometry scanning 

was conducted under these conditions, skeletal muscle accounted for two-thirds and liver 

for one-third of the decrease in total body glucose disappearance that was observed in the 

diabetic group (16, 215). 

 

Post-prandial hyperglycemia is the failure of multiple regulatory metabolic 

pathways (215). A timeline exists between impaired control of HGP and progression to 

diabetes (152). Muscle and adipose insulin resistance occur early, antedating 

hyperglycemia by years, and remain relatively stable throughout the disease course (152, 
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258). The rise in hepatic glucose production occurs late in the natural history of diabetes, 

progressively worsening, and becomes refractory to interventions (152, 170). In diabetes, 

HGP is higher in the post-absorptive state, and fails to be properly suppressed by insulin, 

resulting primarily from excessive gluconeogenesis rather than glycogenolysis (152, 215) 

(7). Contributing factors are suggested to include (152, 235):  

1) Increased supply of glucogenic precursors to the liver (glycerol, free fatty 

acids, amino acids) 

2) Increased lipid content in the liver 

3) Cytokines and adipokines 

4) Altered glucagon-to-insulin ratios, with the effect of glucagon likely 

secondary to insulin resistance 

5) Defective vagal control (originating in the hypothalamus) 

6) Decreased insulin receptor signaling in hepatocytes 

 

Impaired hepatic glucose uptake with decreased hepatic glycogen synthesis leads 

to lower rates of hepatic glycogen synthesis primarily due to reduced uptake of 

extracellular glucose likely because of inadequate activation of hepatic glucokinase 

(215). FOX01 is the cardinal regulator of hepatic glucose output, adipocyte/muscle 

differentiation and feeding behaviour in the brain (1, 83). It coordinates with PPARGC1-

α to increase gene expression of G6PC and PCK1, regulating gluconeogenesis. Beneficial 

for fasting states to prevent hypoglycemia, it causes postprandial and fasting 

hyperglycemia in insulin-resistant conditions. Activation of IR leads to phosphorylation 
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and activation of Akt, leading to phosphorylation of FOX01 via three difference 

mechanisms, and is the main way FOX01 is excluded from nucleus (1, 83). 

 

X-box binding protein-1 (XBP-1) acts as a transcription factor that regulates 

expression of genes that increase endoplasmic reticulum (ER) folding capacity, 

improving insulin sensitivity (274). Conditions that lead to perturbations in ER 

homeostasis create ‘ER stress’ which includes activation of a complex signaling network 

called the ‘unfolded protein response’ or UPR (22, 217, 271, 274). The UPR cascade is 

primarily initiated by the type I transmembrane kinases, protein kinase R-like ER kinase, 

and inositol-requiring enzyme-1 (IRE1) and a type-II transmembrane protein, activating 

transcription factor-6 (22, 159, 217, 228, 271). IRE1 possesses kinase as well as 

endoRNAse activity. EndoRNAse cleaves mRNA of XBP-1, initiating removal of 26 bp 

intron from full-length XBP-1 mRNA. The two mRNA fragments create a translational 

frameshift, leading to translation of a higher molecular weight protein XBP-1s. Increased 

ER stress in obesity has a key role in the development of pathologies such as insulin 

resistance and type 2 diabetes (187–189, 274):  

1) Haplosufficiency of XBP-1 in mice sufficient to create severe insulin resistance 

and diabetes (187) 

2) Causal link between XBP-1a, ER stress and the development of leptin resistance 

in obesity (186) 

3) Severe defect in ability of XBP-1s to move to the nucleus in obesity conditions 

(192). 
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XBP-1S is an essential factor for the organism to maintain glucose homeostasis 

under conditions of high caloric intake and obesity (187). XBP-1s directly interacts with 

FOX01 to promote its degradation by the 26S proteasome system, independent of Akt 

phosphorylation sites (274). Reinstatement of XBP-1s action in liver of severely obese 

and diabetic mice is enough to establish euglycemia (274). DNA-binding-defective 

mutant XBP-1 increased glucose tolerance and reduced blood glucose concentrations in 

obese mice strains when it is overexpressed in the liver tissue (274). Ligand binding and 

phosphorylation of the IR in presence of high levels of XBP-1s leads to a 28.8 fold 

greater activation of Akt downstream (274).  

 

Hyperglycemia is thought to be largely due to increased hepatic gluconeogenesis 

(158, 203), with bidirectional changes in hypothalamic insulin signaling resulting in 

parallel changes in both energy balance (27, 177, 180, 261) and glucose metabolism 

(182). The deregulated hepatic gluconeogenesis is supported by the fact that activation of 

ATP-sensitive potassium channels in the mediobasal hypothalamus is sufficient to lower 

blood glucose levels through inhibition of hepatic gluconeogenesis (203). Infusion of a 

K-ATP blocker within this area or surgical resection (efferent fibers only) of hepatic 

branches of vagal nerve negates central effect of insulin on hepatic glucose production 

(203). Autonomic neural input to liver can rapidly modulate liver metabolism (161): mice 

lacking the SUR1 subunit of the K-ATP channel are resistant to the inhibitory action of 

insulin on gluconeogenesis (203). Central infusion of diazoxide (K-ATP channel 

activator) in third ventricle of conscious rats lowered blood glucose levels with a 45% 

reduction in hepatic gluconeogenesis and no alteration of glucose uptake (203). 
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Sulphonylureas (K-ATP channel blockers) abolish the activation of hypothalamic K-ATP 

channels by insulin and leptin (203).  

 

 Recent studies have revealed that activation of the hypothalamic S6 kinase 

mediates diet-induced hepatic insulin resistance in rats (185). The mammalian target of 

the rapamycin/S6 kinase (mTOR/S6K) pathway emerged as a molecular mediator of 

insulin resistance as it is activated by both nutrients and insulin (14, 185). Prolonged 

activation of p70 S6 kinase by insulin and nutrients leads to inhibition of insulin signaling 

via negative feedback input into the signaling factor IRS-1. Systemic deletion of S6K 

protects against diet-induced obesity and enhances insulin sensitivity in mice (185). In 

rats fed the night before (12-hours post-prandial), intrahypothalamic insulin was 

administered via the mediobasal hypothalamus.  HGP was suppressed by this in controls, 

but with short-term HFD feeding (1 day), the ability of this insulin to suppress HGP was 

affected (185). The mTOR/S6K pathway was involved, with S6K activity increasing 

during the short-term HFD feeding (185). Adenoviral over-activation mimicked (and 

suppression of hypothalamic S6K blocked) the inhibitory effects of HFD feeding on the 

central insulin-induced suppression of HGP (185).  

 

 

Breakdown of Glucose Homeostasis – Gestational Obesity? 

 

 As the main focus of this thesis is to examine the role of HISS and insulin 

sensitivity in normal gestation, as well as gestation complicated by obesity, metabolism 
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in pregnancy should be examined in the context of endocrinology and signaling. This will 

be accomplished in the next section.  

 

Metabolism in Normal Pregnancy 

 

Insulin Resistance  

 

In healthy pregnancy, maternal insulin resistance rises dramatically over the 

course of gestation with compensatory hyperinsulinemia (15, 29). This is depicted in 

healthy pregnancy (versus that complicated by GDM) in Figure 4: Insulin Requirements 

in Pregnancy, page 40 (45). A two to three fold increase in the basal plasma triglycerides 

and cholesterol occurs as a direct result of the increased insulin secretion secondary to a 

decrease in response to insulin (44). Marked hyperleptinemia, hyperprolactinemia and 

hyperphagia occur (13). In the setting of hyperinsulinemia, storage of nutrients as fat in 

adipose tissue (versus as glycogen in muscle) is an inevitable result, causing weight gain 

and relative increases in percentage body fat (109).  
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Figure 4: Insulin Requirements in Pregnancy 

 

As depicted above, as pregnancy progresses in humans from conception to 36 weeks, 
endogenous insulin production allows two-to-three times the plasma insulin levels to be 

achieved. In GDM, this rise in insulin in response to insulin resistance is blunted and requires 
exogenous insulin administration in order to maintain euglycemia. Adapted from “Gestational 
Diabetes Basics” (45), © 2011, International Diabetes Center. Minneapolis, MN. Used with 

permission. 
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 Early metabolism in gestation is governed by the need to secure energy stores for 

fetus and mother, and is described as the anabolic phase of pregnancy (132). Maternal fat 

stores are increased, and there is a small rise in insulin sensitivity. As pregnancy 

advances, the female metabolism enters a catabolic state. See Figure 5: Fuel Disposition 

in Pregnancy following an overnight fast, page 42 (24, 123). Fasting glucose 

progressively decreases secondary to various possible mechanisms (132):  

1) A dilutional effect related to increased plasma volume 

2) Increased utilization or uptake of glucose 

3) Inadequate production secondary to reduced hepatic glucose production 

4) Enhanced β-cell function with resultant increase in fasting insulin concentrations 

With this decrease in fasting glucose, there is a paradoxical increase in hepatic glucose 

production, even when adjusted for maternal weight gain (42). In the context of a rise in 

fasting insulin, this represents maternal hepatic insulin resistance in women with normal 

glucose tolerance and body weight (132). In obese women, this hepatic insulin resistance 

was profound and further exacerbated with prolonged fasting (132, 163).  
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Figure 5: Fuel Disposition in Pregnancy following an overnight fast 

 

 

 

  

Fuel disposition in pregnancy following an overnight fast is distinct in early (first trimester) and 
late (third trimester) gestation. In the first trimester, both mother and fetus are in an anabolic 
state, whereby they store nutrients as glycogen (in muscle) and fat (in adipose tissue). During 

the third trimester, muscle becomes insulin resistant (such that the mother’s muscle mass 
becomes more dependent on fat metabolism), and glucose is reserved for the fetus’s anabolism. 

Adapted from Figure 16-1 in “Maternal, Fetal and Neonatal Physiology” (24, 123). 
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In early gestation, there is a 10% decrease in insulin sensitivity from pre-

pregnancy to early pregnancy in lean, healthy women versus a 15% increase in insulin 

sensitivity in obese women, representing a decrease in insulin requirements in early 

gestation that may be a consequence of a relative increase in insulin sensitivity (40, 132).  

As gestation progresses, there is a further reduction in insulin sensitivity. The range of 

reported reductions in late gestation fall between 33% and 78%, paralleling the changes 

in insulin sensitivity seen in type 2 diabetes (132). Since these are underestimates of 

insulin resistance (due to the single insulin concentration used, as well as large increases 

in non-insulin dependent glucose disposal related to placenta, uterus and fetus), it is 

likely that this insulin resistance is even more profound (132, 256). 

 

Insulin Secretion 

 

Insulin secretion during pregnancy in response to an intravenous glucose 

challenge progressively increases (132).  In lean women, who begin their pregnancies 

with greater insulin sensitivity, there is a greater total decrease in insulin sensitivity 

compared with obese women with normal glucose tolerance (132). β-cell function is 

increased in compensation (132), with a combination of increased relative and absolute β-

cell number, lowering of the threshold for response to glucose and/or an increase in the 

insulin response to a given glucose stimulus (95, 96). The insulin resistance occurs in the 

absence of impaired endogenous insulin secretion (as is the case in type 1 or type 2 

diabetes). Therefore it is progressive insulin resistance that likely causes the β-cell 
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adaptation rather than increased insulin concentrations that result in the insulin resistance 

at the receptor level (132). Much of the increase in insulin secretion occurs in the early 

second trimester, therefore endocrinological factors also play a role in the increased 

insulin secretion that is independent of insulin resistance (132).   

 

Insulin Clearance 

 

In terms of insulin clearance in pregnancy, data are limited. When insulin 

disappearance rates were compared in late gestation versus non-pregnant women, there 

were no differences appreciated. Another study using radio-labeled insulin demonstrated 

a 25% increase in insulin turnover in pregnant versus non-pregnant rats (132). The human 

correlate using the euglycemic clamp demonstrated consistent findings, with a 20-30% 

increase in glucose turnover in late pregnancy (132).  The mechanism for this clearance 

difference is not elucidated, but may be partially explained by insulin degrading enzyme 

in the placenta (132). 

 

Blood Glucose Concentration 

 

The nadir of fasting blood glucose occurs at the end of the first trimester, making 

it unlikely that the reduced fasting blood glucose is secondary to fetal consumption of 

glucose. Hypotheses for this phenomenon include increased maternal glucose utilization 

secondary to oxidation by muscle and/or adipose deposition (149). Glucose profiles 

collected by hourly glucose samples over a 24-hour period in late-gestation pregnant 
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women with consumption of 3 standard meals revealed significantly higher postprandial 

glucose levels versus non-pregnant controls, and the glucose peak was delayed by 30 

minutes (58, 125, 207). In a study by Nairn, Baird and Scrimgeour, plasma 

immunoreactive insulin (IRI) was measured with plasma glucose in various stages of 

gestation in 86 randomly selected pregnant women, and 90 normal age-matched controls 

(15). There was a progressive increase in the IRI and plasma glucose ratio to a peak at 32 

weeks gestation with a gradual decline thereafter to non-pregnant values post-partum, but 

a fall (rather than a rise) in the C-peptide to IRI ratio with a rise post-partum (15). The 

fasting C-peptide level in the third trimester was not different from the post-absorptive 

value, implying that reduced hepatic extraction of insulin may contribute to the 

hyperinsulinemia measured in the periphery, with variations in hepatic binding of insulin 

contributing to altered insulin-to-glucagon ratios (15). The metabolic clearance rate, 

volume of distribution, and half-life of insulin are not significantly altered in pregnancy 

(20, 32). 

 

Glucagon 

 

Fasting plasma glucagon is increased in healthy pregnancy (96). Following the 

per oral or intravenous administration of glucose, pregnancy has been reported to cause 

sustained and enhanced suppression of glucagon relative to non-pregnant controls (96, 

226). In other studies, it is postulated that the decreased glucose tolerance of pregnancy 

results in higher glucose concentrations that could account for the increased suppression 

of glucagon (95).  In response to a high protein load, the glucagon response was 
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unaffected or reduced (96). There was no impact (related to pregnancy) on glucagon 

suppression by a lipid meal (96). It would appear that α-cell responsiveness in pregnancy 

may be increased or stay constant (95, 96). 

 

Lipid Metabolism  

 

Lipid metabolism is significantly altered by gestation. In non-obese pregnant 

women, there is an increase in adipose tissue secondary to increases in total-body-water, 

with a net gain of 3.5kg of fat during normal pregnancy (132). This fat is distributed to 

subcutaneous areas in early gestation, and intra-abdominal in late gestation (132). 

Subcutaneous stores are readily available for use in late pregnancy and during lactation, 

with intra-abdominal stores relating to a reduction in insulin sensitivity (132). Using 

hyperinsulinemic-euglycemic clamps and indirect calorimetry, longitudinal studies have 

demonstrated a net lipogenesis in early pregnancy with a net lipolysis in late gestation. 

Obese women experience a net lipolysis in both early and late gestation, supporting the 

hypothesis that obese women have increased insulin resistance, and that this occurs even 

earlier in gestation, as evidenced by a reduced ability of insulin to suppress lipolysis 

(132).  

 

In the first 8 weeks of pregnancy, plasma triglycerides actually fall by an 

unknown mechanism (15, 79). After this point, total triglyceride concentrations increase 

2 to 4 times, and total cholesterol concentrations increase 1.25 to 1.5 times with a 50% 

increase in low density lipoprotein (LDL) cholesterol (79, 132). In addition to the insulin 
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resistance, free fatty acids (FFA) rise due to reduced lipoprotein lipase (LPL) activity 

during the final stages of pregnancy, allowing greater uptake of FFA by the liver and 

eventual conversion to very low density lipoprotein (VLDL) to allow for maternal energy 

needs, reserving glucose for fetal energy needs (79). Using stable isotopes of glycerol to 

measure FFA turnover, glycerol turnover during insulin infusion was significantly 

reduced in late gestation (132). The basal FFA concentrations and hepatic glucose 

production correlated positively (132). Given the rise in body fat, it is likely that 

adipocytes exert further control on lipid metabolism via excretion of cytokines and 

inflammatory mediators (132). Under fasting conditions, glycerol can be used for glucose 

synthesis (gluconeogenesis) with FFA used for β-oxidation, leading to energy production 

(79). In women with GDM, fasting triglyceride concentrations in the third trimester of 

pregnancy are a stronger predictor of birth weight than fasting glucose (121, 124).  

 

In 1976, Coltart and Williams examined isolated anterior abdominal wall adipose 

tissue samples (56). It was determined that during late pregnancy basal lipolysis within 

adipose tissue itself is increased with increased potential for lipolytic stimulation, with 

retainment of the anti-lipolytic effects of insulin. This implicates another factor in the 

enhanced triglyceride and fat metabolism of pregnancy other than insulin resistance. 

Another study using hyperinsulinemia during a euglycemic hyperinsulinemic clamp to 

study FFA turnover demonstrated resistance to the action of insulin on lipolysis and fat 

oxidation that was more pronounced in the final stages of pregnancy and returned to 

normal postpartum (238). 
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Fed versus Fasted State 

 

 The metabolism of amino acids, carbohydrates and fats depends on whether the 

maternal compartment is in the absorptive (fed) or postabsorptive state (24). Thus 

pregnancy is both ‘accelerated starvation’ and ‘facilitated anabolism’ (24). In the fed 

state, nutrients enter the blood stream from the gastrointestinal tract and are oxidized for 

energy, used for protein synthesis, or stored (24). This process takes 4-6 hours, and is a 

state of anabolism exceeding catabolism, with the major energy source being glucose 

(24). The majority of excess energy is transformed into fat, with excess glucose being 

converted to glycogen (24). Insulin acts to promote glucose uptake by both hepatocytes 

and peripheral tissues, inhibit the breakdown of glycogen, and inhibit lipolysis (24). 

Glucose is stored as glycogen within liver, cardiac muscle and skeletal muscle (24). 

Muscle is more able to take up amino acids, with inhibition of proteolysis (24). Therefore 

the pregnant fed-state has higher blood glucose (due to failure of liver glucose uptake), 

insulin (due to increased insulin resistance), triglycerides (due to lipogenesis from 

glucose) and reduced glucagon relative to non-pregnant women (24). This is more 

dramatic during early (first trimester) pregnancy, and preserves glucose availability for 

fetal consumption. See Figure 6: Fed versus Fasted State in the Pregnant Female, page 50 

(24). 

 

 In the post-absorptive state (4-6 hours after a meal) and the fasted state (more than 

12 hours from a meal), nutrients are no longer entering the blood stream from the 

gastrointestinal tract (24). Insulin levels are reduced, with less protein and fat synthesis. 
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Gluconeogenesis and catabolism of fat are the major energy sources. As the fast 

progresses from the post-absorptive state to the fasted state, plasma glucose levels 

declines at a rapid rate (more precipitously than in the non-pregnant female due to fetal 

glucose transfer), resulting in a rapid conversion to fat metabolism (24). This switch 

occurs on the order of 2-3 hours into a fast (versus 14-18 hours in the non-pregnant 

female), hence ‘accelerated starvation’ (24). Triglycerides are metabolized to free fatty 

acids (lipoprotein lipase is elevated), which are then catabolized to ketone bodies which 

can be oxidized to produce ATP (24). Elevated free fatty acids prevent glucose uptake 

and oxidation by maternal cells, preserving it for maternal central nervous system and 

fetus. The pregnant liver is less active at hepatic glucose production. The increased 

insulin during the post-absorptive state allows uptake of glucose into maternal skeletal 

muscle and adipose tissue, leading to suppression of hepatic glucose production in lean 

women (24). See Figure 6: Fed versus Fasted State in the Pregnant Female, page 50 (24). 
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Figure 6: Fed versus Fasted State in the Pregnant Female 

 

 

 

 

 

 

 

 

 

 

 

Fuel disposition in pregnancy in the fed versus fasted state is depicted above. In the fed 
state, the pregnant female benefits from ‘facilitated anabolism’, allowing energy stores to 

be deposited for use during a fast, in order to maintain a glucose supply to a growing 
fetus. In the fasted state, pregnant physiology results in ‘accelerated starvation’, where fat 

stores are quickly mobilized to supply energy to maternal cells such that the glucose 
produced by the liver can be spared for fetal and central nervous system needs. HPL is 

implicated in these adaptations. Adapted from Figure 16-4 in “Maternal, Fetal and 
Neonatal Physiology” (24). 
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Placental Glucose Transport 

  

The fetus can be described as a ‘glucose-dependent parasite’ (24, 128). Transport 

of glucose across the placenta is achieved via sodium-independent carrier-mediated 

facilitated diffusion (24). GLUT1 is the major subtype of GLUT transporter in the fetus 

and placenta and is expressed on almost all fetal tissues (24). GLUT2 is relatively non-

abundant (24). It has been shown that maternal hyperglycemia in the early trimester 

(first) causes down-regulation of GLUT thereby increasing the risk of apoptosis and 

neural tube/limb defects (24). Glucose transport across the placental stimulates fetal 

insulin release, which in turn stimulates lipogenesis and Insulin-like Growth Factor 

(IGF), increasing fetal anabolism and placental uptake of glucose and other nutrients for 

fetal use (24). Fetal glucose utilization is independent of maternal glucose availability: 

the demands for this are met by the rapid switch to maternal fat metabolism as discussed 

in the previous section (24).   
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Potential Etiologies of Insulin Resistance in Pregnancy 

 

Hormones 

 

 Various potential hormones have been implicated as the etiological factors 

causing decreased insulin sensitivity in pregnancy. They include human placental 

lactogen (HPL), progesterone, estrogen, prolactin, and cortisol (132). These hormones 

increase in concentration as the fetal-placental unit matures with advancing gestation, and 

can produce hyperinsulinemia without hypoglycemia when administered to non-pregnant 

females (132). Insulin target cells, such as adipocytes, suffer impaired insulin-dependent 

glucose uptake when exposed to these hormones (132).  See  

Figure 7: HCG, Estrogen and Progesterone with time in human gestation, page 53.  
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Figure 7: HCG, Estrogen and Progesterone with time in human gestation 

 

 

 

 

  

 

 

 

Above is a time-plot of the patterns of hormone secretion during the human pregnancy, 
including HCG, progesterone, and estrogen (Adapted from “Maternal, Fetal and Neonatal 

Physiology”, Figure 3-13, (24, 89)). During early pregnancy (first trimester, < 13 weeks), there 
is a surge of HCG and a modest rise in progesterone. During the second trimester (13-26 

weeks), progesterone climbs along with estrogen. HCG has since reached its plateau in the first 
trimester and is undergoing as steady decline. During the third trimester (>26 weeks), estrogen 

and progesterone continue to climb, with progesterone peaking in the late third trimester. 
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Estrogen modulates lipid metabolism by enhancing receptor-mediated uptake of 

low-density lipoprotein (LDL) allowing for steroid production at the placenta (176). It 

also has direct vascular effects, causing increases in utero-placental blood flow and 

endometrial prostaglandin synthesis (176). It may also be a key modulator of placental 

angiogenesis, as the pregnant uterus deprived of estrogen experiences defective nutrient 

transport across the placenta (62, 211). For lactation, it allows for increased prolactin 

synthesis and secretion (176). 

 

Progesterone has been shown to increase the number of insulin receptors on 

adipocytes (which double during pregnancy in the rat), as well as promote weight gain by 

increasing the plasma insulin-to-glucagon ratio and insulin resistance in peripheral non-

adipose tissues (15). In the setting of elevation in free cortisol and tumour necrosis factor 

(TNF)-α, progesterone can attenuate insulin action in peripheral tissues (119, 160). 

Additionally, progesterone mediates suppression of the maternal cell-mediated immune 

response to the fetus (67). This protects the fetus from being rejected by the immune 

system of the mother.  

 

Human placental lactogen (HPL) and prolactin (PRL) increase food intake by 

induction of leptin resistance and promote maternal β-cell expansion in order to 

compensate for the mounting insulin resistance of pregnancy (176). HPL is structurally 

homologous to growth hormone (GH), but functionally homologous to PRL (81). PRL is 

derived from maternal pituitary, and rises to a peak at term (176). HPL is secreted from 
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the placenta shortly after implantation (within 5 to 10 days in humans), rises during 

pregnancy and reaches a peak at mid-third-trimester (176). With a 72-hour fast during 

late pregnancy HPL has been demonstrated to rise, suggesting a role for HPL in nutrient 

homeostasis (252). HPL has been shown to be an insulin antagonist, increasing maternal 

metabolism and use of fat as an energy substrate while reducing glucose uptake and use 

by maternal cells (232). This promotes fetal growth by increasing glucose availability for 

the fetus. Additionally, when blood glucose levels fall, there is a compensatory rise in 

HPL secretion and increased maternal lipolysis (232). 

 

 Leptin increases during human pregnancy continuously from 6-8 weeks up to 

term, and decreases dramatically postpartum (230, 231). Leptin has also been implicated 

in the insulin resistance of pregnancy: to maintain an elevated energy intake in the 

presence of increased adiposity and leptin, there is induced leptin resistance. This is 

associated with an elevated neuropeptide Y and reduced pro-opiomelanocortin expression 

in the arcuate nucleus (130). There is reduced leptin receptor mRNA levels and leptin-

induced phosphorylated signal transducer and activator of transcription-3 protein in the 

ventromedial hypothalamic nucleus (130). Additionally, there is the loss of the anorectic 

response to both leptin and α-melanocyte-stimulating hormone (130). Alongside these 

effects, the leptin resistance may also mediate central and peripheral insulin resistance 

(130). Placental lactogen infusion in pseudo-pregnant rats blocked the ability of leptin to 

suppress food intake, supporting the hypothesis that prolactin/placental lactogen may 

mediate this leptin resistance (13, 130). Hypoleptinemia is an indicator of pregnancy 

termination (either naturally or as a result of any pathology during pregnancy): 
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appropriate maternal leptin concentrations may be a pre-requisite for normal pregnancy 

(127, 131). In early pregnancy, leptin positively correlates with measures of adiposity 

(117, 229). In pre-eclamptic women, increased leptin concentrations are associated with 

insulin resistance (133, 162). The source of this leptin may originate mainly from fetal 

origins as adipose tissues differentiate, and can be detected as early as 6-10 weeks of 

human gestation (12).     

 

Cytokines 

  

TNF-α has been identified as the only significant predictor of the change in 

insulin sensitivity (compared to leptin, HPL, human chorionic gonadotropin (HCG), 

estradiol, progesterone and prolactin) from pre-pregnancy through to late-pregnancy 

(132, 254). TNF-α has a strong positive correlation with an abnormal glucose tolerance 

test in pregnancy (254), and is produced by adipose tissue, placenta and decidua (48). In a 

model of dually perfused human cotyledons, 94% of the placental TNF-α was secreted 

into maternal circulation (132). It is associated with reduced insulin sensitivity in 

conditions such as obesity and aging, activating signaling via sphingomyelinases and 

ceramides that reduced insulin receptor autophosphorylation (132). Additionally, it 

promotes serine phosphorylation of insulin receptor susbtrate-1 (IRS-1) (132). Skeletal 

muscle in late gestation demonstrates impaired insulin receptor and IRS-1 tyrosine 

phosphorylation with an increase in serine phosphorylation (132).  
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 IL-6 is another pro-inflammatory cytokine implicated in insulin resistance (254). 

Infusion of IL-6 has been used in rat models to induce insulin resistance (122), and its 

concentration strongly correlates to body mass index (BMI) in human pregnancy (but not 

response to a glucose load) (254).  

 

Adiponectin decreases during pregnancy and is negatively associated with 

obesity, hyperinsulinemia and insulin resistance (132, 254).  Reduced concentrations 

have been measured in those with insulin resistance syndromes such as polycystic 

ovarian syndrome (PCOS), coronary artery disease (CAD), impaired glucose tolerance 

(IGT), type 2 diabetes mellitus (T2DM) and gestational diabetes mellitus (GDM) (132).  

It is a collagen-like protein that acts on adipose tissue specifically, and increases tyrosine 

phosphorylation of the insulin receptor (39, 132).  The relative concentration of 

adiponectin to TNF-α is a potential regulatory factor of insulin sensitivity (39, 132).   

 

Insulin Clearance 

 

 A deficient removal of insulin from the plasma in non-pregnant insulin-resistant 

individuals has been demonstrated (105). In a study of 44 pregnant women fasted 

overnight between 33 and 35 weeks gestation using an insulin-modified frequently 

sampled intravenous glucose-tolerance test (FSIVGTT), the volume of distribution and 

clearance of insulin were calculated from measurements between 2 and 155 minutes post-

insulin modification in a one-compartment model (104). It was determined that there was 

a significant relationship between insulin sensitivity measured by the FSIVGTT and the 
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apparent volume of distribution and clearance of insulin (104). The plasma insulin 

concentration is known to fall with two components of decay. The first and most rapid 

component of insulin clearance has a half-time of 2-4 minutes, with the longer half-time 

being 4-6 minutes (236, 237, 251). Jolly et al measured a half-time consistent with this in 

pregnancy (6 minutes) (104). The smallest incremental rise in the insulin concentration 

was measured in the most insulin-sensitive women, with a strong correlation between 

insulin sensitivity measured by the clamp, volume of distribution, and insulin clearance 

(104). It was proposed that even accounting for increased hepatic and renal perfusion in 

late pregnancy, the “10-fold differences in the incremental rise of insulin concentrations 2 

minutes after insulin modification must involve mechanisms in addition to renal and 

hepatic extraction” (104). It is possible that the same mechanism of impaired plasma 

insulin extraction seen in insulin resistance individuals is occurring in pregnancy 

secondary to the metabolic needs of the fetus.  

 

Signaling 

 

 Peripheral insulin resistance in pregnancy occurs downstream from cell surface 

receptor binding (132).  Skeletal muscle, the most important target tissue that determines 

whole-body insulin sensitivity, has similar insulin binding in pregnancy and non-pregnant 

women (132).  The GLUT-4 concentration in skeletal muscle is not significantly different 

in pregnant versus non-pregnant women (132).  However, there is a reduction in IRS-1 

signaling that parallels insulin resistance in pregnancy, and leads to impaired glucose 

uptake (132).  The general consensus is that the insulin resistance in pregnancy is a post-
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receptor defect (44, 132). In fact, this down-regulation of IRS-1 results in altered post-

receptor handling of glucose (especially in skeletal muscle), altered tyrosine kinase 

activity, and decreased expression of GLUT4 in adipose tissue (172, 206). It may also be 

antagonism of the insulin receptor by HPL, progesterone or cortisol that reduces insulin 

sensitivity in pregnancy (34).  
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Hepatic Insulin Sensitizing Substance (HISS) and Fed-state Insulin Sensitivity 

 

Physiology of HISS  

 

Following a meal, there are two separate components of insulin action: direct and 

indirect.  Direct insulin action is present in both fed and fasted states, and modulates 

metabolism to promote adiposity (57, 71). Indirect insulin action is present following a 

meal and is dependent upon the hepatic parasympathetic nerve function. It is postulated 

to be mediated by a factor released from the liver termed ‘Hepatic Insulin Sensitizing 

Substance’ (HISS). The HISS project was based on the observation that the 

hypoglycemic response in cats to a bolus of insulin was severely impaired in animals that 

had undergone acute surgical denervation of the liver (265). Further studies outlined the 

specificity of the parasympathetic nerves at controlling HISS release. These included 

selective denervation of the hepatic nerve plexuses and vagotomies (263–265), anti-

cholinergics (247) and 6-hyroxydopamine infusions (136). The dramatic increase in the 

response to insulin during the postprandial state, referred to as Meal-induced Insulin 

Sensitization (MIS), is attributable to the action of HISS. MIS accounts for approximately 

half of total glucose uptake in response to insulin in rats and two-thirds in humans (134, 

135, 195). Insulin resistance caused by lack of HISS action is termed HISS-dependent 

insulin resistance (HDIR). HDIR causes a shift in nutrient partitioning and storage from 

glycogen to fat, leading to increased adiposity (167).  
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The physiological action of HISS has been studied in a wide range of both human 

and animal models, summarized in Figure 8: The HISS Paradigm (page 62, adapted from 

(145)). It has been clearly shown that HISS release requires three well-described signals 

that result in glucose uptake by skeletal muscle, heart and kidney (171, 195, 221, 264). 

Two permissive signals are integrated through the liver: a hepatic parasympathetic signal 

(acting on cholinergic muscarinic receptors leading to activation of nitric oxide synthase) 

(262) and a 30-50% elevation in hepatic glutathione (GSH) (84, 138). A final signal is a 

pulse of insulin, which triggers release of a dose-related pulse of HISS.  
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Figure 8: The HISS Paradigm 

 

In the presence of a meal in the stomach, and intact parasympathetic innervation of the 
liver, there is an acetylcholine-mediated release of nitric oxide in the liver. In the presence 

of a surge of GSH from the liver, and a pulse of insulin released from the pancreas 
secondary to the rise in blood glucose from the meal, the rise in nitric oxide is able to 

stimulate a pulse release of HISS. HISS can then act on peripheral tissues to mediate a rise 
in glucose uptake, partitioning the nutrients between skeletal muscle (mainly via HISS 

action) and adipose tissue (mainly via direct insulin action). Adapted from “Postprandial 
insulin resistance as an early predictor of cardiovascular risk” (145). 
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The first initiation of the HISS hypothesis followed a study in cats whereby the 

insulin tolerance test detected differences in the glucose disappearance following hepatic 

denervation (265). Cats of both genders (n = 22) were fasted overnight, and anesthetized 

with pentobarbital. The AV loop as described in previous sections was implanted, with 

insulin tolerance tests before and after denervation. Three types of denervation were 

conducted: one of the hepatic anterior plexus (sham was separation without ligation) 

versus phenol ablation (sham was application of saline) versus bilateral vagotomy (sham 

was exposure and manipulation of the vagi). Each animal received four insulin tolerance 

tests: one control, then each post-denervation (progressively). Lose of the anterior plexus 

resulted in a 37.2 percent reduction in the glucose response over 60 minutes post-insulin 

infusion (the maximal occurring within 30 minutes) with phenol ablation and bilateral 

vagotomy not resulting in any further loss of insulin sensitivity (265).  Other denervation 

studies using the RIST in rats (263) and dogs revealed similar results (171).  

 

Following the denervation studies, multiple pharmacological interventions were 

applied to the denervated animal model in order to substantiate what parameters were 

needed to restore HISS action. One of the first studies by Xie and Lautt was one 

examining the ability of acetylcholine to reverse selective anterior hepatic plexus 

denervation-induced HDIR (264). Using a catheter injected into the superior mesenteric 

vein, access to the hilum of the liver was permitted for intraportal drug infusions (in 

addition to the femoral AV loop required for the RIST). In animals with intact hepatic 

nerves receiving acetylcholine infusion, RISTs were normal (and did not exceed control 
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levels, suggesting the maximal effect was already occurring with intake hepatic nerves). 

Atropine (3mg/kg) infused intraportally abolished the HISS action. In animals surgically 

denervated, HSS action was abolished. Intraportal administration of acetylcholine at 

multiple test doses restored fully the HISS action (with the maximal effect seen at 2.5 

ug/kg/min). In other denervated animals, intravenous acetylcholine was administered, 

there was no change in the RIST measurement i.e. no HISS action was restored (264). 

Plasma glucose and insulin levels returned to baseline between each RIST, and there was 

no change in plasma glucagon nor catecholamine levels during the test (264). Since the 

insulin resistance from hepatic denervation was reversed following intraportal but not 

intravenous acetylcholine, it was felt that the hepatic-skeletal muscle link is likely blood-

borne.  

 

 

In humans, bethanechol (a non-selective muscarinic agonist) and atropine did not 

produce alterations of free fatty acids, ketones, alanine or lactate, nor did atropine (at the 

dose of 1mg IV) result in any change in blood glucose, glucose production or glucose 

utilization (26). In this study, human response to bethanechol (5mg subcutaneous) and 

atropine (1mg IV) was measured (26). Following atropine administration, there were no 

changes in plasma glucose concentration or hepatic glucose production. After 

bethanechol, there were no changes in blood glucose of fluxes despite a rise in plasma 

glucagon. There were also no changes in insulin or C-peptide levels. In order to test their 

hypothesis that direct muscarinic inhibition of glucose production may be offset by 

indirect action of the agonist (a glucagon-mediated glucose production), bethanechol was 
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given with glucagon levels held constant using an islet clamp (whereby 

somatostatin/insulin/glucagon/growth hormone are infused at fixed replacement rates). 

With this condition, bethanechol caused a 25% decrease in plasma glucose concentration 

secondary to a reduction in glucose production (with an unaltered rate of glucose 

utilization) (26). They concluded that there must be direct muscarinic inhibition of 

hepatic glucose production in humans but that this is offset by indirect muscarinic action 

(glucagon secretion) during generalized muscarinic action with resultant stimulation of 

glucose production. 

 

As many of the biological effects of acetylcholine are mediated by hepatic nitric 

oxide release (144), the hypothesis was tested that HISS release was mediated by nitric 

oxide. In a study in male Sprague Dawley rats by Sadri et al, administration of nitric 

oxide synthase antagonist N-nitro-L-arginine methyl ester (L-NAME, 2.5mg/kg IV) 

produced full but transient insulin resistance, whereas at a higher dose (5mg/kg IV), the 

insulin resistance was complete and lasted two hours (223).  The nitric oxide action was 

cGMP-dependent (the guanylyl cyclase inhibitor ODQ causing insulin resistance 

intraportally > intravenously) and required adequate (fed) levels of hepatic GSH (84). In 

order to test the hypothesis that the insulin resistance produced was related to a direct 

effect on muscle, a lower intravenous dose of L-NAME was administered to the same rat 

model (1mg/kg) (222). This resulted in no effect on insulin sensitivity. This same low 

dose intraportally resulted in dramatic insulin resistance (222). Nitric oxide synthase 

blockers (such as L-NMMA) produce similar blockage of HISS release as is produced by 

surgical hepatic parasympathectomy (135). Providing the nitric oxide donor 3-
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morpholinosidnonimine (SIN-1) reverses the insulin resistance produced by N-

monomethyl-L-arginine acetate (L-NMMA) and that produced by hepatic denervation 

when administered intraportally, but not intravenously (135). When reversing nitric oxide 

synthase antagonist, SIN-1 but not nitroprusside was effective at reversing the insulin 

resistance (as it is able to generate products capable of nitrosylating thiols such as GSH, 

rather than just generating nitric oxide) (86). The ability to block the parasympathetic 

feeding signal in the fed state provides a tool for distinguishing HISS versus direct insulin 

action without affecting glucose uptake directly (85, 264).  

 

Hepatic parasympathectomy or atropine results in the absence of the vascular 

actions of HISS in the hind limb (165). In a study by Ming and Lautt, 9-week old male 

Sprague Dawley rats were studied to determine the vascular actions of HISS versus 

insulin (165). A standard preparation was made, and RISTs conducted according to 

protocol (but using a vascular shunt between the left carotid artery and left jugular vein, 

and at twice the typical insulin dose i.e. 100mU/kg). Hindlimb blood flow was measured 

using an ultrasonic perivascular V-type flow probe installed into the abdominal aorta just 

above the bifurcation of the iliac arteries. A 30-gauge needle was inserted 1cm above this 

point in order to infuse vasodilators specifically to the hindlimb vascular beds. 

Vagotomies were performed by direct ligation under visualization followed by painting 

with 10% phenol in 95% ethanol. The protocol was designed to test the hypothesis that 

HISS, not insulin, causes vasodilation in response to administered insulin. Animals had a 

feeding protocol (either an 8-hour fast/2-hour feed or a 24 hour fast), a control RIST 

(with vascular measurements), infusions of acetylcholine (1ug/kg, endothelium-
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dependent vasodilator) and sodium nitroprusside (3ug/kg, endothelium-independent 

vasodilator), an atropine infusion (1mg/kg over 5 minutes), and finally a blocked RIST 

(with vascular measurements) (165). In normal fed rats, atropine resulted in blockade of 

HISS release, and markedly inhibited vasodilator response induced by insulin. In the 24-

hour fasted rats, there was no difference between the control and blocked RIST (no HISS 

response) and constant hindlimb vascular responses pre and post atropine. Rats who 

underwent hepatic denervation had a similar response as the 24-hour fasted animals, and 

atropine had no impact on the vascular or metabolic responses. With intraportal 

acetylcholine infusion, the denervated rates had restored insulin sensitivity and 

vasodilation responses to infused insulin (165). The ability of HISS to cause vasodilation 

in hindlimb vascular beds further substantiates it as a hormonal factor (being released 

from the liver and acting at a distant site) rather than a neuronal mechanism (165). 

 

In a study by Guarino et al, insulin action was assessed in Wistar rats using the 

RIST in order to establish the important of GSH as a permissive feeding signal (84).  

Hepatic nitric oxide synthesis was blocked with L-NAME (1mg/kg intraportal), which 

blocked 45% of the insulin sensitivity compared to controls. This deficit in insulin 

sensitivity was restored after administration of the nitric oxide donor, intraportal SIN-1 

(5mg/kg). SIN-1 promotes GSH nitrosylation. When sodium nitroprusside was used to 

restore nitric oxide, there was no restoration of insulin sensitivity (as it does not 

nitrosylate GSH). Depletion of hepatic GSH with the GSH synthesis inhibitor 1-

buthionine-[S, R]-sulfoximine (BSO, 2mmol/kg IP for 20 days) caused absence of the 

HISS response. When the BSO treated animals were then treated with L-NAME, they did 
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not experience any further decline in their insulin sensitivity. SIN-1 was unable to reverse 

the insulin resistance caused by L-NAME in the animals treated with BSO. This study 

substantiated the pivotal role of both GSH and nitric oxide in the release/formation of 

HISS (84).  

 

Fernandes et al conducted a study that was able to quantify post-prandial insulin 

clearance by peripheral organs (71).  Two groups of 9-week old male Sprague-Dawley 

rats were studied: sham-operated vs. hepatic anterior plexus denervation. The RIST (via a 

femoral AV shunt, using an insulin dose of 50mU/kg) was used to measure post-prandial 

insulin sensitivity before and after surgery. [3H-]-2-deoxy-D-glucose was administered 

IV during the RIST, and the plasma glucose rate of disappearance and clearance of the 

isotope by various tissue beds was measured. These tissues included skeletal muscle, 

adipose tissue, liver, pancreas, heart, and kidney. The denervated group demonstrated a 

reduction in labeled glucose disappearance and clearance in skeletal muscle (45%), heart 

(35%) and kidney (67%) (71).  The denervation did not affect plasma glucose, C-peptide, 

insulin or mean arterial pressure (71). Denervation effected all skeletal muscle types 

similarly: type 1 fibers (high oxidative, low glycolytic) experienced a 41.99% reduction, 

and type 2 diabetes (low oxidative, high glycolytic) experienced a 47.6% reduction (71).  

This supports a hormonal muscle-liver connection that is non-insulin dependent.  
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Alternative hypotheses to Explain Measurements of HISS-Dependent Insulin Action 

  

The connection between the hypothalamus and the pancreas is, in part, autonomic 

in nature. Recently in human islets, it has been found that endogenous acetylcholine not 

only stimulates insulin-secreting beta-cells via the M3 and M5 muscarinic receptors, but 

it also induces somatostatin secretion via the delta-cells (M1 receptor mediated), thereby 

inhibiting insulin secretion (168). If this were true, our initial RIST measurement would 

include a response to both endogenous and exogenous insulin, resulting in a higher rate 

of glucose infusion required to maintain euglycemia. The blocked or post-atropine RIST 

would block this endogenous insulin secretion, and we would measure a reduced post-

atropine RIST, falsely attributing it to HISS release as the endogenous insulin secretion 

mediated by the muscarinic receptors is blocked by atropine. However, this possibility is 

weakened by the fact that insulin and C-peptide levels before and after the RIST, as well 

as before and after denervation of the liver or atropine, are not altered (26, 264). 

Secondarily, it has been shown that hepatic denervation decreases the response to insulin 

administered intra-carotid and intra-jugular to the same extent, precluding another source 

of hypoglycemia (265). 

 

 In skeletal muscle, there is evidence to support an insulin-independent stimulation 

of glucose uptake and oxidation mediated by a hypothalamic-vagal-muscle circuit. The 

hepatoportal sensor is GLUT2 dependent, and requires presence of activated GLP-1 

receptor for full activation, and is inhibited by somatostatin (31). Electrophysiologically, 
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it has been substantiated that activation of this sensor results in changes in the firing rate 

of afferent hepatic branches of the vagus nerve (31). This pathway requires muscarinic 

receptor activation mediated by acetylcholine and can be blocked by atropine (245) The 

connection between vagus and brain reaches to hypothalamic centers that include the 

tractus solitarius, as well as the ventral and lateral nuclei which are fundamental in the 

control of autonomic tone (systemically) that regulate food intake (leptin), glucose uptake 

by peripheral tissues and glucagon secretion (31). Via conduction of glucose infusions 

into the hepatoportal vein, Burcelin et al induced glucose use in muscle and brown 

adipose tissue, leading to the development of hypoglycemia (31). The signal transmitted 

from the hepatoportal sensor depended on muscle GLUT4 expression and AMPK, but not 

on the presence of an insulin receptor. They further demonstrated that hepatoportal 

sensor-stimulated muscle glucose use in mice with muscle-specific deactivation of 

GLUT4 was unable to undergo activation by the hepatoportal sensor. The use of glucose 

by muscle was reduced, but not by other tissues. In transgenic mice dominant negative 

for AMPK in muscle, glucose infusion into the portal vein led to development of 

hyperglycemia, with reduced glucose clearance and muscle glucose use. Interestingly, all 

animals were fasted only six hours and pentobarbital was used as the anesthetic (so we 

would expect some HISS-dependent sensitivity to be present). An initial alternative 

hypothesis tested within our lab was that the liver-to-muscle link is neural in nature, as 

described above. However, acetylcholine infused into the portal vein of an animal that 

had undergone hepatic denervation would be unable to reverse the effects of denervation 

if the signal was sensory in nature (264). Additionally, we did not find that glucose 

uptake in response to HISS was significantly altered in adipose tissue, but rather isolated 
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the sensitive tissues to muscle, heart and kidney (71). Although these studies suggest 

autonomic tone to the muscle to contribute significantly to glucose uptake, we have 

established that HISS release requires permissive feeding signals (such as the 

parasympathetic tone and hepatic GSH stores) and a bolus of insulin as the final signal 

(137). As such, the muscle-autonomic relationship described by Burcelin et al may be 

both HISS and insulin independent, as HISS action requires insulin.  
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Methods of Measuring Insulin Sensitivity  

 

Measuring Insulin Sensitivity in Pregnancy – Historical Approaches 

 

Various methods have been employed in measuring insulin sensitivity during 

pregnancy. These include (132):  

1) Measurement of insulin response to fixed oral or intravenous glucose challenge 

2) Ratio of insulin-to-glucose under variety of conditions 

3) Computer modeling of intravenous glucose tolerance testing 

4) Euglycemic-hyperinsulinemic clamp 

 

The hyperinsulinemic-euglycemic clamp is considered the “gold standard” by 

which whole-body insulin sensitivity can be measured (65, 113). This method has also 

been validated in pregnancy, but is time consuming, labour intensive, requires significant 

blood sampling, and extended anesthesia (35). It also requires the use of a fast, which 

would result in lack of HISS action (134, 135, 195). It does not allow repeated measures, 

resulting in a non-paired study design and significantly more animals to obtain the same 

statistical power (143, 209). Additionally, it uses non-physiological doses of insulin (143, 

209).  

 

Surrogate measures of insulin resistance have been measured in rat pregnancy and 

validated against the hyperinsulinemic-euglycemic clamp. These include the:  

1) Homeostasis model of assessment of insulin resistance (HOMA-IR) 
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2) Quantitative insulin sensitivity check index (QUICKI) 

3) The fasting glucose-to-insulin ratio (FGIR) 

In a study by Cacho et al, calibration analysis was undertaken to evaluate the ability of 

these indices to predict insulin sensitivity in (20-day) pregnant versus virgin Wistar and 

Sprague Dawley rats as measured by the insulin clamp method (35). The performance of 

the indices was analyzed by receiver operating characteristic curves (35). It was found 

that HOMA-IR, QUICKI and FGIR correlated significantly with the clamp method, were 

sensitive and specific, and were predictive of insulin sensitivity. However, all of these 

methods of measuring insulin sensitivity are done in the fasted state, and therefore reflect 

only the direct insulin sensitivity (rather than a combination of both HISS-dependent and 

direct insulin sensitivity) as suggested by the HISS model. Their anesthetic contained 

atropine and ketamine, which would have caused HDIR directly (142).  

 

 

In human studies, indices of insulin sensitivity obtained from oral glucose testing 

and/or fasting glucose or insulin levels have been used to predict insulin sensitivity in 

pregnant women. One such study examined the 2-hour euglycemic-hyperinsulinemic 

clamp versus the 75g oral glucose tolerance test on 15 women with normal glucose 

tolerance and 5 women with gestational diabetes both prior to pregnancy, in early 

pregnancy (first trimester) and late pregnancy (last trimester) following a 10-12 hour 

overnight fast (120). Univariate analysis yielded significant correlations between the 

clamp and oral glucose tolerance test, the QUICKI, and the HOMA-IR (with the oral 

glucose tolerance providing significantly better correlations (120)). Multivariate analysis 
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demonstrated that separate equations were necessary to predict insulin sensitivity in the 

normal glucose tolerance groups versus the GDM groups (120). In pre-pregnancy, the 

correlation between the clamp and the oral glucose tolerance test was r2 = 0.63 (p < 

0.0002). In early pregnancy, this correlation was highest at r2 = 0.8, p < 0.0001, and in 

late pregnancy it was r2
 = 0.64 (p < 0.0002) (120). Given the fast, and the use of the 

hyperinsulinemic-euglycemic clamp, HDIR was likely a factor in these results.  

 

The Rapid Insulin Sensitivity Test (RIST): The Only “Gold Standard” to Quantify HISS 

Action 

 

Insulin sensitivity can be quantified using the Rapid Insulin Sensitivity Test 

(RIST), a rapidly sampled euglycemic clamp which has been fully described (134, 138, 

209). It was first introduced to assess insulin action in vivo and provided numerous 

benefits over accepted alternatives such as the hyperinsulinemic euglycemic clamp 

(HIEC) and the insulin tolerance test (ITT) (143, 266).   

 

In a euglycemic clamp, a variable glucose infusion maintains plasma glucose at 

some baseline in the context of steady hyperinsulinemia produced by exogenous infusion 

of insulin (65, 266). The complex response to hypoglycemia is avoided (as in the insulin 

tolerance test), and the glucose infused during testing represents glucose transported from 

the bloodstream to tissues (65, 266). In the HIEC, hyperinsulinemia is maintained for at 

least 2 hours (65). This hyperinsulinemia causes continuous increases in glucose 

utilization, and makes the HIEC poorly reproducible when repeated at time intervals of 
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hours to days (65, 66, 102). Additionally, such hyperinsulinemia may induce rate-limiting 

metabolic enzymes, down regulate insulin receptors or alter the affinity insulin has for the 

receptor (64, 102). Cardiovascular changes also occur in the setting of prolonged insulin 

infusion, resulting in elevations of regional blood flow after just one hour (196, 201).  

 

To address the impact of hyperinsulinemia on glucose utilization, the HIEC was 

modified to include a bolus of insulin rather than a steady infusion, resulting in the 

modified euglycemic clamp rapid insulin sensitivity test (RIST) (266). Initially tested in 

rats and cats, the protocol has been extensively reviewed and characterized (143, 266). A 

femoral arterial-venous loop using PE silicon tubing was fashioned in our laboratory (see 

Figure 9: Femoral Arterial-Venous Loop, page 76, adapted from (266)).  
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Figure 9: Femoral Arterial-Venous Loop  

r 

Glucose Analyzer 

The femoral AV-loop is depicted above. The arterial side is implanted in the femoral 
artery, allowing rapid sampling of arterial blood. The venous side is implanted into the 
femoral vein, allowing for rapid infusion of intravenous fluids, heparin, glucose, insulin 
or atropine as required. The loop is connected to a pressure transducer via a flush line so 

that, when the venous side of the loop is clamped, the arterial blood pressure can be 
recorded. The glucose analyzer is nearby to allow for rapid measurement of blood 

glucose prior to and during the RIST. Adapted from “Insulin sensitivity tested with a 
modified euglycemic technique in cats and rats” (266). 

 



 77 

 

As shown in Figure 9: Femoral Arterial-Venous Loop (page 76), the loop allows for 

rapid sampling of arterial blood for plasma glucose, insulin and triglyceride 

determination (266). The venous side of the loop allows for intravenous infusions of 

heparinized-saline, anesthetic (pentobarbital in heparinized saline), insulin, glucose and 

pharmacological agents such as atropine (266). The pressure or flush line allow for 

measurement of arterial and central venous blood pressure and heart rate (266). A rectal 

probe allows for measurement of body temperature, with maintenance of body 

temperature within 0.5 degrees of 37.5 degrees Celsius (266). In order to verify that the 

hind limb that was supplied by the femoral artery and vein used for the loop was being 

perfused, latex was injected into the aorta of two rats at the conclusion of the experiment 

(266). The total blood volume withdrawn was 0.5mL and the average volume of fluid 

infused was 5.5mL (266). The index that reports insulin’s effectiveness at stimulating 

glucose clearance was the amount of glucose infused over a period of time after the bolus 

of insulin was administered (266). Infusion rates for fed rats demonstrated sharp 

increases in infusion rates during the first 10 minutes, with a peak reached at around 10 

minutes, and a rapid drop to a stable level by 25 minutes (266).  

 

Five separate RISTs conducted over a 12-hour period in the same male animal 

during the same day demonstrated reproducible and stable measurements of insulin 

sensitivity with constant baseline glycemia (266). When comparing 9-week old non-

pregnant female Wistar rats to males, there was no difference in insulin sensitivity as 

measured by the RIST (213). In the Sprague Dawley species, when comparing virgin 
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female and male rats (age-matched from other studies) it was determined that there was 

not difference in the reliability and reproducibility of two consecutive RISTs (51). Insulin 

and glucagon concentrations were measured prior to and following each of the five 

RISTs: a return to baseline was achieved prior to each RIST for both (266). Hepatic 

surgical denervation or atropine produced the same degree of insulin resistance 

attributable to HDIR using RIST to measure the presence or absence of HISS action 

(266). When plasma norepinephrine levels were measured, there was no tendency for 

change during the RIST or following hepatic denervation or administration of atropine 

(266). HGP was free to respond to the infused insulin with the RIST, allowing for the 

study of hepatic glucose balance and its role in insulin sensitivity (266).  

 

Several modifications were undertaken as the RIST method matured (143).  The 

RIST required the use of the arterial-venous shunt described in Figure 9: Femoral Arterial-

Venous Loop (page 76), and involved the determination of a stable arterial glucose baseline 

to define each animal’s euglycemic level that would be maintained throughout the test 

(143).  Following a 5-min infusion of a bolus of insulin (with a dose of 50mU per kg), the 

RIST index was the amount of glucose per kg body weight required to maintain 

euglycemia over the 30-minute test window (143).  This provided a RIST time line (Figure 

10: RIST Time Profile, page 79, adapted from (143)). The first RIST conducted in a fed 

animal resulted in measurement of both a direct and indirect (HISS-dependent or 

atropine-sensitive) insulin action.  
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Figure 10: RIST Time Profile 
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The above profile plots the glucose infusion rate (in mg/kg/min) versus time (with time 
= 0 coinciding with beginning of the RIST). As the blood glucose measurements are 

obtained, the glucose infusion rate is adjusted in order to maintain the baseline glycemia 
obtained prior to the RIST (during the time t = -30min to t = 0). The area under the 

curve represents the RIST index for that test. Adapted from “Rapid Insulin Sensitivity 
Test (RIST)” (143). 
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In a typical protocol designed to measure HISS action, the second RIST would be 

conducted after infusion of atropine or hepatic denervation (143).  Intraportal atropine 

administered in cats produced a dose-related insulin resistance (262), and similar 

administration (3mg per kg) of intraportal atropine to the rat produced this same dose-

related insulin resistance (264). However, since intravenous administration of atropine 

produced similar responses as surgical denervation or intraportal administration of 

atropine, intravenous atropine at a dose of 3 mg per kg was just as effective as intraportal 

atropine, allowing pharmacological interruption of HISS dependent insulin action (266). 

Similar blockade of HISS release could be achieved by blockade of hepatic nitric oxide 

synthase with N-monomethyl-L-arginine acetate (L-NMMA) or N-nitro-L-arginine 

methyl ester (L-NAME) (220, 222). Since the selective muscarinic M1 receptor 

antagonist pirenzipine was 10-fold more potent at blocking HISS release versus the M2 

antagonist methoctramine, the hepatic muscarinic receptor likely involved with HISS 

release was the M1 receptor (138).  A RIST Time Profile demonstrating the control RIST 

(HISS and insulin action present) and the blocked RIST (post-atropine when HISS 

release has been interrupted) can be seen in Figure 11: RIST Time Profiles including Control and 

Post-Atropine RIST, page 81, adapted from (209). 
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Figure 11: RIST Time Profiles including Control and Post-Atropine RIST 
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Control RIST (216±15.3) minus Blocked RIST (85.2±15.9) 
equals 

HISS Component (131.1±17.5) (60.6%) 

Top Panel: In the Control curve, both insulin action and 
HISS action are present.  After a pharmacological block 
of the parasympathetic nerves, a second RIST is 
performed.  In the post-blocked state, only insulin action 
is present.  
Lower Panel: The difference between the two curves is 
plotted and demonstrate the presence and dynamic 
action of the HISS component.  

Assessing the Dynamics of Insulin and HISS 
Action in the Fed State 

 

On the left-hand-side, the control RIST is plotted on the top curve. The area-under-the 
curve for the control RIST represents the RIST index for the control RIST, corresponding 
to both HISS and insulin action. The blocked RIST (post-atropine) is plotted below this 
line. The area-under-the-curve for the blocked RIST corresponds to insulin action alone. 
The right-hand-curve plots the difference between the control and blocked RISTs, which 

corresponds to the HISS action. The area-under-the-curve for this plot is the insulin action 
attributable to HISS action. Atropine is the tool that allows the blockade of HISS release 
for measurement of the blocked RIST, allowing determination of the HISS component of 
insulin action. Adapted from “Comparison of the rapid insulin sensitivity rest (RIST), the 

insulin tolerance test (ITT) and the hyperinsulinemic euglycemic clamp (HIEC) to 
measure insulin action in rats” (209). 
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The selective nature of the atropine block in the use of the RIST was shown by 

the lack of effect in the fasted state where HISS action was physiologically suppressed, 

thereby showing no effect on direct insulin action (227, 247) . Atropine did not alter 

baseline glycemia. Further, hepatic parasympathectomy blocked HISS release in fed rats 

(264) and cats (263, 265) and addition of atropine caused no further effect, showing that 

other hormones of significance to the response to insulin or to the meal were not 

significantly altered. Such use of atropine has been reviewed and validated (142).  

Arterial-venous glucose gradients, measured in fed cats, validated the relationship 

between the RIST’s measurement of HISS action and glucose uptake across various 

organ beds (264).   Denervation of the liver, atropine administration, or a combination of 

both led to “similar reductions in hind limb but neither liver nor gut glucose uptake” i.e. 

in total absence of HISS-dependent insulin action (138, 264). In dogs, the insulin 

resistance produced by hepatic denervation was isolated to the skeletal muscle with intact 

insulin sensitivity in the liver and adipose tissue, and reversal of the insulin resistance in 

skeletal muscle via intraportal administration of acetylcholine (171).  

 

Comparing the RIST to the Insulin Tolerance Test (ITT) and the 

Hyperinsulinemic-Euglycemic Clamp (HIEC) to measure insulin action was a necessary 

step in the validation of the RIST as a method of measuring insulin sensitivity in the fed 

state. In a landmark study comparing the ability of the RIST, the HIEC and the ITT to 

detect HISS-dependent insulin action, it was determined that the RIST index and the ITT 

nadir correlated significantly (r2 = 0.84) (209). There was no such correlation between the 
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glucose infusion rate of the HIEC and the RIST index, but there was a relationship 

between the RIST index and the initial response during the HIEC (209). The ITT in this 

study was performed using a 50mU per kg dose of insulin, and the HIEC used 10mU 

insulin per kg per minute (209).  As the HIEC was only able to detect HISS action in the 

first rising slope of the test, it suggests that HISS release is fully blocked due to the HIEC 

methodology, and the HIEC is inappropriate as a tool to measure fed-state insulin 

sensitivity (209). This implies that the post-HIEC RIST represents measurement of 

insulin sensitivity in an HDIR state. As ITT involves induction of counter-regulatory 

hormones, the RIST offers obvious benefits (77, 209). As anesthetics have been shown to 

influence glucose metabolism (54), the comparison of the RIST and HIEC was conducted 

in a conscious rat model . In the fed conscious animal, there was an intact HISS response 

with predictable decreases in insulin sensitivity (attributable to loss of HISS action) 

following the HIEC. In the conscious 24-hour fasted animal (where HISS release is fully 

suppressed), the measurements of HISS action using the RIST demonstrated HDIR, 

which neither HIEC nor atropine were able to worsen (134).  

 

In a study by Fernandes et al, it was substantiated that the RIST is a good 

surrogate measurement of glucose uptake in peripheral tissues. Plasma glucose rate of 

disappearance and clearance using labeled glucose ([3H]2-deoxy-D-glucose) 

substantiated a direct relationship between the control RIST measurement and the 

clearance of glucose by skeletal muscle, heart, and kidney (71). Skeletal muscle 

accounted for 70% of total body glucose clearance, and this was highly reduced after 

hepatic nerve ablation (71). The RIST has been conducted in both anesthetized and 
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conscious unrestrained rats, and was shown to be equally reliable in both if animals were 

fed prior to experimentation (134). Pentobarbital has been shown to have little or no 

effect on blood glucose or insulin release (25). 

 

Pharmacology of Atropine 

 

Atropine is a naturally occurring tertiary amine belladonna alkaloid, and is 

derived from the deadly nightshade plant (28).  It belongs to the group of cholinergic 

antagonists termed anti-muscarinic agents, and can cross the blood-brain barrier (73). 

Muscarinic acetylcholine receptors are located primarily in post-ganglionic 

parasympathetic nerves, as well as autonomic ganglia and vascular endothelial cells that 

receive little cholinergic innervation (28). Acetylcholine is the neurotransmitter for the 

muscarinic receptor, and is rapidly degraded in the synaptic cleft by both 

acetylcholinesterase and plasma butyrylcholinesterase (28). In the central nervous 

system, muscarinic receptors are found in the hypothalamus, hippocampus, cortex, and 

thalamus and mediate many important responses (28). 

 

Cholinergic antagonists bind to cholinergic receptors, competing with the natural 

ligand, but do not trigger the usual receptor-mediated intracellular effects (73). Anti-

muscarinic agents in particular selectively block muscarinic synapses of the 

parasympathetic nerves, blocking the parasympathetic innervation and allowing 

sympathetic stimulation to go unopposed (73).  Additionally, they block select 

sympathetic neurons that require cholinergic neurotransmission such as the sweat glands 
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(73). As they do not block nicotinic receptors, they have little action at skeletal muscle 

neuromuscular junctions or autonomic ganglia (73).  

 

Muscarinic receptors are members of the G-protein coupled receptors (GPCR) 

and share a common structure that includes seven transmembrane domains, three 

extracellular and three intracellular loop domains, as well as a C-terminal tail 

intracellularly and an N-terminal domain extracellularly (118). In the past, they have been 

classified in the past according to their response to agonists (28).  Now designated M1 

through M5, activation of the odd numbered receptors (M1, M3 and M5) causes 

hydrolysis of polyphosphoinositides and mobilization of intracellular calcium following 

activation of the Gq-PLC pathway (28). M1, M3 and M5 may also raise cAMP levels and 

stimulate PKC, theoretically modulating inwardly rectifying potassium channels (106). 

M2 and M4 receptors inhibit adenylyl cyclase and regulate specific ions via coupling to 

pertussis-toxin-sensitive G proteins Gi and Go (28). M2 and M4 may also activate 

inwardly rectifying potassium channels and modulate other inward rectifiers to reduce 

cAMP via a reduction in PKA (106).  

 

The distribution of muscarinic receptors varies by tissue and organ type (106). By 

triggering a large number of possible ionic conductions (such as potassium, calcium, and 

chloride), they are able to produce a diversity of responses (106). Muscarinic receptors 

are classified according to molecular genetics techniques rather than by the result of their 

stimulation by various muscarinic antagonists (as was done historically) (106). Most cells 

express at least two subtypes of these receptors (28). Knockouts of muscarinic receptors 
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have been found to be viable and fertile, suggesting redundancy (28). In humans, M1, M2 

and M3 are implicated as the targets of parasympathetic stimulation, with M3 responsible 

for most of the class parasympathetic responses (118).  M2 predominates in both heart 

and airway smooth muscle (although M1 and M3 are also present in these tissues) (118).  

M1 and M3 are involved in acetylcholine-induced vasodilation, expressed in vascular 

endothelium and smooth muscle (118).  In the brain, muscarinic receptor distribution was 

characterized using in situ hybridization and immunohistochemical studies to map the 

distribution of mRNA and proteins related to the receptor subtypes (255). M1, M2 and 

M4 are the predominant subtypes in the brain (M3 and M5 are also expressed, but in low 

abundance) (255). M1 predominates in the frontal, temporal, parietal and occipital 

cortical areas, whereas M2 is more abundant in the occipital cortex. M4 is more diffusely 

distributed (255).  Gland parenchymal tissue includes mainly M1 and M3 receptors (250). 

Smooth muscle within the gut includes M2 and M3, blood vessels M1, M3, M4 and M5 

and neuronal cells M1 and M4 (250). Nitric oxide production has been implicated to 

involve M1, M3 and M5 receptors (250).  

 

In the liver, M3 receptors may mediate parasympathetic control of liver 

metabolism (253). The liver is richly innervated the autonomic nervous system, with an 

afferent nerve in the hepatic branch of the vagus nerve and neurons in the lateral 

hypothalamus (161). In conscious dogs, intact parasympathetic nerves have been shown 

to be essential to preserve normal response to intraduodenal and intraportal glucose 

delivery (2, 191). In a study conducted by Hori et al, endogenous glucose production, 

hepatic glucose uptake (of first-pass glucose infused intraportally) and metabolic 
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clearance of glucose was evaluated in the male 8-week old Sprague Dawley rat following 

a hepatic vagotomy or sham operation (161). A HIEC following a 24-hour fast was then 

conducted (10 days post-operatively) along with a portal glucose load. Using stable 

isotopes, metabolic parameters described above were determined: 6-6-2H2-glucose was 

infused peripherally, and U-13C-glucose was infused intraportally. In the vagotomized rat, 

HGP was reduced compared to the sham rat during the basal period, and comparable 

during the clamp. Hepatic glucose uptake was reduced in the vagotomized rat during 

portal glucose infusion. The metabolic clearance of glucose by the liver in the 

vagotomized rats was comparable to the sham rat during the clamp, but much higher 

during the basal period. In a study by Chaps et al,  was used to block the parasympathetic 

tone to the liver in dogs such that HGP and glucose uptake could be measured (47). After 

an oral glucose load, the pharmacological blockade produced by atropine (100ug bolus 

plus 0.38mg/hour infusion) reduced HGP. 

 

There is some concern that systemic administration of atropine affected glucose 

absorption from the gut and induces hemodynamic changes in the liver (47). This is not 

the case during the RIST protocol, as the atropine administered is a much lower dose 

(1mg/kg), is given once as a bolus, and the animal’s physiology (blood pressure and 

glycemia) is allowed to return to baseline prior to continuing with the next RIST. 

Additionally, these studies have all been conducted in the fasted state, meaning there 

would be no HISS action measurable or contributory to these results. In an unpublished 

of the impact of M3 agonists (from NovoNordic) on HISS, M3 stimulation produced 

profuse salivation but had no effect on HISS when administered to a denervated liver. 
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This same denervated liver was able to release HISS when stimulated by acetylcholine 

(unpublished findings).   

 

Atropine is readily absorbed by the gut, partially metabolized by the liver, and 

undergoes renal elimination (73). It has a high affinity for muscarinic receptors, and is a 

competitive antagonist that prevents acetylcholine form binding (73). It acts centrally 

(due to an ability to cross the blood-brain barrier) and peripherally, with a half life of 4 

hours in the human body (much longer when applied topically to the eye) (73). At low 

doses (0.5mg) in humans, there is slight cardiac slowing with some dryness of mucous 

membranes and inhibition of sweating (73). At intermediate doses (2-5mg) there is a 

rapid heart rate, palpations, marked dryness of the mouth, dilation of pupils with 

accompanied blurred vision (73). At high doses (>10mg) there are hallucinations, 

delirium and coma (73). It has applications in ophthalmology for acute narrow-angle 

glaucoma, as well as an anti-spasmodic for the GI tract and bladder, an antidote for 

cholinergic agonists (such as organophosphate poisoning), and an anti-secretory agent to 

reduce sections in the GI tract for surgical reasons (73). Under conditions of a general 

anesthetic for surgical purposes, atropine allows for a reduction in airway secretions 

(which was an additional benefit of the use of atropine during the RIST, allowing control 

of airway secretions in the rats in the last half of the protocol and bypassing the need for a 

definitive surgical airway) (73).  
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Models of HISS-Dependent Insulin Resistance (HDIR) 

 

Models of HDIR result in decreased postprandial glucose uptake, 

hyperinsulinemia, and hypertriglyceridemia.  These models all showed reduced HISS 

action with little or no reduction in direct insulin action. They include aging, sucrose 

supplementation, hepatotoxins, high-fat diets, spontaneously hypertensive or obese 

animal strains, pharmacological agents (atropine, nitric oxide synthase inhibitors), acute 

or chronic alcohol administration and acute hemorrhage (5, 6, 49, 84, 139–141, 164, 166, 

212, 214, 233, 268).  

 

High sucrose diets have been employed in various models to induce HDIR. They 

had long been established as leading to the development of skeletal muscle insulin 

resistance (60, 99, 112, 190). In a study in 2005 by Ribeiro et al, the impact of both solid 

and liquid sucrose supplementation on the insulin sensitivity of healthy male Wistar and 

Sprague-Dawley rats was determined (214). Rats from both strains were randomly 

divided into two groups: standard-fed and sucrose-fed. They both had free access to a 

standard solid diet, with the standard-fed groups provided pure drinking water and the 

sucrose-fed groups provided with an additional bottle of 35% sucrose solution. The 

Sprague-Dawley group rats were then divided into various durations of sucrose solution 

administration: 2, 6 or 9 weeks of the 35% sucrose solution. The effect of a solid or liquid 

high-sucrose diet was examined using corresponding Sprague-Dawley groups provided 

with either a 35% sucrose solid diet and drinking water or a standard solid diet and 35% 

sucrose solution for the same time periods (214).   It was determined that the direct 
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insulin action was similar in the sucrose supplemented and control groups, but that the 

sucrose supplemented groups (both solid and liquid) in both rat strains experienced 

significant HDIR as measured by pre- and post-atropine RISTs (214). The HDIR 

demonstrated in Sprague-Dawley rats was evident as early as 2-weeks into the high-

sucrose diet (214). A high-sucrose diet leads to insulin resistance by rapid impairment of 

HISS-dependent insulin action (214). Interestingly, there have been reports that female 

Wistar rats do not experience insulin resistance in response to a high sucrose diet (97). 

However, this study used the HIEC and a 6-8 hour fast prior to experimentation (which 

would have resulted in HDIR in both control and sucrose fed animals).  

 

In a model of aging (140, 212), male and female Wistar rats were divided into the 

following age groups: fed male animals into 6, 9, 16 and 52 weeks of age, fasted male 

animals into 9 and 52 weeks of age and female animals into 9 and 52 weeks of age. It was 

determined that combined insulin action decreased gradually across all the age groups 

(212). Direct insulin action decreasing until 9 weeks of age, and then remained stable 

(212). There was a continuous decrease in HISS-dependent insulin action with age that 

accounted for the decline in combined insulin action, determining aging itself as a key 

player in the gradual decline of insulin sensitivity over a lifespan (212).  

 

In a follow-up study looking at accelerating AMIS with a high sucrose diet and 

attenuating the effect of aging plus a high sucrose diet with an antioxidant cocktail, 7-

week old male Sprague Dawley rats were started on a standard rat chow diet and 

maintained under light-controlled conditions and acclimatized for 2 weeks (166). At 9 
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weeks of age, they were divided into a control group, a sucrose supplemented group (who 

received tap water with 5% sucrose) and a sucrose plus antioxidant group (who received 

the tap water with 5% sucrose as well as an antioxidant cocktail). The rats were tested at 

26 and 52 weeks of age with N = 12 per group. Young rats at the age of 9 weeks (N = 14) 

fed a control diet and pure tap water served as the control group for the two older groups 

of rats.  Absence of Meal-Induced Insulin Sensitivity (AMIS) developed with age, was 

increased by sucrose supplementation, and inhibited by the antioxidant cocktail. AMIS 

was associated with elevations in post-prandial plasma insulin, triglycerides and blood 

glucose as well as with adiposity regardless of age or nutrient status. Therefore chronic 

HDIR was established as resulting in eventual post-prandial and fasting hyperglycemia 

(166). 

 

High-fat diets have been associated with HDIR (4). Male Sprague-Dawley rats 

divided into three groups: a standard diet (STD), 1-week of high-fat diet (HFD) and 4-

weeks of HFD (4). Just one week of HFD was associated with increased total body 

weight and fat pad mass, with four weeks of HFD causing an even greater elevation in 

adiposity (4). Fasted-state insulin sensitivity, representing direct insulin action, as similar 

in all groups (4). The short-term (1-week) HFD resulted in partial impairment of HISS-

dependent insulin action, and long-term (4-week) HFD resulted in complete HDIR (4). In 

other studies, obese Zucker rats were compared to rats fed 1 week of HFD (5). Standard-

diet fed and lean Zucker rats were their controls. Male rats were 9 weeks old when 

studied in the fed state pre and post atropine. HISS action was impaired in the obese 

Zucker and HFD rats. Direct insulin action was impaired only in the obese Zucker rats 
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(5). This means that the HFD model and the obese Zucker model are distinct forms of 

insulin resistance, and the HFD is best to study as a model of HDIR (3). 

 

A review conducted of maternal high-fat diets in the rat model outlined the 

limitations of these studies: mainly inconsistency related to duration, type and timing of 

these diets, as well as methods to measure insulin sensitivity (in addition to prandial 

status during these measurements) (7). Poor glycemic control in offspring from mothers 

who were fed a high-fat diet during gestation alone or gestation and lactation is 

associated with offspring adiposity, and reduced lean mass (7). Other studies have looked 

at the timing of this impaired glucose tolerance: in particular, whether the post-pubertal 

offspring of mothers fed a high-fat diet during pregnancy will retain insulin resistance 

(36). The hyperadiposity and related glucose intolerance was seen in the 

neonatal/weanling groups, but not when postpubertal, suggesting that perhaps the early-

life effects need to be reactivated later in life to give rise to the metabolic programming 

from the high fat diet in gestation (36).  

 

A model of acute hemorrhage was conducted in healthy male Sprague Dawley 

rats, and involved blood removal in anesthetized rats to achieve a mean arterial blood 

pressure of 50mmHg (233). Hemorrhage caused complete HDIR such that subsequent 

administration of atropine caused no further reduction in insulin sensitivity (233). 

Secondary to the reduction in apparent volume of distribution and clearance of insulin, 

the post-hemorrhage RIST was reduced by 34% (rather than the anticipated 55%) (233). 

This was demonstrated by the fact that occlusion of the superior mesenteric artery caused 
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a similar reduction in the RIST index related to reduced portal venous blood flow. 

Hyperglycemia (the baseline blood glucose from the RIST following hemorrhage 

exceeded the one prior to hemorrhage) resulted due to activation of adrenal 

catecholamines and activation of hepatic sympathetic nerves (233). 

 

Pregnancy is accompanied by hypertriglyceridemia and hyperinsulinemia, but 

with preservation of glycemic control, and is likely to be a state of HDIR. Rossi et al 

examined temporal changes in insulin resistance and secretion in 24-hour fasted 

conscious pregnant rats and determined that late pregnancy was marked by hepatic 

insulin resistance and hyperinsulinemia, but had negligible changes in peripheral insulin 

resistance (218). In early-to-mid pregnancy (11-12 of 21-22 days) in the conscious rat, 

the ability of insulin to suppress hepatic glucose production was only minimally affected, 

whereas in late pregnancy (19-20 of 21-22 days) there was profound hepatic insulin 

resistance (218). Consistent with Rossi et al, measuring 2-deoxyglucose uptake in rats in 

peripheral muscle in mid-pregnancy (11-12 days) demonstrated reduced glucose uptake 

but only in the non-fasted state (93, 218). They concluded that “ rat pregnancy is 

characterized by the early appearance of peripheral insulin resistance” and that “as 

pregnancy progresses toward term, marked hepatic insulin resistance and insulin 

hypersecretion develop, whereas peripheral insulin resistance demonstrates negligible 

changes” (218). In this study, the lack of HISS action in the 24-hour fasted state may 

have contributed to their results.  
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In an unpublished study on HISS-dependent insulin resistance in pregnancy 

(Dhaliwal & Lautt), 15-day pregnancy (N = 9) and age-matched virgin controls (N = 7) 

were compared on the basis of insulin sensitivity using the RIST following a controlled 

fast/feed cycle. Body weight was higher in pregnancy (314 ± 8 g versus 261 ± 7 g) and 

basal blood glucose was lower in pregnancy (83 ± 2 mg/dL versus 105 ± 2 mg/dL). 

Virgin females had a combined insulin action of 151 ± 4 mg glucose per kg body weight 

versus 81 ± 7 mg glucose per kg body weight in pregnancy. The atropine-sensitive 

insulin action attributable to HISS in virgins was 87 ± 8 mg glucose per kg body weight 

versus 22 ± 4 mg glucose per kg body weight in pregnancy. This corresponds to 27.4% of 

combined insulin action attributable to HISS action in pregnancy, versus 57.7% in 

virgins. However, insulin and triglyceride concentrations were not obtained. No early 

pregnancy groups were studied, and all animals with evidence of non-maximal food 

intake were excluded (unpublished findings, Dhaliwal & Lautt). These unpublished 

findings may have excluded pregnant females from the study who had been maximally 

fed but had done so at the beginning of the 2-3 hour re-feed rather than at the end. 

Additionally, the standard dose of anesthetic was used which may have produced partial 

HDIR in pregnancy (as the late gestational animals required a higher dose to produce 

adequate surgical plane) and this may have induced HDIR related to stress/pain in this 

pilot study that was avoided in the study conducted more recently. These differences may 

explain the disparity in the findings between this study and the expanded version 

presented in this thesis (see Chapter 1). Nonetheless, this pilot study demonstrated that 

pregnancy is in fact a model of HDIR.  
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A meal should activate HISS action, and result in Meal-Induced Insulin 

Sensitization (MIS) (195, 224). In the setting of chronic HDIR (which should only exist 

in the fasted state to preserve glucose) lack of HISS action requires the pancreas to 

secrete more insulin in response to a given glucose load (140). The lipogenic nature of 

insulin results in a greater proportion of nutrients being stored as fat and elevation of 

triglycerides. The absence of meal-induced insulin sensitization (AMIS) leads to post-

prandial hyperglycemia when pancreatic compensation is insufficient. This further 

exacerbates the dyslipidemia and increases reactive oxidative stress. All of these 

dysfunctions have been clearly linked to cardiovascular disease, leading to a spectrum of 

disorders along the AMIS syndrome (AMISS) spectrum (140). Thus prevention of the 

loss of HISS action or a means of pharmacologically restoring HISS action with a meal 

would allow for the prevention and treatment of diabetes.  

 

Prevention of HDIR: SAMEC 

 

 SAMEC is an antioxidant cocktail comprised of S-adenosyl methionine (SAMe), 

vitamin E and vitamin C. SAMEC contains 0.5g per kg diet of SAMe, 12.5g per kg diet 

of vitamin C and 1.5g per kg diet of vitamin E (166). All three compounds have different 

free-radical scavenging roles (69, 151). Vitamin C is water soluble, and is the first-order 

antioxidant to protect cellular components from free radical-induced damage from water-

soluble radicals such as superoxide anion (69, 164). Vitamin E is lipid-soluble, and 

breaks radical chain reactions of peroxyl free radicals preventing lipid peroxidation 

(particularly in mitochondrial membranes) (69, 164). SAMe is a regulator of glutathione 
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(GSH), which is a main defense mechanism against free radicals by replenishing the 

redox state of other anti-oxidants (151) in addition to being a key permissive signal in the 

release of HISS (164). 

 

SAMEC is ingested orally, and the pharmacology of the three substituents can be 

considered separately. SAMe is naturally occurring, and is found in nearly all body 

tissues and fluids (76). It has low bioavailability after oral administration, with significant 

first-pass metabolism by the liver (76). Distribution among body tissues is related to 

blood flow. It can cross the blood-brain-barrier and placenta (76). The half-life is 80-100 

minutes, and it is mainly excreted within the urine (76). It is involved in multiple 

biochemical reactions that involve transmethylation (including those resulting in 

synthesis, activation or metabolism of “hormones, neurotransmitters, nucleic acids, 

proteins and phospholipids” (76). These include regulation of cellular enzymes, electrical 

activity and membrane fluidity: loss of this fluidity is linked with loss of dopaminergic 

and beta-adrenergic binding sites with age within brain cells (76). It is believed that 

exogenous SAMe maintains normal membrane fluidity and enzyme activity, resulting in 

normalizing hepatic indices in chronic liver disease. In fact, several chronic liver diseases 

have been shown to improve when SAMe is administered orally as a stable salt (76). 

Perhaps a hint at central action, SAMe has also been shown to act as an anti-depressant, 

perhaps via activation of enzymes that affect the synthesis and metabolism of 

neurotransmitters (76).  In humans, levels of serotonin metabolites increase in 

cerebrospinal fluid following SAMe ingestion (76).  Additionally, SAMe acts to aid in 

the formation of GSH: it releases methyl groups to activate the trans-sulphuration 
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pathway. It is by this mechanism that SAMe is believed to modulate hepatotoxicity (due 

to toxins, lead or steroids) (76).  In rats and baboons fed chronic ethanol, SAMe has been 

shown to prevent depletion of GSH, normalize mitochondrial enzyme activity, and 

prevent fat deposition within the liver (76).  SAMe is well tolerated; recommended daily 

doses across indications are 400 to 1600 mg per day orally (76). 

 

Vitamin E is a fat-soluble orally bioavailable vitamin (241). When ingested, it is 

absorbed systemically bound to plasma beta-lipoproteins and widely distributed (mostly 

in fat tissues).  It is part of a group of 8 tocopherols (lipid-soluble compounds synthesized 

in plants, required by most animals) (241). Deficiency is rare, and is usually related to 

gastrointestinal malabsorption diseases (241). It acts mainly as an anti-oxidant, located 

naturally within cellular membranes, where it suppresses free-radical lipid peroxidation 

(241). It also enhances lymphocyte proliferation, reduces prostaglandins E2 (which are 

immunosuppressive), and reduces levels of serum lipid peroxides (also 

immunosuppressive) (241). In vitro, it has demonstrated the ability to reduce the 

sensitivity of platelet activation via a protein kinase C stimulation. It has been used for 

many off-label applications such as Alzheimer’s, heart disease, prostate cancer, and in-

born errors of metabolism (all without marked benefit) (241). It can cross the placenta, 

and has a half-life is 15 hours (for the synthetic form), with recirculation from the liver to 

the plasma (241). The major route of elimination is fecal, with small amounts of 

metabolites excreted in the urine. The recommended adult dose is 15mg alpha-tocopherol 

per oral once daily (241). 
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Vitamin C is an orally bioavailable hydrophilic vitamin (242). It is as an anti-

oxidant, is essential for the biosynthesis of carnitine, neurotransmitters, corticosteroids, 

aldosterone, protein and collagen, and aids in cholesterol conversion to bile acids as well 

as iron oxidation for absorption in the gut (242). It may also provide an immunological 

benefit by activation of leukocytes (242). It may have a role in regeneration of biological 

antioxidants that include glutathione and alpha-tocopherol (242). It can be reversibly 

oxidized to dehydroascorbic acid, which is an active form in redox reactions (242). The 

half-life is 8-40 days, depending on total body stores. High levels are stored in the 

pituitary, adrenal glands, leukocytes, eyes, and brain (242). It can cross the placenta, and 

is categorized as category C. No known teratogenic effects have been documented at 

standard doses. Metabolism occurs via oxidation to inactive metabolites that are excreted 

in the urine. In adults, the maximum dose per day is 2000mg per oral (242).  

 

Initially studied in a rat model of liver injury induced by thioacetamide, SAMEC 

was designed to modulate free radical damage (164). The insulin resistance induced by 

the hepatotoxin thioacetamide produced HDIR, and SAMEC protected against this HDIR 

(164). Any of the individual components alone or in pairs did not produce these 

protective effects, supporting their synergistic nature (164). Further studies (as discussed 

in the section “Models of HISS-Dependent Insulin Resistance (HDIR)”), SAMEC was 

also able to prevent HDIR associated with ageing, and sucrose supplementation (140, 

166, 167). Therefore, the three components together must act in a coordinated fashion to 

facilitate HISS release from the liver and/or prevent perturbations in the permissive HISS 

release signals caused by models of HDIR. Their common effect relates to their ability to 
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promote GSH regeneration/mobilization within the liver (anti-oxidant properties), 

therefore it is most likely that they act to increase or restore GSH availability in the liver 

in the post-prandial state, allowing for HISS release even in the presence of insults to the 

liver that would deplete GSH (such as sucrose or liver toxins). It could also be acting 

centrally, within the central nervous system, in order to promote parasympathetic tone to 

the liver from the hypothalamus.  The final option is that SAMe is acting as a 

parasympathetic nerve protectant, with Vitamin C and E acting to boost GSH levels, 

acting together to potentiate the permissive signals needed for HISS release.  

 

 Treatment of HDIR: BENAC 

 

BENAC is a two-part compound comprised of bethanechol and N-acetyl cysteine 

(with the rat chow containing 0.2g bethanechol chloride and 4g n-acetyl-L-cysteine per 

kg) (141). Bethanechol (at a dose of 0.5ug/kg based on ED50 measurements) is an 

existing orally effective pharmaceutical that was repurposed (110, 148) to allow for the 

restoration of the hepatic parasympathetic feeding signal required for HISS release (141). 

It is a synthetic parasympathomimetic that was initially used for the indication of urinary 

retention associated with neurogenic bladder, and as a prokinetic for the gastrointestinal 

tract (243). It has greater effect on non-cardiac tissues such as gastrointestinal tract and 

urinary tract (and has negligible cardiovascular effects at therapeutic doses) (243). It acts 

by direct action on muscarinic receptors as an agonist, and has no effect on 

acetylcholinesterase. It has no affinity for nicotinic receptors, and is not metabolized by 

acetylcholinesterase (243). It can be administered orally; and its distribution is not well 
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characterized. It has a quaternary state and therefore cannot penetrate the blood-brain 

barrier. The mechanism of elimination is unknown (243).  It usually takes effect after oral 

ingestion within 30-90 minutes, with effects lasting an hour. Usual doses are 10-50mg 

(maximum 200mg/day) orally 3-4 times per day (243). 

 

N-acetyl cysteine was originally used as a mucolytic (acting to react with the 

disulfide linkages within the mucoproteins of bronchial secretions) and is considered the 

antidote to acetaminophen overdose (by replacing GSH as a substrate for the toxic 

acetaminophen metabolite) (244). It has been used as an anti-oxidant to ameliorate toxin 

effects from ischemic injury (to heart, kidney, liver and lung) as well as to prevent 

nephrotoxicity post-radiographic contrast (244). In this setting, it is believed to act as an 

oxygen free radical scavenger and stabilizer of cellular signaling transduction by an 

unknown mechanism (244). It can enhance the effects of nitric oxide by combining with 

nitric oxide to form S-nitrosothiol (244). When administered it is absorbed systemically 

and is deacetylated by the liver and tissues to cysteine. The mean half-life is 5.6 hours, 

with 30% disposed of by renal clearance. Dosing is indication dependent, with the 

maximum dosage not well defined (244). It stimulates hepatic GSH synthesis because 

incorporation of cysteine into the 3-amino acid structure of GSH is the rate-limited step 

(9). Used at a dose of 200 mg/kg intravenously, it was able to stimulate hepatic GSH in 

24-hour fasted rats to similar levels achieved following a feed and mimicked the GSH 

feeding signal (141).  
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Gastric injection of a liquid test meal or intravenous administration of N-acetyl 

cysteine in 24-hour fasted male Sprague Dawley rats at 9 weeks of age resulted in similar 

rises in hepatic glutathione (40-50%) (141). Denervation of the hepatic nerves eliminated 

the HISS response, and MIS, but bethanechol was able to restore HISS release on its own 

(as the GSH signal remained intact after denervation, requiring only a single feeding 

signal to be restored in order to achieve full HISS release) (141) . When both bethanechol 

and N-acetyl cysteine were administered together as BENAC, 24-hour fasted male rats 

were sensitized to insulin to a similar degree as to a liquid meal (141, 224). In a 9-week 

sucrose model of diet-induced HDIR, using 35% liquid sucrose supplementation, there 

was complete reversal of HDIR (141). Neither was effective alone at replacing the 

feeding signals necessary for MIS (141).  The common effect of the constituents of 

BENAC is to promote HISS action. It is most likely that the bethanechol (which cannot 

cross the blood-brain barrier) is acting to promote muscarinic stimulation within the liver, 

and can replace a missing parasympathetic nerve component in HDIR disease states. The 

N-acetyl-cysteine would then provide GSH regeneration/mobilization within the liver 

acting to increase or restore GSH availability in the liver in the post-prandial state. The 

immediate effectiveness of BENAC at completely restored post-prandial insulin 

sensitivity in a single administration would suggest that it is allowing permissive feeding 

signals to be completely restored, such that in the setting of a bolus of insulin, full insulin 

sensitivity can be achieved.  
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The Rat Model for Studies in Pregnancy 

 
As the majority of studies pertaining to the HISS hypothesis have been carried out 

in the rat model (male in-bred Sprague-Dawley strain), the female Sprague Dawley was 

selected to study female HISS and the characterization of the changes in HISS and insulin 

associated with pregnancy. In this section, the general reproduction and breeding 

characteristics of the female Sprague Dawley rat will be outlined.  

 

The female Sprague Dawley undergoes puberty corresponding with vaginal 

opening and first proestrus 33 to 42 days after birth, at a body weight of 100 grams (246). 

Fertility in the female rat declines by 28-36 weeks of age, related to reduction of oocyte 

viability with maternal age (246).   The female undergoes regular estrus cycles within 1 

week of vaginal opening. The estrus cycle in the rat is 4-5 das in length and consists of 4 

stages: proestrus (12 hours), estrus (12 hours), metestrus (21 hours) and diestrus (57 

hours) (246). The release of gonadotropins (GnRH) from the anterior pituitary results in 

ovarian and follicular changes in addition to changes in vaginal cytology. Luteinizing 

Hormone (LH) is pulsatile, and has the highest frequency of pulsation during the 

proestrus phase and the lowest during estrus (246). The LH pulse corresponds to the 

GnRH pulse, stimulating pre-ovulatory follicles to ovulate and form the corpora lutea. 

Two pre-ovulatory Follicle Stimulating Hormone (FSH) pulses occur, stimulating growth 

of small follicles (246). The first surge is timed to the LH surge, and the second surge is 

associated with a decrease in inhibin (which downregulates synthesis and secretion of 

FSH) after ovulation. In metestrus, the corpora lutea secrete progesterone. During 

diestrus, progesterone declines. Follicular development is associated with increased 
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estradiol-17-β. Completion of the cycle occurs as estrogen peaks during proestrus, 

stimulating the GnRH release that triggers ovulation and the LH surge. The female is 

receptive to breeding during the proestrus and estrus phases (246), corresponding to pre-

ovulation and ovulation in the human female. On vaginal cytology, proestrus is identified 

by nucleated epithelial cells versus in estrus, there are 75% nucleated cells and 25% 

cornified cells (246). Metestrus demonstrates many leukocytes with nucleated and 

cornified cells, whereas diestus is characterized only by leukocytes (246).  

 

Unique to the rat (in contrast to humans) is the pseudopregnancy state (246). This 

state is 12-14 days in duration, and follows cervical stimulation by copulation. There are 

resultant diurnal and nocturnal prolactin surges, increasing the LH receptors and 

stimulating the corpora lutea to produce estrogen, maintaining a ‘pseudopregnant’ state. 

It is unclear the role that this state plays in the biology of the rat (246).  Females housed 

together and acclimatized to the same light/dark cycle will tend to synchronize their 

estrous cycles (246).  In contrast to mice, rats do no demonstrate the Bruce effect (when 

implantation of embryos is delayed when new males are introduced), nor the Whitten 

effect (when females undergo estrous synchronization when a male is introduced (246).  

Rats are more prone than mice to the Lee-Boot effect (where females housed together 

become anestrous over time) (246).  In the studies conducted for this thesis, males were 

housed in separate cages within the same rooms as the female rats, thereby precluding 

anestrous synchronization.  
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Mating occurs between male and female intermittently during the latter portion of 

the dark cycle, for up to 3 hours, until 3 to 10 ejaculations have been accomplished (246).  

The confirmation of mating is by presence of sperm on vaginal smear, observation of a 

vaginal plug, or by direct observation of mating behavior (246).  Conception rates for 

inbred strains reach 85%, with palpation of fetuses by 10 days gestation, abdominal 

enlargement by 13 days, and mammary development/nipple enlargement by 14 days 

(246).  The rat gestation is 21 to 23 days from copulation to parturition (246).  

Implantation of the blastocyst occurs by day 4-5 of gestation, regulated by maternal 

estrogen (246).  The ovary supplies progesterone during the first half of the pregnancy 

(stimulated by prolactin surges caused by cervical manipulation at the time of coitus) 

(246).  The placenta produces progesterone during the second half of pregnancy, but the 

rat placenta does not produce estrogen (246).  

 

Animal models of placentation include the mouse, rat, primate, guinea pig and 

ewe (38).  In a review by Soares et al, the rat and human pregnancy and placentation was 

compared and contrasted (240). The rat and human both have bidirectional blood supply 

from major arteries in the pelvis/abdomen, but the rat has a duplex uterus rather than a 

simplex uterus. In rats, maternal recognition of pregnancy is via mating-activated 

luteotropin, secretion of pituitary prolactin and placental-derived luteotropin. In humans, 

it is solely placental-derived luteotropin (chorionic gonadotropin) (240). Embryonic 

implantation in rats is eccentric (secondarily interstitial) and abembryonic, whereas in 

humans it is interstitial and embryonic. In both humans and rats, implantation is 

associated with abundant natural killer cells with associated uterine spiral arteries, as well 
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as decidualization of the uterus that is both hormone and implantation-stimulus 

dependent (240). The placental structure of rats and humans are both hemochorial 

(discoid, chorioallantoic). However, the specific interfaces have some differences. 

Trophoblast invasion and spiral artery remodeling are similar in both rats and humans 

(240). The hormonal maintenance of pregnancy in rats is achieved by corpus luteum 

(primarily) and placenta (secondarily) with progesterone and androgens. In humans, the 

first trimester is maintained by the corpus luteum. The placenta, mainly with estrogen and 

progesterone, maintains the remainder of the pregnancy. In rats, gestation length (as 

mentioned previously) is 21 days versus 40 weeks in humans. Rats give birth to 

polytocous progeny, whereas humans give birth to monotocous or ditocous progeny 

(240). For comparison sake, examining the rat’s gestation at 5-days is comparable to the 

first trimester of pregnancy in humans (240). 15-days gestation in a rat is comparable to 

the beginning of the third trimester/late second trimester of pregnancy in humans, and 

precedes the fetal growth phase of the pregnancy (up to this point, the majority of the 

weight gained and anabolism is within maternal tissues) (240). 
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Gestational Obesity 

 

Normal Weight Gain 

  

 During healthy pregnancy, there are additional energy requirements that are 

estimated to be 1200 kJ per day, and are due to the need for fat deposition, an increase 

basal metabolic rate secondary to newly synthesized tissue, and energy depots required 

for breast feeding (115). In undernourished populations with limited access to food, such 

as The Gambia in rainy hungry season, pregnancy can result in 2kg of fat loss (115). 

Normal-weight healthy women can gain up to 10kg of fat (115). The weight gain prior to 

15 weeks is at a slow rate, and is nearly linear from week 15 to term (147).   

 

 As a normal healthy human pregnancy progresses from 0 to 40 weeks, there is a 

peak caloric intake and maternal fat distribution mid-pregnancy that parallels a rise in 

basal metabolic rate (219). As pregnancy enters the final phase (third trimester), caloric 

intake and fat deposition decline whilst the basal metabolic rate continues to climb. The 

last ten weeks of the pregnancy is when the fetal weight is maximized at the expense of 

maternal metabolism (219). See Figure 12: Basal Metabolic Rate, Maternal Fat 

Deposition, Fetal Weight and Caloric Intake Plotted with Time in the human pregnancy, 

page 107, (24, 219).   
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Figure 12: Basal Metabolic Rate, Maternal Fat Deposition, Fetal Weight and 

Caloric Intake Plotted with Time in the human pregnancy 

 

 

BMR and caloric intake peak by mid-pregnancy, corresponding to maximal maternal fat 
deposition. Afterwards, maternal fat deposition and caloric intake decline as the fetus 
gains weight. BMR gradually climbs throughout the entire pregnancy. Adapted from 

Figure 12-1 “Maternal, Fetal and Neonatal Physiology” (24, 219). 
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Maternal Dysfunctions in Metabolism: The Spectrum of Obesity, Impaired Glucose 

Tolerance (IGT), and Gestational Diabetes Mellitus (GDM) 

 

It has been well demonstrated that Gestational Diabetes Mellitus (GDM) and/or 

Impaired Glucose Tolerance (IGT) can result in significant deleterious metabolic 

outcomes in both mother and child (44, 210). However, the spectrum of insulin resistance 

in pregnancy also includes a subset of individuals where the insulin secretion is sufficient 

to maintain glycemic control, but is excessive and causes pathological weight gain. This 

pregnancy-related obesity is a major risk factor for multiple adverse outcomes in 

pregnancy (43, 111). It has been shown that there is a relationship between weight gain in 

pregnancy and perinatal mortality: as women become progressively more overweight, 

their weight gain during pregnancy correlates with perinatal mortality (24, 174). If they 

are normal in weight before pregnancy, their 10 to 30 pound weight gain does not cause a 

rise in perinatal mortality (24, 174).  See Figure 13: Perinatal mortality plotted against 

pregnancy weight gain, page 109 (24, 174).  
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Figure 13: Perinatal mortality plotted against pregnancy weight gain 

 

 

As depicted above, when women within the ‘normal’ weight category pre-pregnancy gain 
the acceptable target weight gain of 10 to 30 pounds, they experience no increase in 

perinatal mortality. However, those women in the overweight category do experience a 
rise in perinatal mortality (linearly) after gaining only 15 pounds. Women who are 
underweight and gain 30 pounds during pregnancy experience the lowest perinatal 

mortality. Adapted from Figure 12-2 “Maternal, Fetal and Neonatal Physiology” (24, 
174). 
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The prevalence of obesity in pregnancy is increasing at an exponential rate, with 1 

in 5 women entering pregnancy with a body mass index (BMI) that exceeds the cut-off 

for obesity (179). Negative outcomes include spontaneous abortion and congenital 

anomalies in early gestation, as well as gestational hypertensive disorders, hypertension, 

dyslipidemias, and non-alcoholic fatty liver disease in late gestation (43). Additional 

implications of obesity in pregnancy include higher anesthetic risks, infections, wound 

dehiscence, post-partum hemorrhage and thromboemboli (in addition to increasing the 

risk for operative delivery) (43, 179). For the fetus, metabolic programming occurs, 

predisposing the fetus to obesity in adulthood by an as-yet unknown mechanism (179). 

Fetuses born to obese mothers are at higher risk of type 2 diabetes, hypertension, and 

hypercholesterolemia (11, 43). Large for gestational age (LGA) infants are at risk for 

metabolic syndrome in adulthood (79). These effects are macroscopic and epigenetic 

(146, 200). Hypertriglyceridemia has been implicated as a risk factor for preterm birth, 

macrosomia and maternal cardiovascular risk later on in life (79).  

 

 The “Western Diet” has been identified as a etiological factor in gestational 

obesity (75, 103). In a randomized study of three diets in 15 non-pregnant women and 14 

pregnant women after two-week periods of habituation to each diet, post-prandial 

metabolic profiles were performed (on a standardized meal) (75). Diet 1 was the typical 

Western diet (40% energy as carbohydrate, 10g dietary fiber), diet 2 was 40% 

carbohydrate and 52g of dietary fiber and diet 3 had 60% energy from carbohydrate and 

84g of dietary fiber (typical of the developing world) (75). Only on diet 1 was there a loss 
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of insulin sensitivity in pregnancy, corresponding to a relative abundance of refined 

carbohydrate relative to fiber (75).   

 

 In women with obesity and hypertriglyceridemia in the first trimester, there was a 

significantly higher risk of impaired glucose tolerance later in pregnancy (79). There is a 

concentration-dependent association between maternal triglycerides and the risk of 

preeclampsia and GDM (79). This may be due to induction of oxidative stress via 

endothelial dysfunction secondary to the triglycerides, or perhaps a rise in insulin 

concentration that further decreases LPL activity and results in dyslipidemia (79, 107, 

108).  

 

Women with chronic insulin resistance who become pregnant place a metabolic 

stress on their pancreatic β-cells. Weight gain (2-fold for 10 pounds) and an additional 

pregnancy (3-fold) are independent risk factors for diabetes (91, 132). Increased demands 

on the β-cell during pregnancy may contribute to β-cell decline, as early reduction of 

endogenous insulin requirements with patients treated for GDM was protective against 

development of overt T2DM (30, 132). See Figure 14: Beta-Cell Hypertrophy in 

Pregnancy versus Gestational Diabetes, page 112 (194). 
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Figure 14: Beta-Cell Hypertrophy in Pregnancy versus Gestational Diabetes 

 

In normal pregnancy glucose-stimulated insulin secretion results in euglycemia as there is 
appropriate beta-cell hypertrophy and hyperplasia. However, in gestational diabetes this 
hypertrophy is impaired with potential detrimental effects on beta cells and continued 

beta-cell dysfunction post-partum. Adapted from Figure 1, “Advancements and 
challenges in generating accurate animal models of gestational diabetes mellitus” (194). 
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The loss of glycemic control in the fasted state that corresponds to GDM and/or 

IGT represents an advanced disease state, and is difficult to relate back to the normal 

physiology of pregnancy (129). Women with GDM have the same basal hepatic glucose 

production as women without GDM, therefore supporting the hypothesis that there is an 

imbalance between insulin requirements and pancreatic compensation (132). Women 

with GDM have a further reduction in insulin sensitivity (whole-body) of 40% relative to 

women without GDM in late pregnancy (132). Using a longitudinal analysis of clamp 

studies with labeled glucose, it was determined that those women destined to later 

develop GDM have lower insulin sensitivity compared with weight-matched controls 

most evident before and during early gestation (40, 132). Suppression of hepatic glucose 

production was tightly correlated to the suppression of free-fatty acid synthesis by 

insulin, and this was significantly impaired in women with GDM. Despite higher insulin 

concentrations in women with GDM, hepatic glucose production overnight with the fast 

was higher, supporting the hypothesis that hepatic insulin resistance is a key mediator of 

the hyperglycemia in GDM (40, 41, 132).   

 

Insulin signaling within the skeletal muscle of women with GDM shows similar 

down-regulation of IRS-1 protein and reduced ability of insulin to cause GLUT-4 

translocation compared to women without GDM (132).  However, these women also 

demonstrate a reduced ability of the insulin receptor-β to undergo tyrosine 

phosphorylation, resulting in 25% lower glucose transport activity (132).  When using 

vanadate within an in vitro study (vanadate inhibits protein tyrosine phosphatase 
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activity), there was a lack of normalization of glucose transport activity in women with 

GDM (132).  This supports the hypothesis that GDM is more than impaired tyrosine 

phosphorylation alone. Studies on plasma cell membrane glycoprotein-1 (PC-1) (an 

inhibitor of insulin receptor tyrosine kinase (IRTK) activity) revealed an increase in PC-1 

content i.e. excessive phosphorylation of serine/threonine residues in skeletal muscle 

insulin receptors in women with GDM, contributing to reduced insulin sensitivity (132).   

 

In a study relating fetal growth to maternal responses to oral glucose tolerance 

testing throughout gestation, it was determined that fetal growth rate was best associated 

with maternal glycemic equilibrium (80). One of the main determinants of high infant 

birth weight was enhanced maternal insulin sensitivity accompanied by remarkable 

gestational weight gain (80). However, this ‘enhanced maternal insulin sensitivity’ was 

measured by oral glucose tolerance testing in the fasted state, where HISS release would 

be completely blocked. As such, the “lowest glycemic area in the face of the lowest 

insulinemic response” may in fact be an artifact of comparison to the normal controls, 

which would have a significant component of insulin sensitivity that would have gone 

unmeasured in this study (giving them in fact the lowest glycemic area if HISS release 

had been present). 

 

In the context of pre-existing HDIR resulting in pre-pregnancy obesity (with 

further exacerbation of this obesity by the metabolic challenge that pregnancy presents), 

it is plausible that the pancreatic requirement for compensation in the fed state would be 

greater and that lack of HISS action could precipitate a loss of glycemic control that 
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would not be evident without the metabolic insult of pregnancy, resulting in IGT of 

pregnancy or GDM. The lack of HISS action could be the underlying factor that 

promotes pancreatic overcompensation (in the form of hyperinsulinemia) that results in 

gestational obesity, and this could account for the deleterious effects of gestational 

obesity despite normal glucose tolerance.  
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Statement of Context 

 

 

The body of this thesis work will first examine the role of HISS in healthy 

pregnancy within Chapter 1 – “Healthy Gestation”. Models of HDIR developed using 

various durations of supplementation with high (35%) sucrose water with accompanying 

gestational obesity will be presented in Chapter 2 – “High Sucrose Models of HDIR”.   

Using a single duration of high (35%) sucrose water supplementation, the ability of 

SAMEC to prevent of HDIR was investigated and the results are presented in Chapter 3 – 

“Prevention of HDIR with SAMEC”. The same high sucrose model of gestational obesity 

was treated with a single dose of BENAC, and these results are outlined in Chapter 4 – 

“Treatment of HDIR with BENAC”.  
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Chapter 1: Healthy Gestation 

Introduction 

 

In pregnancy, insulin resistance develops naturally to facilitate optimal fetal 

development, requiring pancreatic compensation in the form of hyperinsulinemia (116). 

As a result of the increased plasma insulin concentration, there is a doubling to tripling of 

the basal plasma triglycerides and cholesterol (44). Hyperleptinemia, hyperprolactinemia 

and hyperphagia occur (13). The high insulin levels and accompanying insulin resistance 

cause storage of nutrients as fat in adipose tissue (versus as glycogen in muscle), causing 

weight gain and relative increases in percentage body fat (109).  

 

 The metabolism of early (first-trimester) gestation is governed by the need to 

form energy stores for fetus and mother, and is described as the anabolic phase of 

pregnancy (132). Maternal fat is deposited, and there is a small rise in insulin sensitivity 

(particularly in the post-prandial state). As pregnancy advances, the female metabolism 

enters a catabolic state. Fasting glucose progressively decreases secondary to various 

possible mechanisms including dilutional effects of plasma volume, alterations in glucose 

utilization or uptake, altered glucose production by the liver and/or enhanced beta-cell 

function (132).  

 

 In the fed state, insulin action can be divided into direct and indirect components 

(144). The direct insulin action is present in both the fed and fasted state, and is lipogenic 
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in nature. The indirect insulin action is attributable to HISS action, and is present only in 

the fed state (see Introduction for more details). Various models of HDIR have been 

found to result in hyperinsulinemia, hypertriglyceridemia and euglycemia (5, 6, 49, 84, 

139–141, 164, 166, 212, 214, 233, 268). See Figure 8: The HISS Paradigm (page 62) for 

a representation of the HISS hypothesis and the signals required for HISS release.  

  

In this study, we tested the hypothesis that the anabolic early gestation (13, 37, 61, 

256) is HISS dependent whereas late gestation results in HDIR where reduced HISS 

action and hyperinsulinemia produce a lipogenic state in mother and fetus. Dynamic 

insulin sensitivity (including both HISS and direct insulin action) was measured in 

Sprague-Dawley female rats that had been fed over the 2 hours prior to anesthesia 

(Virgin, 5-day and 15-day pregnant). Groups were selected to contrast pregnancy states 

versus the virgin female. “Early pregnancy” is defined in this study as 5-days gestation in 

the rat, just around the time of placentation/implantation (240), and is comparable to the 

first trimester of human pregnancy. “Late pregnancy” is defined in this study as 15-days 

gestation in the rat (240), which is comparable to the end of the 2nd trimester/beginning of 

the 3rd trimester in humans, representing the time just prior to maximal fetal growth and 

weight gain.  Insulin sensitivity was measured using two consecutive RISTs: control and 

blocked. Atropine was used to block HISS release in the second RIST, allowing for 

determination of combined, direct and HISS-dependent insulin action. Plasma insulin and 

triglyceride concentrations as well as adiposity were quantified. Characterization of the 

physiological insulin resistance in healthy pregnancy is an essential tool in the 

development of pathological models of gestational insulin resistance.  
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Methods 

 

Ethics 

 

Animals were cared for in accordance with the Guide to the Care and Use of 

Experimental Animals by the Canadian Council on Animal Care. All animal protocols 

were approved by the Protocol Management and Review Committee at the University of 

Manitoba. 

 

Animals and Groups 

 

Female Sprague-Dawley rats (received at 4 weeks of age from Charles River, St. 

Constant, Quebec, Canada) were pair-housed in a climate and light controlled facility. 

Animals were randomly assigned to one of three groups: virgin (V, N = 10 rats), 5-day 

gestation (G-5, N = 8 rats) and 15-day gestation (G-15, N = 10 rats). All groups received 

normal chow and reverse osmosis water ad libitum for an 8 to 9-week period, at which 

time the G-5 and G-15 groups were bred for up to 4 consecutive nights until conception 

occurred. All animals were approximately 14-15 weeks of age at the time of 

experimentation (4 weeks of age upon arrival, 8-9 weeks of normal diet, 1-2 weeks of 

gestation). Food and water intake were recorded for the week prior to breeding to assure 

similar levels of consumption between groups. Male Sprague-Dawley rats used for 
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breeding (Charles River, St. Constant, Quebec, Canada) were randomly assigned to 

females in multiple groups. 

 

Breeding 

 

After 8-9 weeks post-arrival, females were separated for breeding. Pairs consisted 

of either a V female with a G-5 or G-15 female. These females were age-matched, as 

there were an equal proportion of V females paired with the G-5 females as G-15 

females. The pairs were 1:1. Females assigned to breeding groups were bred with a 

randomly assigned male between the hours of 16:00 to 08:00. In the morning following 

breeding, pregnancy was confirmed by the presence of sperm on vaginal swab. Animal 

weights for all three groups were then tracked every 3-4 days until the day of acute 

surgical experimentation for determination of weight gained over the gestational period. 

Females not displaying signs of pregnancy were re-bred with the same male for 3 more 

nights or until pregnancy was confirmed. If a female was unable to get pregnant, she was 

removed from the protocol. During the day during the week of breeding, until the next 

night of breeding, the breeding group females were returned to their virgin control cage-

mate. Gestation day 1 was considered the day when plugs were present and/or sperm was 

detected on vaginal swab.  After breeding was complete, gestating animals were 

permanently re-paired with their original virgin control until the acute experimentation, 

1-2 weeks later. 
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Fast-Feed Cycle & Surgical Preparation 

 

All female rats underwent a 12-hour fast (18:00 to 06:00) with a 2-hour re-feed 

(06:00 to 08:00) prior to metabolic testing to ensure maximal HISS-dependent insulin 

action. Subsequently, female animals were taken and anesthetized to surgical plane by an 

intra-peritoneal sodium pentobarbital injection (CEVA Sante Animal S.A., Libourne, 

France). V and G-5 animals received 54.7 mg/kg of pentobarbital, whereas the G-15 

animals required 68.4 mg/kg to induce surgical plane. Body temperature was monitored 

via a rectal probe. Cannulation of the femoral artery and vein was conducted to establish 

an arteriovenous (AV) vascular shunt (PE60 polyethylene tubing, Becton Dickinson, 

(142)). The AV shunt was then connected to a pressure transducer for monitoring the 

heart rate, arterial blood pressure (upon occlusion of the venous side of the AV shunt), 

and shunt pressure. Supplemental anesthetic (1.09 mg/kg/h sodium pentobarbital in 

sterile heparinized saline) was infused throughout the experiment. 

 

Metabolic Markers 

 

After the surgery and a 30-minute stabilization period, a 100µL arterial blood 

sample was drawn to determine the postprandial blood glucose level (Glucose oxidase 

method, (142)). A stable glycemic baseline was determined when 3 consecutive samples 

spaced 4-5 minutes apart were within 1% error. A 200µL sample of whole blood was 

drawn from the arterial side of the femoral AV shunt, centrifuged, and the plasma was 

extracted for determination of insulin (Insulin (Rat) Ultrasensitive EIA, Alpco 
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Diagnostics, Salem, NH) and triglyceride concentrations (Triglyceride Assay Kit, 

Cayman Chemical Company, Ann Arbor, MI). 

 

  

Rapid Insulin Sensitivity Test (RIST) 

 

As described previously, the dynamic response to insulin can be determined with 

a RIST (138). The RIST index is the amount of glucose administered per kg body weight 

in order to maintain a euglycemic state in response to a fixed bolus of intravenous insulin. 

After establishment of a stable glycemic baseline following the surgery, insulin was 

infused (50mU/kg over 5 minutes) beginning at time zero. Glucose (1mg/mL in sterile 

normal saline) was infused intravenously at a variable rate adjusted to maintain 

euglycemia beginning at time 40 seconds. The first arterial blood sample (50 µL) for 

glucose concentration determination was taken at 1 minute, then every 2 minutes 

throughout the RIST to monitor the euglycemia maintenance in the animal with variable 

glucose infusion rates adjusted accordingly. A data acquisition system (National 

Instruments Lab-View, Austin, TX, USA) recorded and analyzed the mean arterial blood 

pressure, glucose infusion rate over time, real-time adherence to baseline glycemia, time 

for determination of the RIST index, and graphing of the dynamic profile of insulin 

action. If the error in calculated accuracy or precision was greater than 5% from baseline, 

the RIST was excluded and required a repeat.  Once this first control RIST was 

completed (the rate of glucose infusion needed to maintain euglycemia returned to 0 and 

the rat returned to its pre-test glycemia), which measured both the direct and HISS-
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dependent insulin action, the animal was re-stabilized for 30 minutes. Atropine was then 

infused intravenously (1mg/kg) to block HISS release and the animal was again stabilized 

over 30 minutes (138, 142). The second RIST was conducted using the same protocol, 

measuring direct insulin action alone. Our previous studies have demonstrated that the 

RIST is a reproducible, accurate and reliable procedure which can be repeated up to four 

times sequentially with consistency in the same rat over an eight-hour test period (138).  

 

Sample Collection 

 

Following the above two consecutive RISTs, a vaginal swab was taken for the V 

group to determine the estrus cycle status via microscope examination. The abdomen was 

opened by a midline incision from xiphisternum to pubis. Liver samples from the middle 

anterior lobe were then collected and stored at -80ºC for determination of the hepatic 

GSH content (Bioxytech GSH-420, Medicorp Inc., Montreal, Quebec, Canada). The 

animal was euthanized by an intravenous overdose of sodium pentobarbital. The three 

major regional fat pads (peri-renal, peri-mesenteric and peri-uterine) were dissected, 

pooled and weighed. In 15-day pregnant animals, the number of pups was counted.  

 

Data Analysis 

 

Data are reported as the mean ± standard error (significance level p < 0.05).  The 

GraphPad Prism 5.0 was used to analyze the data (GraphPad Software Incorporated, San 

Diego CA). The first control RIST measured both direct and HISS-dependent insulin 
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action on glucose uptake (combined insulin action). The second atropine-blocked RIST 

measured insulin action alone on glucose uptake, giving the ‘direct insulin action’ profile. 

The difference between the first (control) RIST and the second (blocked) RIST thereby 

allowed for quantification of the HISS-dependent insulin action. The percentage in the 

combined insulin action attributable to HISS was calculated to allow for standardization 

of data between animal groups and for comparison to previous studies.  This allows 

comparison of controls and groups to historical data, and makes the interpretation of the 

HISS component of insulin action less variable. The calculation was done according to 

the following equation:  

% HISS Action = (Control RIST – Blocked RIST)/ (Control RIST) X 100% 

 

The data were determined to follow a normal distribution and there was 

comparable variance within groups. One-way ANOVA was used to compare the data 

obtained from the various study groups. Tukey’s post-test for the least significant 

difference (p < 0.05) was conducted to determine differences between each pair of groups 

following the one-way ANOVA. In order to construct the entire dynamic profile of 

glucose uptake for a group, glucose infusion rates at each time point from all animals in 

the same group were pooled and the mean value was used in the final dynamic profile. 
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Results 

 

There was no significant difference in age between groups (104 ± 4 days old). 

There were no differences in either food or water intake, with an average food intake of 

18 ± 2 g/day/rat pair and reverse osmosis water intake of 34 ± 2 mL/day/rat pair. Both G-

5 and G-15 groups had a similar time to conception, with G-5 animals requiring an 

average of 2.3 ± 0.3 breeding nights versus 2.2 ± 0.3 in G-15 animals. G-15 animals had 

an average litter size of 16 ± 1 pups. The estrus cycle tracking for the V group did not 

reveal any association between the cycle stage and insulin sensitivity, with most females 

being in metestrus or diestrus of their 5-day menstrual cycles (corresponding to 24-48 

hours post-ovulation). There were no statistical differences in hepatic glutathione content 

among the three groups, with V, G-5 and G-15 having glutathione levels of 3.9 ± 0.2, 3.5 

± 0.1 and 3.9 ± 0.2 µmole/g hepatic tissue respectively (p < 0.2). Hepatic GSH level 

determinations were made from a single static measurement of hepatic tissue taken at the 

end of a 4-6 hour protocol, and since hepatic GSH levels are dependent on multiple 

factors, those obtained in this study are largely uninterpretable.  

 

As depicted in Figure 15 (Chapter 1): Impact of Gestation on, page 128, the G-5 

group had significantly greater combined insulin sensitivity (direct and HISS-dependent 

insulin actions) in comparison to both the V and G-15 groups. In contrast, the G-15 group 

had significantly reduced combined insulin action in comparison with the V and G-5 

groups. The entire increase in insulin sensitivity in the G-5 group was attributable to 
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HISS action. In G-5 animals, there was a dramatic rise in HISS action (responsible for the 

greater overall sensitivity to insulin). This was reflected in the larger percentage HISS 

component of insulin action compared to V and G-15. In G-15, there was a mixed insulin 

resistance with a preserved percentage HISS action compared to V (see Figure 15 

(Chapter 1): Impact of Gestation on, page 127).  
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Figure 15 (Chapter 1): Impact of Gestation on Insulin Action in the Fed State 
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Data on the combined, direct and HISS-dependent insulin action were plotted from 
the V, G-5 and G-15 female rats. A: G-5 females had significantly increased 
combined insulin action compared to V females (p < 0.01). G-15 females had 

significantly lower combined insulin action versus both V and G-5 females (p < 
0.01) B: In G-15 females, the direct insulin action was significantly reduced 
compared to both V and G-5 females (p < 0.01). C: In the G-5 group, HISS-

dependent insulin action was markedly elevated compared to both V and G-15 
females (p < 0.01). HISS-dependent insulin action in G-15 females was reduced 

relative to V and G-5 females (p < 0.05). D: The percentage HISS action was 
significantly greater in G-5 versus V and G-15 groups (p < 0.01). (NS = not 

significant, p > 0.05, * = p < 0.05, ** = p < 0.01). 

 



 128 

 

The body weight increased significantly with advancing gestation. The most 

dramatic weight gain was observed in the G-15 group as demonstrated in Table 1 

(Chapter 1): Adiposity Parameters During Gestation, page 129. In addition, the regional 

fat pad mass and fat pad mass per kg body weight was also significantly higher in the G-

15 versus the G-5 group, and lower in the G-5 group versus the V group. The fat pad 

mass per kg body weight corrected for uterine mass was not different between G-15 and 

V groups. See Table 1 (Chapter 1): Adiposity Parameters During Gestation, page 129.  
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Table 1 (Chapter 1): Adiposity Parameters During Gestation 

 Virgin (V)  

(N = 10) 

5-Day Gestation 

(G-5) 

(N = 8) 

15-Day Gestation 

(G-15) 

(N = 10) 

Body Weight (g) 291 ± 8 311 ± 7 341 ± 9** 

Weight Gained 

over Gestational 

Period (g) 

12.7 ± 3.9 14.8 ± 1.9  66.3 ± 6.6** 

Fat Pad Mass (g) 18.9 ± 1.6 17.1 ± 1.7 24.3 ± 1.2* 

Fat Pad Mass per 

Kg Body Weight 

(g/kg) 

64.3 ± 4.3 49.8 ± 1.0*  66.6 ± 4.1 

(NS = not significant, p > 0.05, * = p < 0.05, ** = p < 0.01) 
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G-5 females demonstrated reduced plasma triglyceride concentration compared to 

the V and G-15 females. The G-15 group demonstrated hyperinsulinemia, 

hypertriglyceridemia and hypoglycemia relative to V and G-5 groups (see Figure 16 

(Chapter 1): Metabolic Changes in Gestation), page 131).  
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Figure 16 (Chapter 1): Metabolic Changes in Gestation 
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The average concentrations of 
postprandial plasma blood glucose, 

insulin and triglyceride concentrations 
for the V, G-5 and G-15 groups were 

plotted. G-15 females had significantly 
lower postprandial blood glucose 

concentration versus V and G-5 females 
(p < 0.01). G-15 females were 

hyperinsulinemic relative to both V and 
G-5 females (p < 0.01). G-15 females 

had significantly higher plasma 
triglyceride concentration compared to 

both V and G-5 females (p < 0.01), while 
G-5 rats had the lowest plasma 

triglyceride concentration among the 
three groups (p < 0.05). (NS = not 

significant, p > 0.05, * = p < 0.05, ** = p 
< 0.01). 

 



 132 

Figure 17 (Chapter 1): Dynamic Glucose Infusion Curves  (page 133) shows the 

dynamic glucose infusion curves for the V, G-5 and G-15 groups derived by averaging 

the glucose infusion rate profiles in each group. G-5 females demonstrate a plateau phase 

in glucose infusion rates in the mid-RIST, contributing to the increased insulin sensitivity 

in the G-5 group that was accounted for by HISS-dependent insulin action on glucose 

uptake (Figure 11: RIST Time Profiles including Control and Post-Atropine RIST, page 

81). V and G-15 females produced similar curves, with G-15 females at approximately 

half the infusion rate at each time point relative to the V females, consistent with the 

demonstrated decrease in insulin sensitivity in the G-15 rats (Figure 11: RIST Time 

Profiles including Control and Post-Atropine RIST, page 81). The dynamic response to 

insulin in early gestation was distinct from both the virgin and late gestation females, 

suggesting a reduced peripheral metabolism of HISS, allowing its prolonged action (see 

discussion). The dynamic response to insulin in late gestation was virtually identical in 

shape to the virgin state, but with a smaller peak glucose infusion rate and area under the 

curve, suggesting that a central mechanism of insulin resistance may be present to reduce 

both the HISS and insulin action (see discussion).  
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Figure 17 (Chapter 1): Dynamic Glucose Infusion Curves  
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 Left upper curve = combined insulin action, left lower curve = direct insulin action 
(shaded portion), right curve = HISS-dependent insulin action (non-shaded portion), 
calculated from the difference between combined (left upper curve) and direct (left 

lower curve) insulin actions. N = 10-40 data points per minute. 
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Discussion 

 

Overview 

 

This study characterized the dynamic response to insulin in the fed state of virgin, 

5-day pregnant (G-5) and 15-day pregnant (G-15) Sprague Dawley rats using a rapidly 

sampled euglycemic clamp (the RIST). This method allows for the discrimination of the 

action of insulin into direct and HISS-dependent components. Groups were selected to 

represent early (early first trimester) and late (early third/late second trimester) stages of 

pregnancy (gestation in rats is approximately 21 days). This is consistent with literature 

suggesting that human and rat pregnancies are comparable at these time points (240). 

Plasma concentrations of insulin, and triglycerides were measured. Adiposity was 

determined using total body weight, weight gain, and fat pad mass.  These results are 

consistent with late gestation representing a combined insulin resistance, with resultant 

increased adiposity, hypertriglyceridemia and hyperinsulinemia to promote fat 

accumulation. However, early gestation benefits from increased HISS action with 

accompanied reductions in plasma triglycerides. In early pregnancy, protein anabolism is 

favored whereas in late gestation, fat accumulation is the priority, coinciding with the 

measured changes in insulin sensitivity (115). 
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Technical Considerations 

 

By incorporating the HISS hypothesis into the gestational metabolic homeostatic 

model, there are unresolved issues. These are mainly related to whether the RIST data 

measured and controlled through the maternal circulation is representative of the fetal and 

placental metabolism. However, the changes determined from the maternal data fit 

teleologically with the changing needs of both the mother and the fetus during 

development. Other methods of glycemic clamps have been validated in pregnancy (276), 

and these methods correlate well with the RIST (209).  

 

Late pregnancy is accompanied by a large increase in total body water (116), 

potentially causing hemodilution of an insulin bolus delivered during a RIST. This could 

influence differences in glucose uptake (both direct insulin-dependent and HISS-

dependent) seen when comparing late gestation to early gestation and the virgin. 

However, the dose of insulin is per kg body weight, meaning the larger total body water 

will proportionally increase the total insulin dose. Hemodilution would affect both insulin 

and HISS action and the ratio would be unaltered. Fetal consumption of glucose would 

contribute to an over-estimation of total insulin sensitivity. It is unlikely that the factors 

contributing to over and under-estimation of insulin sensitivity in pregnancy caused a net 

bias in the measurements obtained. If they did, it would lean towards an underestimation 

of total insulin resistance rather than an overestimation. 
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Since pregnancy was confirmed by vaginal swab, it is possible that the dates were 

off by 1-2 days in either direction. This means that in the 5-day gestation group, there 

could be animals that were only 3-days pregnant (and pre-implantation) versus 7-days 

gestation (and post-implantation). Given the low variance in the data, it would appear that 

this had a minor effect on the parameters measured. The same is true for the late gestation 

group (15-days pregnant).  

 

Gestational Insulin Resistance – The Current Paradigm 

 

In early pregnancy, there is a need to produce a large (new) smooth muscle mass 

and placenta and a need for a dependable nutrient supply to the fetus (132). To 

accomplish this metabolic adaptation, early pregnancy is accompanied by an anabolic 

state that enhances the accumulation of glycogen stores and fat for use in late pregnancy, 

with an increase in response to glucose as well as slight increase in peripheral insulin 

sensitivity (116, 127). In late pregnancy, the various hormonal factors (estrogen, 

progesterone, leptin) and placental factors (placental lactogen) act to influence 

metabolism to increase the availability of glucose and amino acids for transfer to the fetus 

(via increasing insulin resistance and hyperinsulinemia), forcing maternal needs to be met 

by a greater availability of free fatty acids (via hypertriglyceridemia) (41, 59, 79, 115, 

130). 

 

A number of studies in gestation have measured the insulin sensitivity to 

intravenous insulin or as part of an oral glucose tolerance test (37, 44, 256). However, 
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there are a limited number of such studies examining these parameters in the fed state. 

Carrara et al demonstrated that there was a paroxysmal co-existence of insulin resistance 

and increased glucose tolerance in pregnant rats, with insulin resistance suggested as a 

physiological mechanism for maintaining blood glucose during fasting (37). In a study of 

Thoroughbred pregnant versus non-pregnant mares, a 24-hour study of glycemic and 

insulin responses to feeding was undertaken (78). George et al found that pregnant mares 

had slower glucose clearance and greater insulin secretion at 28-weeks (mid-gestation) 

versus non-pregnant mares (78). However, glucose and insulin responses to meal feeding 

were greater in pregnant mares, indicated that “pregnancy enhanced the post-prandial 

glycemic and insulinemic effects of starch-rich feed supplements” (78). Van der Walt et 

al found that fasting significantly reduced glucose turnover and extraction (by 40 to 60 

percent) in both virgin and pregnant sheep. They stated  “factors other than insulin are 

responsible for the reduced glucose clearance associated with fasting” (256). We suggest 

that this other factor is HISS. 

 

Pregnancy as a Model of HISS-dependent insulin resistance (HDIR) 

 

Various models of insulin resistance differentiating direct and HISS-dependent 

insulin action have been studied (5, 6, 139–141, 164, 212, 214, 233). They are 

characterized by impaired HISS action, representing a HISS-dependent insulin resistance 

(HDIR) with resultant hyperinsulinemia, hypertriglyceridemia, adiposity and 

normoglycemia (135, 137). These metabolic changes associated with HDIR are 
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consistent with what has already been observed in late gestation in the fasted state in rats 

and humans (44).  

 

Early gestation (G-5) and changes in insulin sensitivity 

  

 Early gestation in this study (at 5-days gestation) was marked by a significantly 

higher response to a bolus of insulin in the fed state that was attributable to a rise in 

HISS-dependent insulin action. This would allow early gestation to promote glycogenesis 

in peripheral maternal tissues (skeletal muscle, heart, kidney) in the fed state. HISS action 

on the fetus would be anticipated to also have a glycogenic and anabolic action, rather 

than a lipogenic action. The greater HISS action in early gestation may supply greater 

energy portioning to glycogen and anabolism in maternal and fetal metabolism in the fed-

state prior to a placenta-mediated insulin resistance as the fetal compartment matures 

(94). Progesterone (in the rat pregnancy) rises dramatically during this first phase of 

pregnancy (240). It has been shown to increase the number of insulin receptors on 

adipocytes (which double during pregnancy in the rat) and promote weight gain by 

increasing the plasma insulin-to-glucagon ratio (15). The factor from early pregnancy in 

the rat most likely to be acting on insulin sensitivity would be progesterone (from corpus 

luteum plus ovary) as it is this factor that is rising the most dramatically during the 

ovulation/fertilization/implantation/ phase of pregnancy.  

 

The shape of the averaged dynamic glucose infusion curve is modified in early 

gestation versus both the virgin and late gestation female (Figure 17 (Chapter 1): 
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Dynamic Glucose Infusion Curves, page 133). There was an earlier time to peak glucose 

uptake and a mid-RIST plateau in glucose uptake that contributed to a large proportion of 

the overall area under the glucose infusion curve. Since there was no difference in direct 

insulin action between virgin and early gestation, this may represent reduced peripheral 

metabolism of HISS in early gestation. It is possible other studies would not have 

observed both the rise in HISS action nor the prolonged HISS action in early pregnancy 

as insulin sensitivities were measured in the fasted or partially fed state (where HISS 

release would be completely or partially blocked) (135). 

 

Deficient insulin extraction from the plasma in non-pregnant insulin-resistance 

individuals has been demonstrated (105). In pregnancy, there is a significant relationship 

between insulin sensitivity and the apparent volume of distribution and clearance of 

insulin (104). The smallest incremental rise in the insulin concentration was measured in 

the most insulin-sensitive pregnant women, with a strong correlation between insulin 

sensitivity measured by the clamp, volume of distribution, and insulin clearance (104). 

Insulin action on the liver may require insulin uptake to stimulate HISS release.  

Increased hepatic extraction of insulin could lead to elevated HISS secretion. In early 

gestation, it may be improved insulin extraction that accounts for the plateau in the 

dynamic glucose infusion curve.  In the context of studies that have measured enhanced 

insulin clearance in pregnancy, this hypothesis is further supported (132). 

 

The overall findings within the 5-day pregnant rat are summarized in 
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Figure 18: HISS as Part of Metabolic Adaptation to Early Pregnancy, page 142. In 

response to a meal, a bolus of insulin triggers HISS release (in the presence of permissive 

feeding signals). This allows insulin to act mainly on fat, and to some extent on muscle, 

to cause glucose uptake in those tissues and storage of glucose as fat. At the same time, 

HISS is mainly acting on skeletal muscle (and perhaps the reproductive organs) to allow 

glucose uptake and glycogen storage in these tissues. This results in reduced plasma 

triglycerides (as lipolysis is suppressed due to abundant glycogen stores), normal plasma 

glucose and insulin levels. It is possible that progesterone or a neural mechanism is acting 

to feedback to the liver and promote HISS release or processing of insulin to facilitate 

HISS release. Another possibility is that the degradation of HISS in the periphery is being 

slowed or inhibited by a hormonal factor (such as progesterone) or a neural mechanism 

such that it has prolonged action compared to insulin. Regardless of the mechanism, the 

enhanced HISS action promotes glycogen storage in peripheral tissues, allowing the 

pregnant female within the first phase of pregnancy to optimally marry her storage of 

glucose for later use while in the fed state. If HISS serves a vascular role (see later in 

discussion), then it is possible the enhanced HISS action allows for improved 

placentation in early pregnancy. This fits the picture of ‘facilitated anabolism’ (24). 
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Figure 18: HISS as Part of Metabolic Adaptation to Early Pregnancy 

 

In the fed state, permissive feeding signals are present (GSH, parasympathic tone to 
the liver). A bolus of insulin can trigger HISS release. Insulin acts mainly on fat, and 

to some extent on muscle, to cause glucose uptake in those tissues and storage of 
glucose as fat. At the same time, HISS is mainly acting on skeletal muscle (and 

perhaps the reproductive organs) to allow gluose uptake and glycogen storage in these 
tissues. The newly pregnant female reproductive organs may feed back in someway 
(hormonally or by a neural mechanism) to allow greater HISS release or action. This 

results in reduced plasma triglycerides (as lipolysis is suppressed due to abundant 
glycogen stores), normal plasma glucose and insulin levels.  
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Late gestation (G-15) and changes in insulin sensitivity 

 

In late gestation, there was a significantly lower combined insulin action versus 

both virgin and early gestation females. Our results indicate that the insulin resistance is a 

blend of both reduced direct insulin and HISS action. Previous studies were mainly done 

in fasted or uncontrolled prandial states (41, 132). Fasted states would have no HISS 

action, and fed states would have a mixed response to HISS and insulin that could not be 

differentiated by the methods that were used to measure insulin sensitivity. 

Hyperinsulinemia, hypertriglyceridemia, and hypoglycemia relative to virgins and early 

gestation were observed in late gestation. In the context of a mixed insulin resistance and 

hyperinsulinemia, this can be interpreted as a shift in nutrient partitioning towards 

lipogenic insulin action favoring accumulation of fat stores in both mother and fetus. 

Lowered plasma blood glucose is likely directly related to the hyperinsulinemia that 

contributes to adiposity. In addition, there are contributions to the lowered blood glucose 

from fetal consumption. The seemingly paradoxical preservation of fat pad mass per kg 

body weight corrected for uterine mass in late gestation (compared to virgins) despite a 

higher fat pad mass can be explained by deposition of subcutaneous fat that would have 

gone unmeasured by the abdominal fat dissection, and would have contributed heavily to 

the greater average total body weight of the G-15 group.  

 

 The dynamic glucose uptake curves in late gestation (Figure 17 (Chapter 1): 

Dynamic Glucose Infusion Curves, page 133) are similar to the virgin curves but at 
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proportionally lower glucose infusion rates. The percentage HISS component of insulin 

action is preserved at each time point. The parallel reduction in both HISS and direct 

insulin action is consistent with a mechanism that affects both HISS-dependent and 

insulin-dependent glucose uptake to the same extent, leading to reduced overall glucose 

uptake in late gestation (44).  

 

The overall findings within the 15-day pregnant rat are summarized in Figure 19: 

HISS as Part of Metabolic Adaptation to Late Pregnancy, page 145. In the same way as in 

the non-pregnant state, a bolus of insulin triggers HISS release (in the presence of 

permissive feeding signals present only in the fed state). This allows insulin to act mainly 

on fat, and to some extent on muscle, to cause glucose uptake in those tissues and storage 

of glucose as fat. At the same time, HISS is mainly acting on skeletal muscle (and 

perhaps the reproductive organs) to allow glucose uptake and glycogen storage in these 

tissues, perhaps even promoting glucose transport to the fetus across the placenta. As 

insulin resistance has progressed with pregnancy, both HISS and insulin action is 

suppressed in these tissues. The mature placenta (secreting several hormonal factors such 

as prolactin, chorionic gonadotropin and placental lactogen that increase in concentration 

with pregnancy) may promote insulin resistance by some post-receptor mechanism 

central to both HISS and insulin. This is suggested by the finding that both insulin and 

HISS are similarly affected by late gestation, and that the glucose infusion curves have a 

similar shape to the virgin. Irrespective of the mechanism, the reduced HISS action 

reduces glycogen storage in peripheral tissues, preserving glucose for fetus. The reduced 

insulin action in the setting of hyperinsulinemia promotes fat deposition (with weight 
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gain) and hypertriglyceridemia, allowing the pregnant female just prior to the fetal 

growth phase of pregnancy to optimally maximize adipose stores. This fits the picture of 

‘accelerated starvation’ (24). 
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Figure 19: HISS as Part of Metabolic Adaptation to Late Pregnancy 

 

In the fed state, permissive feeding signals are present (GSH, parasympathic tone to 
the liver). A bolus of insulin can trigger HISS release. Insulin acts mainly on fat, and 

to some extent on muscle, to cause glucose uptake in those tissues and storage of 
glucose as fat. At the same time, HISS is mainly acting on skeletal muscle (and 

perhaps the reproductive organs) to allow gluose uptake and glycogen storage in these 
tissues. In late pregnancy, a placental factor may interfere with both HISS and insulin 

action (likely by a post-receptor mechanism), shifting metabolism to favour fat 
deposition. The insulin resistance causes hyperinsulinemia, which in turn results in a 

rise in plasma triglycerides and lowered plasma glucose.  
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What is the mechanism of insulin resistance in pregnancy? 

   

The general consensus is that the insulin resistance in late pregnancy is a post-

receptor defect (44, 132). If HISS and insulin are both acting via the insulin-receptor in 

some way to promote GLUT-4 translocation to the cell membrane, then a post-receptor 

mechanism of insulin resistance would explain how both HISS and insulin action were 

reduced to similar extents. HISS action as a proportion of combined insulin action 

(expressed as percentage HISS action) would be preserved in this context, as shown by 

the results.  

 

At this time, the potential etiologies of the insulin resistance in pregnancy include 

hormones (such as HPL, progesterone, PRL and cortisol) that increase in concentration 

with feto-placental maturation as gestation advances (132). Infusions of these hormones 

can produced hyperinsulinemia without hypoglycemia when administered to non-

pregnant females (132), consistent with our findings of HDIR and direct insulin 

resistance in pregnancy. Estrogen is a known modulator of lipid metabolism, and could 

act to influence the action of these other hormonal factors on insulin sensitivity (176). 

Leptin resistance is another possible cause of gestation’s altered metabolism: it increases 

during human pregnancy continuously from 6-8 weeks up to term, and allows for 

maintained elevated energy intake in the presence of increased adiposity and leptin levels 

(230).  
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The cytokine TNF-α is a predictor of the change in insulin sensitivity with 

gestation (132), and has as strong positive correlation with an abnormal glucose tolerance 

test in pregnancy (254). Interestingly, TNF-α modulates increased serine phosphorylation 

of IRS-1, and skeletal muscle in late gestation demonstrates impaired IR and IRS-1 

tyrosine phosphorylation with an increase in serine phosphorylation (132). Other 

cytokines such as IL-6, which is pro-inflammatory), has also been implicated in 

pregnancy and obesity: it correlates with BMI in human pregnancy (254). The ability of 

any of these factors to induce the mixed HISS-dependent and insulin-dependent insulin 

resistance in females (seen in pregnancy) is a key area of future study. 

 

Is there a role for HISS in pregnancy (vascular or metabolic)? 

 

 There was a significant increase in the percentage HISS component of insulin 

action in early gestation. Although in late pregnancy, there was reduced HISS-dependent 

insulin action, the percentage component of HISS action was maintained at virgin levels. 

This early increase in HISS action would suggest an important role for HISS in 

pregnancy, especially in the early stage of pregnancy.  

 

Our group has demonstrated that the vasodilation in response to insulin is 

mediated by HISS action, and not by direct insulin action (165). There is a direct 

association between the hypertensive disorders of pregnancy (accompanied by utero-

placental dysfunction) and insulin resistance, giving rise to poor placental perfusion (92, 

156, 270). Perhaps the increased HISS-dependent insulin action in early pregnancy 
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promotes both the increased glycogen stores in the fed-state and protein anabolism, as 

well as improved invasion of the placenta into the uterine lining and/or vascular supply to 

a developing fetus. Further studies looking at the blood flow to the placenta, fetus and 

uterus are required to test this hypothesis. The effect of HISS on the uterus or fetal tissues 

has not been examined.  

 

It is common knowledge that pregnancy requires an enormous cardiovascular 

compensation, with a large total blood volume expansion and cardiac output 

improvement. HISS is known to potentiate glucose uptake in cardiac muscle in the fed 

state (particularly the left ventricle, which bears much of the cardiac output demand) 

(71). Perhaps HISS is facilitating meeting the cardiac output demands of the pregnancy, 

coupling maximal blood glucose levels (as seen post-prandially) to maximal glycogen 

deposition with cardiac muscle for use during fasting.  

 

Alternative Hypotheses: HGP & The Liver-Vagus-Hypothalamic Rapport 

 

Hepatic glucose production is a rapid phenomenon (occurring within seconds of 

exposure to insulin or glucagon), sensitive (changes occur in response to hormones at sub 

picomolar concentrations) and independent of ongoing protein synthesis (152). Glucagon 

sets the basal tone of HGP, with insulin trumping glucagon at any concentration. The 

effects of insulin and glucagon affect changes on HGP by reciprocal changes of glycogen 

synthase and glycogen phosphorylase (152), as well as modulation of glycolysis (via 

glucokinase, fructose-bis-phosphatase and pyruvate kinase) (21). A liver in the fed state 
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exposed to an acute elevation of insulin in the physiological range (as seen in the RIST) 

experiences transient effects on gluconeogenesis (152, 208). It is sustained elevations in 

insulin concentration that are required to bring about persistent changes in HGP, as seen 

in diabetes and/or insulin resistant states (68, 152). In particular, in euglycemia insulin 

can modulate HGP by substrate flux: when glycemia is within normal parameters, insulin 

increases phosphorylase activity, shunting glucose to glycogen cycling (152, 216). In 

hyperglycemia, inhibin inhibits this shunting, suggesting a role for elevated glucose-6-

phosphate levels in providing gluconeogenesis (152).  

 

The parasympathetic nerves richly innervate the liver. In a study by Xue et al, 

selective hepatic cholinergic denervation was shown to impair glucose metabolism, 

particularly in the fed state (267). Male Sprague-Dawley rats were randomized to hepatic 

vagotomy or sham operation. Liver glycogen content was measured in the fed and fasted 

state in both surgical groups 4-weeks post-operatively. HGP was also measured in a 

single-pass isolated liver perfusion model (with glucagon then insulin infusions). In the 

sham-operated livers, glycogen content rose from the fasted state to the fed state (around 

double the content) but those rats that had undergone selective cholinergic denervation of 

the liver had no rise in hepatic glycogen content with a feed. In sham animals, insulin was 

able to fully suppress glucagon-stimulated HGP, but this was impaired in the denervated 

animals.  These results demonstrate clear evidence that firstly, HGP is controlled by the 

hepatic parasympathetic nerves, and secondly, this control extends to glycogen 

production in response to the fed/fasted state (267). 
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The liver has a direct connection to the hypothalamus via the vagus nerve (in rats 

and mice) and this connection is required for inhibition of HGP (185). This brain-liver 

circuit is the major determinant of HGP, which sets the level of fasting blood glucose 

(and fasting hyperglycemia in diabetics), and this HGP is ten-times faster in rats versus 

humans (204). Central inhibition of fat oxidation was shown to selectively activate 

brainstem neurons within the solitary tract and dorsal motor nucleus of the vagus, 

resulting in decreased HGP and gluconeogenesis enzyme expression (204). These were 

dependent on central activation of ATP-dependent potassium channels and descending 

fibers within the hepatic branch of the vagus (204). In our studies, we are using atropine 

as the tool to block the parasympathetic permissive feeding signal to the liver required for 

HISS release (shown to be equally effective as surgical denervation) (171, 263, 265). It 

has been shown in various animal models (rats, dogs, cats), as well as in humans, that 

atropine is able to block HISS release without effecting plasma insulin, C-peptide, 

triglyceride, cortisol, or glucose levels, suggesting no impact on HGP (144). The use of 

atropine is therefore unlikely to modulate HGP in the doses administered, as there were 

no changes in baseline glycemia or vital signs, and no difference in measured parameters 

versus denervation. If the measurements in the HISS studies were an artifact of atropine 

administration, one would expect that intravenous administration of cholinergic agonists 

would have restored the insulin action that was measured as HISS-dependent. This was 

not the case.  

 

Normal insulin levels and enhanced peripheral glucose uptake accompany the 

changes in carbohydrate metabolism seen in early pregnancy: it is unlikely that changes 
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in HGP production could explain these findings. In late pregnancy, despite 

hyperinsulinemia with insulin resistance, there is maintained glycemia, suggesting that 

the hyperinsulinemia is sufficient to overcome the hepatic insulin resistance and maintain 

hepatic glucose production.  
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Conclusion 

 

The objective of this study was to characterize the dynamic response to the 

actions of HISS and insulin by employing the rapidly sampled euglycemic clamp (the 

RIST) in the virgin, early (G-5) and late (G-15) gestation female in an animal model 

(Sprague-Dawley rat). The shifting nutrient partitioning between the glycogenic action of 

HISS and the lipogenic action of insulin during gestation allows adaptation of the 

mother’s metabolism to the growing fetus and provides the fetus with appropriate 

partitioning of glucose to lipogenesis or glycogenesis and anabolism.  

 

At the early stage of pregnancy (around the time of implantation and placental 

development), the placenta and fetus need to accumulate protein and glycogen, not fat. 

Placentation must occur with appropriate angiogenesis. HISS action at this stage of 

pregnancy was increased and insulin action was not altered. Later in pregnancy, body fat 

is required for mother and fetus. During this time, both HISS and insulin actions were 

reduced, and hyperinsulinemia was required to maintain glucose control. The shift to 

lipogenic insulin effect results in postprandial elevations in triglycerides relative to early 

gestation. The alterations in maternal metabolism that occur progressively throughout 

gestation act to meet the needs of both the fetus and mother. Perturbations in HISS action 

may represent a missing link in the pathophysiology of insulin resistant and vascular 

disorders of pregnancy. As gestational diabetes and insulin resistant pathologies of 

pregnancy such as obesity and impaired glucose tolerance are phenomenon of late-
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pregnancy, the G-15 group is high yield for further study. Models of insulin resistance at 

this stage of pregnancy are studied and presented in Chapter 2 – “High Sucrose Models 

of HDIR”. 
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Chapter 2: High Sucrose Models of HDIR 

 

Introduction 

 

Pregnancy results in a physiological insulin resistance that develops to facilitate 

optimal fetal development, and requires hyperinsulinemia in order to maintain blood 

glucose control (116).  The utilization of nutrients following a meal is influenced by the 

proportion of insulin action (which has preferential lipogenic action), and Hepatic Insulin 

Sensitizing Substance (HISS) action (which is glycogenic in muscle, heart and kidneys). 

In pregnancy there is a combined HISS-dependent and direct insulin resistance that 

facilitates conservation of blood glucose for the fetus in late gestation (Chapter 1, 

unpublished findings).  

 

In the setting of obesity, excessive pancreatic compensation in the form of 

hyperinsulinemia is required and further weight gain results due to the lipogenic actions 

of insulin. Obesity precipitates multiple adverse metabolic and obstetrical outcomes for 

both the mother and fetus (36, 43, 155, 179). Previous models of HDIR have been 

developed using 35% sucrose supplementation in males (60, 99, 139). To investigate the 

impact of complete HISS-dependent insulin resistance (HDIR) in pregnancy, insulin 

sensitivity in 15-day pregnant versus virgin Sprague Dawley rats (exposed to various 

35% sucrose supplementation durations) was characterized using the Rapid Insulin 

Sensitivity Test (RIST). Sucrose exposures included: 8-weeks followed by a 2-week 
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recovery, 10-weeks (age-matched to the group provided with 8-weeks of sucrose 

supplementation followed by the 2-week recovery) and 22-weeks.  

 

This study demonstrated that continuous sucrose supplementation in pregnancy 

and in virgin rats produces HDIR, resulting in hyperinsulinemia, hypertriglyceridemia 

and obesity.  In the 8-week exposure to 35% sucrose supplementation plus 2-week 

recovery group, virgin rats spontaneously partially recovered HISS-dependent insulin 

action and experienced normalization of plasma insulin and triglyceride concentrations, 

as well as adiposity. In pregnancy, this recovery was complete which resulted in a 

reduction in plasma insulin and triglyceride concentrations below control levels with 

normalization of adiposity. The 10-week exposure to 35% sucrose supplementation 

resulted in complete HDIR, producing a model of gestational obesity. Prolonged (22-

week) exposure to 35% sucrose supplementation did not result in hyperglycemia. This 

model of gestational obesity in rats on a high sugar diet provides a means to study 

therapeutics, preventatives, diagnostics and fetal implications of this pathological 

metabolic state. 
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Methods 

 

Ethics, Breeding, Feed-Fast Cycle & Surgical Preparation, Metabolic Markers, Rapid 

Insulin Sensitivity Test (RIST), Fat Sampling & Sacrifice,  

 

After sucrose treatment was complete, females were separated for breeding. 

Please see table of contents for specific location of these sections under the “Chapter 1- 

Methods” heading.  

 

Analysis 

 

Data are reported as described in Chapter 1.  The data were determined to follow 

a normal distribution and there was comparable variance within each group. Two-way 

ANOVA was used to compare data measured in pregnancy and virgins for all sucrose 

exposures, with Bonferroni’s test for multiple comparisons done post-ANOVA to 

determine differences between pair of groups. One-way ANOVA was used to compare 

data measured only in pregnancy (for all sucrose exposures), with Tukey’s test for the 

least significant difference post-ANOVA (p < 0.05).  
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Animals and Groups 

 

Female Sprague-Dawley rats, received at 4 weeks of age from Charles River, St. 

Constant, Quebec, Canada, were housed in pairs in a climate and light controlled animal 

care facility. Animals were randomly assigned to one of the eight groups (Figure 20 

(Chapter 2 - High Sucrose Models of HDIR): Experimental Design with Groups, page 

158). Females were assigned to various combinations of normal chow with either pure 

reverse osmosis water or 35% sucrose in reverse osmosis water for durations of eight 

weeks, ten weeks, and twenty-two weeks. The eight-week sucrose group was allowed a 

two-week recovery period from the sucrose supplementation prior to experimentation 

(receiving pure reverse osmosis water for their final 2 weeks of conditioning). All groups 

received normal chow and their assigned water treatments until complete at which time 

females were randomly assigned to the virgin or the 15-day gestation (pregnant) group. 

Those in the pregnant group were bred for up to 4 consecutive nights until conception 

occurred. Animals in the 8-week discontinuous and 10-week continuous sucrose group 

were approximately 14-15 weeks of age at the time of experimentation (4 weeks of age 

upon arrival, 8-9 weeks of normal diet, 1-2 weeks of gestation). The animals in the 22-

week continuous sucrose group were 26-27 weeks of age at the time of experimentation. 

Food and water intake were recorded for the week prior to breeding to assure similar 

levels of consumption between groups. Male Sprague-Dawley rats used for breeding 

(Charles River, St. Constant, Quebec, Canada) were randomly assigned to females for 

breeding to multiple groups. 
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Figure 20 (Chapter 2 - High Sucrose Models of HDIR): Experimental Design with 

Groups 

 

Animals were assigned to either 8-week discontinuous, 10-week continuous or 22-
week continuous 35% sucrose supplementation via reverse osmosis water or 

controls that received pure reverse osmosis water for 10 weeks. They were then 
randomly assigned to either the Virgin (V) or the 15-day pregnant (G) group. 
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Results 

 

There was no significant difference in the age between control, 8-week and 10-

week sucrose supplemented virgin groups (103 ± 2 days old), age-matched to pregnant 

groups (106 ± 2 days-old). The 22-week sucrose supplemented virgin group was 192 ± 3 

days old and the pregnant group was similarly aged at 189 ± 1 days old. Food and water 

intake in all groups was tracked. See Figure 21 (Chapter 2 - High Sucrose Models of 

HDIR):  Food, Sucrose, Water and Total Fluid Intake Prior to Breeding, page 160. Total 

food intake was greatest in controls within both gestational groups, with the majority of 

the variation in food intake being determined by sucrose exposure (p <0.01). Sucrose 

supplemented groups ingested significantly less pure water (p < 0.01). The 10-week 

sucrose-supplemented group that went on to become the gestational group for that 

sucrose treatment did have significantly higher sucrose intake than any other group (p < 

0.01). Pure water intake was highest among control groups (p < 0.01). Total fluid intake 

was relatively lower in virgin controls versus the virgin sucrose-treated groups (p < 0.01), 

and the 10-week sucrose supplemented pregnant group had a higher total fluid intake 

relative to other pregnant groups (p < 0.05). 
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Figure 21 (Chapter 2 - High Sucrose Models of HDIR):  Food, Sucrose, Water and 
Total Fluid Intake Prior to Breeding 
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Above is represented food and water intake for all groups. A: Total food intake was 
greatest in controls (virgin and pregnant), with the majority of the variation in food intake 

being determined by sucrose exposure (p <0.01). B: Sucrose supplemented groups 
ingested signficiantly less pure water (p < 0.01). Pure water intake was highest among 
control groups (p < 0.01). C: The 10-week sucrose-supplemented pregnancy group had 
significantly higher sucrose intake than any other group (p < 0.01). D: Total fluid intake 

was relatively lower in virgin controls versus the virgin sucrose-treated groups (p < 0.01), 
and the 10-week sucrose supplemented pregnant group had a higher total fluid intake 

relative to other pregnant groups (p < 0.05). (NS = not significant, p > 0.05, * = p < 0.05, 
** = p < 0.01) 
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Using a 1-way ANOVA for pregnancy parameters within the pregnant groups, it 

was determined that the 22-week group had a significantly longer time-to-conception (3.6 

± 0.6 days versus 2.0 ± 0.2 days for other groups, p < 0.05). Average litter sizes were 

significantly smaller in the 22-week group (10 ± 1 pups versus 16 ± 1 pups in the other 

groups, p < 0.01). There were no statistical differences in hepatic glutathione content 

among groups. Hepatic GSH level determinations were made from a single static 

measurement of hepatic tissue taken at the end of a 4-6 hour protocol, and since hepatic 

GSH levels are dependent on multiple factors, those obtained in this study are largely 

uninterpretable. The ranges for these measurements are: between 3.35 and 3.91 µmol/g 

liver tissue for pregnant groups, and 3.57 to 4.21 µmol/g liver tissue in virgin groups.  

 

Using 2-way ANOVA with Bonneferroni post-test analysis, it was determined 

that there were no interactions between sucrose exposure (0, 8, 10 or 22 weeks) and 

gestational status (virgin or pregnant) for body weight, weight gained over gestational 

period, fat pad mass or fat pad mass per kg body weight. Both sucrose exposure and 

gestational status contributed to the variations in adiposity parameters with p < 0.01. In 

virgins, adiposity increased after both 10-weeks and 22-weeks of 35% sucrose 

supplementation, but after 8-weeks of supplementation followed by a 2-week recovery it 

was the same as controls. This pattern was observed in total body weight, weight gained 

over two weeks, fat pad mass, as well as fat pad mass per kilogram body weight. See 

Table 2 (Chapter 2 - High Sucrose Models of HDIR): Adiposity Parameters , page 163). 

The rise in body weight between controls, 8-week and 10-week supplemented groups 

varied with the sucrose exposure. In the 22-week versus 10-week sucrose supplemented 
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virgins, there was a plateauing of the fat pad mass gain, with the groups having similar fat 

pad mass despite the 22-week animals having a higher total body weight.  This resulted in 

the 22-week supplemented group having a smaller fat pad mass per kg body weight than 

the 10-week supplemented group. 

 

In pregnancy, total body weight and fat pad mass was highest in the 10-week and 

22-week sucrose supplemented groups. In the group that was given 8-weeks of sucrose 

supplementation and then a 2-week recovery, there was less weight gained during 

gestation relative to controls and the 10-week and 22-week supplemented groups. The fat 

pad per kilogram body weight was highest for the 10-week and 22-week 35% sucrose 

supplementation groups, which were not significantly different. Table 2 (Chapter 2 - 

High Sucrose Models of HDIR): Adiposity Parameters , page 163). 
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Table 2 (Chapter 2 - High Sucrose Models of HDIR): Adiposity Parameters  

VIRGIN GROUPS 

 Control 
(N = 10) 

8-Week 
Sucrose 
(N = 6) 

10-Week 
Sucrose 
(N = 8) 

22-Week 
Sucrose 
(N = 6) 

Body Weight (g) 291 ± 8 284 ± 9 339 ± 11* 417 ± 19** 

Weight Gained 
over Gestational 
Period (g) 

12.7 ± 3.9  12.1 ± 1.0 23.9 ± 1.8* 31.5 ± 1.8** 

Fat Pad Mass 
(g) 

18.9 ± 1.6 21.2 ± 3.0 40.4 ± 2.4** 46.4 ± 4.0** 

Fat Pad Mass 
per Kg Body 
Weight (g/kg) 

64.3 ± 4.3 73.3 ± 8.5 118.6 ± 4.6** 111.4 ± 7.3** 

PREGNANT GROUPS 

Body Weight (g) 341 ± 9 353 ± 15 399 ± 15* 467 ± 22** 

Weight Gained 
over Gestational 
Period (g) 

66.3 ± 6.6 35.3 ± 1.9* 78.1 ± 7.0** 79.0 ± 3.1** 

Fat Pad Mass 
(g) 

24.3 ± 1.2 25.8 ± 2.7 40.4 ± 4.4* 44.0 ± 5.7** 

Fat Pad Mass 
per Kg Body 
Weight (g/kg) 

66.6 ± 4.1 76.8 ± 6.9 101.2 ± 6.2** 94.2 ± 4.5* 

(NS = not significant, p > 0.05, * = p < 0.05, ** = p < 0.01) 
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 Glucose uptake parameters in virgins and pregnant animals treated with various 

35% sucrose supplementation exposures were analyzed using 2-way ANOVA and are 

depicted in Figure 22 (Chapter 2 - High Sucrose Models of HDIR): Glucose Uptake 

Parameters  (page 165). When combined insulin action, was evaluated, both gestational 

state and sucrose exposure explained statistically significant amounts of variation with no 

observed interaction (p < 0.01). In the case of direct insulin action, the variation was only 

explained by gestational state (p < 0.01). For HISS-dependent insulin action and 

percentage HISS action, sucrose exposure explained the variation (p < 0.01). Bonferroni 

post-ANOVA determined that in the virgin, 35% sucrose supplementation for 10 or 22 

weeks resulted in disappearance of HISS component of insulin action. After 8 weeks of 

exposure, followed by 2 weeks of sucrose-free drinking water, the virgin female rats 

partially recovered their HISS action. Note that a small pilot (N < 4) of 8-week sucrose 

supplemented animals was tested for insulin sensitivity, and at the 8-week mark there was 

complete HDIR for both virgins and pregnant animals. This substantiates the claim of 

recovery of HISS action rather than prevention of the loss of HISS action. In pregnant 

groups, 10 or 22 weeks of sucrose supplementation also resulted in complete HISS 

disappearance. After 8 weeks of exposure, followed by 2 weeks of sucrose-free drinking 

water, the pregnant female was able to completely recover HISS-dependent insulin 

action.  
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Figure 22 (Chapter 2 - High Sucrose Models of HDIR): Glucose Uptake Parameters  
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A: Differences in combined insulin action were dependent on both sucrose exposure and 
gestational state. Sucrose supplementation for 10 or 22 weeks produced similar reductions in 

combine insulin action. 8 weeks of sucrose supplementation with a 2 week recovery resulted in 
partial recovery in virgins and full recovery in pregnancy of combined insulin action. Pregnant 
animals had lower combined insulin action versus virgins. B: Reduction in direct insulin action 
was demonstrated in pregnant groups versus their virgin controls, and was related to gestational 
state alone (independent of sucrose exposure). C: HISS-dependent insulin action was abolished 

by 10 or 22 weeks of sucrose exposure, independent of gestational state. In the 8 week 
exposure/2 week recovery group, HISS action was receovered partially (in virigns) and fully (in 
pregnancy) D:  The changes observed for percentage HISS component were the same as HISS-

dependent insulin action. (NS = not significant, p > 0.05, * = p < 0.05, ** = p < 0.01) 
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Metabolic parameters for all groups are depicted in Figure 23 (Chapter 2 - High 

Sucrose Models of HDIR): Metabolic parameters, page 167). These data were analyzed 

by 2-way ANOVA. The variation in post-prandial blood glucose was significantly 

explained by both sucrose exposure (p < 0.01) and gestational state (p < 0.01), with no 

interaction. Pregnant groups had similar post-prandial blood glucose concentrations, 

which were lower than their virgin counterparts. The 22-week sucrose-exposed virgin 

group demonstrated significantly lower blood glucose than any other group (p < 0.01). 

For plasma insulin and triglyceride concentrations, significant interactions (between 

sucrose exposure and gestational state (pregnant versus virgin), p <0.01) were present to 

explain the variation of insulin and triglyceride levels within groups.  In virgin groups, 

sucrose exposure of 10 or 22 weeks produced similar hyperinsulinemia (p < 0.01). In the 

pregnant groups exposed to the same 10 or 22 weeks of sucrose supplementation, this 

hyperinsulinemia was further increased (p < 0.01).  Pregnancy resulted in the 22-week 

sucrose supplementation group achieving the same insulin level as the 10-week group, 

whereas in the virgin group the 22-week supplementation resulted in reduced plasma 

insulin levels versus the 10-week group (p < 0.01). Virgins in the 8 week sucrose 

exposure/2 week recovery group demonstrated a return to baseline of their plasma insulin 

concentrations, whereas in pregnancy this improvement was to below-control levels (p < 

0.05).   
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Figure 23 (Chapter 2 - High Sucrose Models of HDIR): Metabolic parameters 
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A: In virgins, there was a relative 
reduction in fasting blood glucose in 

the 22-week 35% sucrose 
supplementation group (relative to 

the control and 10-week 
supplementation groups). Otherwise 

no differences were appreciated.   

B/C: Control and 8-week 
supplementation virgin groups had 

similar insulin and triglyceride 
plasma concentrations, significantly 
lower than the 10-week and 22-week 

supplementation groups. The 22-
week supplementation virgin group 

had a significantly lower plasma 
insulin concentration versus the 10-
week supplementation virgin group. 

In pregnancy, plasma insulin and 
triglyceride concentrations were 

lowest in the 8-week supplementation 
group. 10-week and 22-week 

supplementation pregnant had a 
similar plasma insulin and 

triglyceride concentrations, markedly 
elevated compared to controls (NS = 
not significant, p > 0.05, * = p < 0.05, 

** = p < 0.01) 
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For the examination of the dynamic glucose infusion curves for the virgin sucrose 

supplemented groups, see Figure 24 (Chapter 2 - High Sucrose Models of HDIR): 

Dynamic Glucose Infusion Curves Obtained During the RIST in Virgins, page 169. 

Control animals demonstrated a normal combined, HISS-dependent and direct insulin 

action profile (Chapter 1, unpublished data). 10-week and 22-week sucrose supplemented 

groups demonstrated similar direct insulin action profiles to controls, but lacked the HISS 

action profiles. The 8-week sucrose supplemented group provided with a 2-week 

recovery demonstrated a small, partial HISS action profile that was not sustained.  
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Figure 24 (Chapter 2 - High Sucrose Models of HDIR): Dynamic Glucose Infusion 
Curves Obtained During the RIST in Virgins 
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Left upper curve = combined insulin action, left lower curve (shaded portion) = direct 

insulin action, right curve = HISS-dependent insulin action (non-shaded portion), calculated 
from the difference between combined (left upper curve) and direct (left lower curve) 

insulin actions. N = 10-40 data points per minute. 
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Dynamic glucose infusion curves for the pregnant sucrose supplemented groups 

are depicted in Figure 25 (Chapter 2 - High Sucrose Models of HDIR): Dynamic Glucose 

Infusion Curves Obtained During the RIST in Pregnancy, page 171. Control animals 

demonstrated a normal combined, HISS-dependent and direct insulin action profile 

(Chapter 1, unpublished data). 10-week and 22-week sucrose supplemented groups 

demonstrated similar direct insulin action profiles to controls, but lacked the HISS action 

profiles. The 8-week sucrose supplemented group provided with a 2-week recovery 

demonstrated a complete restoration of the dynamic infusion curves, consisted with 

restored HISS action.  
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Figure 25 (Chapter 2 - High Sucrose Models of HDIR): Dynamic Glucose Infusion 
Curves Obtained During the RIST in Pregnancy 
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Left upper curve = combined insulin action, left lower curve (shaded) = direct 

insulin action, right curve = HISS-dependent insulin action (non-shaded), calculated 
from the difference between combined (left upper curve) and direct (left lower 

curve) insulin actions. N = 10-40 data points per minute. 
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Discussion 

 

Overview 

 

This study characterized the dynamic response to insulin in the fed state of virgin 

and 15-day pregnant Sprague Dawley rats using a rapidly sampled euglycemic clamp (the 

RIST). Gestation time in rats is approximately 21 days. Groups included virgin and 15-

day pregnant (late-gestation) female rats with exposure to various durations of sucrose 

supplementation (Figure 20 (Chapter 2 - High Sucrose Models of HDIR): Experimental 

Design with Groups, page 158). Controls had no exposure to sucrose supplementation. 

The 8-week exposure group had a 2-week recovery in order to study the potential for 

spontaneous recovery from the insulin resistance produced by a high-sucrose diet. The 

10-week exposure group provided a model of obesity and insulin resistance. The 22-week 

exposure group provided a means of determining if prolonged HISS-dependent Insulin 

Resistance (HDIR) would produce hyperglycemia in females. There was no statistical 

difference in age between the control, 8-week, and 10-week sucrose supplementation 

groups: 103 ± 4 days old. The 22-week sucrose supplementation group was significantly 

older: 189 ± 1 days old (p < 0.001). 

 

The response to insulin was characterized into HISS-dependent and direct insulin 

action components. Plasma concentrations of insulin, and triglycerides were quantified. 

Adiposity was measured using weight gain, total body weight, fat pad mass, and fat pad 

mass per kg body weight.  These results suggest that continuous sucrose supplementation 
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in the female rat produces HDIR, leading to obesity, hyperinsulinemia, and 

hypertriglyceridemia.  Virgin rats were partially able to spontaneously recover their 

HISS-dependent insulin action with the cessation of sucrose supplementation, whereas in 

pregnancy this recovery was complete. The recovery from HDIR resulted was associated 

with a reduction in plasma insulin and triglyceride concentration, as well as 

normalization of body weight and fat pad mass. 10-week exposure to 35% sucrose 

supplementation produced complete HDIR, resulting in hyperinsulinemia, 

hypertriglyceridemia and obesity. Prolonged (22-week) exposure to 35% sucrose 

supplementation did not result in hyperglycemia neither in virgins nor in pregnancy. This 

substantiates a 35%-sucrose supplementation rat model of gestational obesity, providing 

a means to study therapeutics, preventatives, diagnostics and fetal implications of this 

pathological metabolic state.  

 

Gestational Obesity – The Current Paradigm 

 

In pregnancy, energy stores are sequestered to serve as a reserve to fuel the bulk 

of blood glucose supply required by the growing fetus. To accomplish this metabolic 

adaptation, early pregnancy is an anabolic state with enhanced accumulation of glycogen 

stores and fat for use in late pregnancy, with an increase in response to glucose as well as 

slight increase in peripheral insulin sensitivity (116, 127). Various hormonal factors 

(estrogen, progesterone, leptin) and placental factors (placental lactogen) act to influence 

metabolism to increase the availability of glucose and amino acids for transfer to the fetus 

(via increasing insulin resistance and hyperinsulinemia), forcing maternal needs to be met 
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by a greater availability of free fatty acids (via hypertriglyceridemia) (41, 59, 79, 115, 

130). In Chapter 1, we reported that this early anabolic state is accompanied by a 

dramatic sensitization to HISS action, and that a combined HISS and insulin-dependent 

insulin resistance accompanies the late catabolic phase. This is consistent with other 

studies examining insulin sensitivity in gestation (37, 44, 256).  

 

Maternal obesity is among the most prevalent risk factors in pregnancy (130) . It 

is associated with large-for-gestational age infants, macrosomia, delivery complications, 

as well as increased perinatal mortality and neural tube defects (19, 130, 175, 184). The 

infants who are born large for gestational age have significantly more adipose tissue (72). 

The maternal adipose tissue fuels a portion of this excess fetal growth. Cord blood 

triglycerides are elevated, reflecting an enhanced hepatic and adipose tissue fat synthesis 

in fetal tissues (275). In association with this obesity and insulin resistance are increased 

risks for pre-eclampsia, chronic hypertension, thrombophlebitis, varicose veins, and 

diabetes mellitus (19, 150, 183). These women are pre-disposed to gain excess weight 

during pregnancy, and with their elevated baseline insulin resistance, this weight is 

difficult to shed following pregnancy, increasing their risk for GDM in a subsequent 

pregnancy (53, 178, 184).  

 

In studies of pregnant ewes, it was substantiated that maternal obesity induced by 

ad libitum high-calorie diet impacted directly on β-cell proliferation with fetuses born to 

obese mothers having reduced plasma insulin concentration and higher glycemia at birth 

(272). In the first half of gestation, there was marked pancreatic growth with cellular 
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proliferation and insulin secretion. This was followed by a reduction in pancreatic growth 

in late-pregnancy in the obese model (272).  In a similar study, the high-calorie diet 

resulted in offspring with a greater weight gain, plasma leptin level, fasting blood glucose 

and plasma insulin concentration (155). These offspring consumed more feed and had a 

greater percentage body fat versus controls (155).  Their acute insulin response to 

glucose, disposition index, and glucose effectiveness trended towards decreased insulin 

sensitivity (155).  

   

Current models employ high-fat diets to induce obesity. It is unclear whether the 

metabolic impact of these high-fat diets is a consequence of the obesity produced by the 

diet, or by the high-fat diet itself (8). Other models of gestational diabetes involve 

induction of hyperglycemia, introducing further confounders (such as the direct effects of 

hyperglycemia on insulin secretion in the fetus, fetal growth, toxic effects of high blood 

glucose concentrations) when studying the impact of obesity on pregnancy.  

 

Models of Insulin Resistance that result in HISS-Dependent Insulin Resistance (HDIR) 

 

Models of HDIR studied are defined by reduced or absent HISS action, 

hyperinsulinemia, hypertriglyceridemia, adiposity, with euglycemia (5, 6, 139–141, 164, 

212, 214, 233). Metabolic changes associated with HDIR are in keeping with what has 

already been observed in late gestation in the fasted state in rats and humans (44). Given 

the close association between high-sugar diets in the Western world and gestational 

obesity, diabetes and hypertensive disorders of pregnancy, induction of HDIR with 35% 
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sucrose supplementation is a feasible model of real-world gestational obesity, given that 

the rats received approximately half their calories from sucrose.  

 

In males, 2-weeks of continuous sucrose supplementation will result in 

irreversible HDIR (unpublished data, personal communication with Dallas Legare). In a 

study looking at the effect of exercise on HISS action, 2-weeks of high sucrose 

supplementation in young male Sprague Dawley rats (using 35% sucrose in reverse 

osmosis water) was sufficient to produce HDIR that did not spontaneously recover up to 

1 month after cessation of the sucrose (Chowdhury, Legare, & Lautt, 2012, unpublished 

data). Will females experience irreversible HDIR after 8-weeks of sucrose exposure? If 

so, then it would be possible to remove the sucrose supplementation during gestation so 

that the intervention would be limited to the pre-pregnancy state. If not, sucrose 

supplementation would have to be maintained throughout any study of gestational obesity 

using this model. Additionally, will inducing HDIR at various doses of sucrose-

supplementation result in a model of gestational obesity? If HDIR does not produce 

excessive weight gain, then it would be a poor model in which to study the obese, 

euglycemic pregnant state.  

 

Sucrose-Fed Insulin Resistance– Induction and Recovery 

  

 Females, regardless of gestational status, who were exposed to 10-weeks or 22-

weeks of continuous 35% sucrose supplementation, developed complete HDIR. The 

control virgin had a full response to insulin, with a balanced HISS-dependent and insulin-
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dependent component of insulin action (Figure 22 (Chapter 2 - High Sucrose Models of 

HDIR): Glucose Uptake Parameters , page 165). Virgins exposed to 8-weeks of 35% 

sucrose supplementation following by a 2-week recovery demonstrated a partial recovery 

of HISS action, such that they had a significantly higher HISS-dependent component of 

insulin action than the 10-week or 22-week sucrose supplemented groups, but a 

significantly smaller response compared to controls (Figure 22 (Chapter 2 - High Sucrose 

Models of HDIR): Glucose Uptake Parameters , page 165). This is in stark contrast to 

data collected in male age-matched Sprague Dawley rats, who developed irreversibly 

HDIR within 2-weeks of 35% sucrose supplementation, which did not reverse up to 1-

month after cessation of the supplementation (unpublished data). All four virgin groups 

had similar insulin-dependent components of insulin action, indicating that the 35% 

sucrose supplementation resulted in complete HDIR but did not have an impact on the 

direct insulin action (Figure 22 (Chapter 2 - High Sucrose Models of HDIR): Glucose 

Uptake Parameters , page 165).   

 

The HDIR seen in the 10-week and 22-week sucrose supplemented groups was 

paralleled by an increase in total body weight, weight gained over a 2-week period, fat 

pad mass, and fat pad mass per kg body weight, however there seemed to be a plateauing 

of weight gain in the 22-week animals (with a reduced fat pad mass per kg body weight 

compared to the 10-week animals) in both virgin and pregnant groups. The pregnant 

females in the 8-week group had significantly less weight gain during the gestational 

period than pregnant controls, 10-week and 22-week groups. Perhaps the reduced weight 

gain (below control levels) in the 8-week group given 2-weeks of recovery during 



 178 

pregnancy was secondary to reduced food intake following adjustment from a high-

sucrose palate to a low-sucrose diet (standard chow and water). It may also be mediated 

to some extent by the return of HISS action and the high basal metabolic rate of 

pregnancy compared to the virgins, who attained adiposity measures consistent with 

controls (rather than below). 

 

HDIR in 10-week and 22-week groups was accompanied by hyperinsulinemia and 

hypertriglyceridemia in both pregnancy and virgins. Glycemia was constant across the 

control, 8-week and 10-week groups (Figure 23 (Chapter 2 - High Sucrose Models of 

HDIR): Metabolic parameters, page 167). The 22-week virgin group had a significantly 

lower post-prandial blood glucose concentration than any other virgin group, along with a 

reduced plasma insulin concentration relative to the 10-week virgin group (Figure 23 

(Chapter 2 - High Sucrose Models of HDIR): Metabolic parameters, page 167). Perhaps 

the reduced weight gain and lowered plasma insulin concentrations observed in the 22-

week supplemented group was a result of pancreatic fatigue, and if we had followed this 

group for additional weeks, they may have lost glycemic control. The reduced litter size 

and longer time-to-conception seen in the prolonged sucrose exposure (22-week) 

suggests the HDIR may have impacted the ability of fetuses to implant in early gestation 

and/or survive to late gestation. HISS recovery in the 8-week groups was consistent with 

a return-to-baseline of plasma insulin and triglyceride concentration in virgins, and 

below-control levels in pregnancy (Figure 23 (Chapter 2 - High Sucrose Models of 

HDIR): Metabolic parameters, page 167).  
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 Dynamic curves of insulin action demonstrate that the 8-week groups in 

pregnancy and virgins returned to a near normal HISS response relative to controls, with 

similar shapes but reduced area-under-the-curve (Figure 24 (Chapter 2 - High Sucrose 

Models of HDIR): Dynamic Glucose Infusion Curves Obtained During the RIST in 

Virgins, page 169). Both the 10-week and 22-week groups showed a nil HISS response 

on the dynamic curve, consistent with the RIST values (Figure 24 (Chapter 2 - High 

Sucrose Models of HDIR): Dynamic Glucose Infusion Curves Obtained During the RIST 

in Virgins, page 169). The insulin-dependent components among all 4-groups were 

similar in shape and area-under-the-curve for both gestational groups. This is consistent 

with a common mechanism of insulin resistance causing the sucrose-induced metabolic 

perturbations in all groups.  

  

What is the mechanism of the sucrose-induced HDIR? 

 

 Sucrose a disaccharide of fructose and glucose, and is the main sugar ingested in 

the human diet: as such, ingestion results in rapid elevations in blood glucose levels (82). 

When ingested, sucrose is broken down into fructose and glucose by enzymes located 

within the microvilli of the duodenum (82). Sucrose supplementation is capable of 

generating free radicals via several mechanisms, and the impact of increased plasma 

glucose on oxidative stress is well documented (139).  In the presence of glucose, trace 

amounts of transition metals will cause a redox reaction resulting in free radical 

generation, thereby mediating chemical modification of proteins (100, 260). Free radicals 
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produced include superoxide, hydroxyl radical, and hydrogen peroxide that damage 

proteins via crosslinking fragmentation (139).  Peroxidation of phosphatidyl choline 

liposomes and LDL also have a role in auto oxidation (100, 260). The auto oxidative 

glycosylation process has a vital role in the pathophysiology of diabetes and aging (139).   

 

 Previous studies looking at high sucrose diets in female rats have provided mixed 

results. In Horton et al’s 1997 study of sucrose-induced insulin resistance in female 

Wistar rats, it was concluded that sucrose-induced insulin resistance and 

hypertriglyceridemia was not attained with 2-weeks of high sucrose (68% energy) or 

high-starch (68% energy) diets (97). However, the HIEC was used to determine insulin 

sensitivity in the fasted state, which would have resulted in complete HDIR. 

Additionally, the sucrose provided to these animals was likely lower than the percentage 

energy from sucrose in our study (which is around 80% energy from sucrose). Another 

study by Kim et al in 1999 measured insulin resistance via muscle glucose transport in 

both male and female rats fed a high-sucrose diet (65% sucrose) (112). Animals were 

started on the high sucrose or high starch diet at 50g weight, and were matched to 

controls on standard diets. Interestingly, the article does not state the age at which the 

animals were studied. They were fasted overnight, and pentobarbital was used as the 

anesthetic. Labeled glucose  (2-DG) was used to measure insulin responsiveness of 

glucose transport on isolated incubated muscle: epitrochlearis (fast-twitch, rich in Type II 

fibers) and soleus (slow-twitch, rich in Type I fibers). Both diets caused increased 

visceral fat accumulation and insulin resistance of skeletal muscle glucose transport. 

Insulin responsiveness of 2-DG transport in the skeletal muscle was decreased by 40% in 
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both male and female rats on high-sucrose diets, as well as resistance to contraction 

stimulated glucose uptake. Stimulated muscle 2-DG transport and visceral fat mass 

strongly negatively correlated. It was stated that differences in inulin action in vivo 

between high-sucrose and high-starch diets must be “due to additional, specific effects of 

sucrose that do not carry over in muscles studied in vitro” (112). It would appear that 

sucrose might also condition peripheral tissues such as skeletal muscle to alter their 

responsiveness to insulin, which would be a HISS-independent phenomenon (given that 

any hormonal effect could not be studied in isolated muscle).  

 

 Pagliassoti et al examined the involvement of liver and skeletal muscle in sucrose-

induced insulin resistance using dose-dependent studies (190). Male rats were fed a high-

starch diet (68% of total calories) diet for 2 weeks and then fed either a high-starch or 

high-sucrose diet (68% of total calories) equicalorically for 8 additional weeks. HIEC at 

various (5) doses of insulin was used to establish dose-response relationships for glucose 

kinetics and metabolism. Glucose infusion rates were reduced in the high-sucrose group 

at all doses versus the starch-fed group. At the dose of insulin that was lowest (1.2 

mU/kg/min), impaired endogenous suppression of hepatic glucose production accounted 

for 46% of the reduction in glucose infusion rate in sucrose-fed rates. This percentage 

progressively declined to 0% at the highest insulin dose (15mU/kg/min). Basal 

hyperinsulinemia in both groups was established. However, phosphoenolpyruvate 

carboxykinase activity was 50% higher in the sucrose-fed group versus the starch-fed, 

and remained elevated at the two lower insulin doses. There was absence of skeletal 

muscle glycogen accumulation in sucrose-fed tats at any of the insulin doses, with 
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significantly lower glycogen synthase I activity at the higher insulin doses. Overall, this 

indicates hepatic and skeletal muscle insulin resistance being caused by a high-sucrose 

diet (190). It would seem that the speed with which the glucose enters the bloodstream 

(fast in sucrose, slower in starch) might dictate the type of insulin resistance induced 

despite having equally high caloric intake from carbohydrates. However, since these 

animals were fasted and exposed to HIEC, we would expect that glycogen synthesis in 

skeletal muscle would be impaired related to HDIR even without sucrose 

supplementation.  

 

 In this study, the high-sucrose diet is clearly inducing insulin resistance in a 

HISS-dependent fashion in both pregnancy and in the virgin female. It is likely that the 

sucrose is inducing reactive oxygen stress within the livers of the female animals, 

interfering with feeding signals required for HISS release. As the diet is fairly short-term, 

and these were healthy animals prior to the diet, the HDIR produced has not yet resulted 

in progression to direct insulin resistance. Instead, the beginning stages of perturbed 

metabolism are present in the form of adiposity, hyperinsulinemia and 

hypertriglyceridemia. See Figure 26: Sucrose as a model of HDIR in Pregnancy, page 

184. If one considers the alternative hypothesis of a hypothalamic-mediated 

parasympathetic nerve controlled hepatic glucose production as being a possible 

explanation for the HISS aspect of insulin action, the sucrose could be acting at the level 

of the liver as well, interrupting the brain-liver connection and impairing the ability of the 

hepatic parasympathetic nerves to full suppress gluconeogenesis in the presence of 

insulin. This alternative hypothesis is less likely, given that we do not see evidence of 
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post-prandial hyperglycemia (which would be expected in the context of impaired 

gluconeogenesis suppression). This may be present in a more advanced insulin resistance 

stage.  
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Figure 26: Sucrose as a model of HDIR in Pregnancy 

 

 

In the setting of a high-sucrose diet, reactive oxygen species may act at the level of 
the liver, interfering with feeding signals required for HISS release. In the absence 

of HISS, insulin acts to promote fat deposition over skeletal muscle glycogen 
deposition. The lack of HISS requires elevated plasma insulin, which results in 

hypertriglyceridemia and further exacerbates adiposity. 
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Therapeutic/Preventative Implications 

 

Defective insulin signaling is present in the placenta of a pregnancy complicated 

by gestational diabetes and obesity, above and beyond the changes that occur in healthy 

pregnancy (55). Colomiere et al looked at inulin signaling pathways in the human term 

placenta from pregnancies that were normal versus those complicated by GDM (both diet 

and insulin controlled) in both obese and non-obese women using Western blotting and 

quantitative PCR (55). The insulin receptor is abundant within the human placenta, and is 

more abundantly expressed in cells under fetal control than maternal. There were no 

differences in IR expression in fetal tissues in GDM vs. non-GDM controls. However, in 

trophoblast plasma membranes (under maternal control), there was more IR found in the 

insulin-treated GDMs versus the diet-controlled GDMs. This decrease was seen in obese 

non-GDMs as well. IR expression is therefore likely an attributing factor to obesity rather 

than GDM. When insulin signaling post-receptor was analyzed, there was a decrease in 

IRS-1 protein expression in the non-obese and the obese insulin-controlled GDMs versus 

pregnant controls. The non-GDM obese patients had a reduction (although not as 

dramatic) in the same IRS-1 expression compared to controls. IRS-2 expression was 

increased in these same groups as if in compensation. PI3-K was also examined: only the 

regulatory p85-alpha showed changes associated with GDM and obesity: decreased in 

both. In terms of GLUT transporters, GLUT1 was increased and GLUT4 was decreased 

in the non-obese insulin-controlled GDM compared to normal controls. GLUT4 

expression was lower in obese insulin-controlled GDMs versus the obese pregnant 

controls. GLUT4 expression was lower in the obese versus the non-obese controls. This 

suggests GLUT1 may be increasing to compensate for the impaired GLUT4 translocation 
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seen in the obese and GDM pregnancies (55).  Given the cross-over between GDM and 

obesity, and the high risk of GDM associated with obesity in pregnancy, developing 

models of gestational obesity are key in understanding and preventing GM. Interestingly, 

aberrant GLUT4 translocation predicted impaired glucose tolerance in the rat offspring of 

diabetic mothers (created by streptozotocin) (249). These offspring demonstrated 

hyperphagia, resistance to insulin-induced translocation of GLUT4 in skeletal muscle and 

white adipose tissue (day 60 of life), and had glucose tolerance and obesity later in life 

(day 180 of life). It would appear that the aberrant insulin signaling present in these 

pregnancies is allowing metabolic programming of the offspring towards reduced insulin 

sensitivity. These are multi-generational effects.  

 

Given that obesity is a significant risk factor for poor outcomes in pregnancy, why 

not promote calorie restriction to mitigate the effects of excess weight gain? Caloric 

restriction has, in fact, potential adverse outcomes on the fetus. It reduces the availability 

of glucose, the major fetal energy substrate, and increases maternal serum amino acid and 

ketone levels (associated with poor neurological development) (79). Other than caloric 

restriction, another strategy would be to reverse or moderate the insulin resistance 

produced by obesity. In the setting of our studies, an agent that could reverse HDIR may 

allow a reduction in hyperinsulinemia, promoting weight stability during gestation. In 

other models of HDIR studied by our group, the therapeutic BENAC (bethanechol plus n-

acetylcysteine) has been shown to reverse HDIR in a single meal in males (141). A 

preventative approach with SAMEC (S-adenosyl methionine plus Vitamin E and Vitamin 

C) has also been shown to promote protection against sucrose-induced and age-related 
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HDIR in males, as well as HDIR induced by a hepatotoxin (139, 164). Both of these 

agents could provide potential management options of the obese peri-partum woman. See 

Chapter 3 and 4 for these results.  
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Conclusion 

 

In the setting of obesity, excessive pancreatic compensation for severe insulin 

resistance results in further weight gain. Obesity is known to precipitate multiple adverse 

metabolic and obstetrical outcomes for both mother and fetus. This study demonstrated 

that continuous sucrose supplementation in pregnancy and in virgin rats produced HDIR, 

resulting in obesity, hyperinsulinemia, and hypertriglyceridemia.  Virgin rats were able to 

partially recover their HISS-dependent insulin action spontaneously in the 8-week 

exposure plus 2-week recovery group. In pregnancy, this recovery was complete. 

Recovery from HDIR in pregnancy resulted in a reduction in plasma insulin and 

triglyceride concentration, as well as normalization of body weight and fat pad mass 

relative to 10-week and 22-week exposures. 10-week sucrose exposure produced a 

hyperinsulinemic hypertriglyceridemic obese pregnant animal with preserved glycemic 

control. Prolonged (22-week) exposure to 35% sucrose supplementation did not result in 

hyperglycemia. This validates a model of gestational obesity in rats using 10-weeks of 

continuous 35%-sucrose supplementation, providing a means to study therapeutics, 

preventatives, diagnostics and fetal implications of this pathological metabolic state. 
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Chapter 3: Prevention of HDIR with SAMEC  

 

Introduction 

 

As discussed in Chapters 1 and 2, pregnancy is accompanied by physiological 

insulin resistance that facilitates optimal fetal development, requiring hyperinsulinemia 

and resulting in increased adiposity and hypertriglyceridemia (116).  Post-prandial insulin 

sensitivity in late pregnancy represents a mixed insulin resistance, including HISS-

dependent insulin resistance (reduced glucose uptake in skeletal muscle, heart and 

kidney) as well as direct insulin resistance (Chapter 1, unpublished findings). In the 

setting of obesity induced by a high sucrose diet (using 35% sucrose supplementation in 

distilled water), excessive pancreatic compensation in the form of hyperinsulinemia is 

required and further weight gain results due to the lipogenic actions of insulin (Chapter 2, 

unpublished findings).  

 

Obesity carries with it increased risk for multiple adverse metabolic and 

obstetrical outcomes for both mother and fetus (36, 43, 155, 179). Insulin resistance in 

male Sprague Dawley rats induced using sucrose supplementation has previously been 

established as a model of HISS-dependent insulin resistance (HDIR), resulting in obesity, 

hyperinsulinemia and hypertriglyceridemia (166, 214). A novel antioxidant cocktail, 

comprised of S-adenosyl methionine (SAMe), vitamin E and vitamin C (SAMEC, 

containing 0.5g per kg diet of SAMe, 12.5g per kg diet of vitamin C and 1.5g per kg diet 
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of vitamin E) was developed in our lab (166). Initially studied in a rat model of liver 

injury induced by thioacetamide, it was designed to modulate free radical damage (164). 

The constituents of SAMEC have different free-radical scavenging roles (69, 166). 

Vitamin C is water soluble, and is the first-order antioxidant to protect cellular 

components from free-radical damage from water-soluble radicals such as superoxide 

anion (164). Vitamin E is lipid-soluble, and breaks radical chain reactions of peroxyl free 

radicals preventing lipid peroxidation (164). SAMe is a regulator of GSH levels, and is a 

main defense mechanism against free radicals via replenishment of the redox state of 

other anti-oxidants (151) in addition to being a permissive signal in the release of HISS 

(164). As a high sucrose diet likely induces a high burden of oxidative stress, SAMEC is 

postulated to modulate this via the actions mentioned above.  

 

The insulin resistance induced by the hepatotoxin thioacetamide produced HDIR, 

and the antioxidant cocktail SAMEC protected against this HDIR (164). In further studies 

(as discussed in the section “Models of HISS-Dependent Insulin Resistance (HDIR)”), 

SAMEC was also able to prevent HDIR associated with ageing, and sucrose 

supplementation (140, 166, 167). To investigate the impact of SAMEC on HDIR in 

pregnancy using a model of 35% sucrose supplementation, insulin sensitivity in 15-day 

pregnant versus virgin Sprague Dawley rats (exposed to various 35% sucrose 

supplementation durations) was characterized using the RIST. Sucrose exposure was 10-

weeks in duration, selected based on the results of Chapter 2 (whereby an obese pregnant 

animal with euglycemia was developed). SAMEC was provided to two groups of 

pregnant animals: controls fed standard chow without sucrose supplementation, and a test 
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group fed standard chow with sucrose supplementation. Both groups had age-matched 

virgin controls for comparison. This study demonstrated that SAMEC completely 

prevented HDIR caused by chronic sucrose supplementation in both virgin and control 

females. The prevention of HDIR resulted in preservation plasma insulin and triglyceride 

concentrations appropriate for gestational status. The prevention of HDIR modulated the 

extent to which adiposity was increased in the virgin sucrose-supplemented groups, but 

not in the pregnant animals. SAMEC may be an effective preventative for the treatment 

of gestational obesity, but may be more appropriate in the pre-gestational context to 

mitigate pre-pregnancy body mass index (BMI).  
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Methods 

 

Ethics, Breeding, Feed-Fast Cycle & Surgical Preparation, Metabolic Markers, Rapid 

Insulin Sensitivity Test (RIST), Fat Sampling & Sacrifice, Analysis 

 

See Chapter 1 Methods. Please see table of contents for specific location of these 

sections under the “Chapter 1 - Methods” heading. 

 

For the analysis, 2-way ANOVAs were conducted within the major two groups 

(pregnant versus virgin) in order to examine the effects of sucrose supplementation 

versus SAMEC administration within these groups on glucose uptake parameters, 

adiposity parameters, and metabolic parameters. Post-2-way ANOVA analysis was 

conducted using the Bonferroni correction. 3-way ANOVA was not conducted to due 

insufficient power (which was identified at the time of study design).  1-way ANOVA 

(with Tukey’s post-test for least significant difference) and unpaired t-tests were 

conducted with a minimum critical value of p < 0.05 for parameters such as those specific 

to subsets of groups (such as sucrose intake, and SAMEC intake).  

 

Animals and Groups 

 

Female Sprague-Dawley rats, received at 4 weeks of age from Charles River, St. 

Constant, Quebec, Canada, were housed in pairs in a climate and light controlled animal 
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care facility. Animals were randomly assigned to one of the eight groups (Figure 27 

(Chapter 3 - Prevention of HDIR with SAMEC): Experimental Design with Groups), 

page 193). Females were assigned to various combinations of normal or SAMEC chow 

with either pure reverse osmosis water or 35% sucrose in reverse osmosis water. All 

groups received their assigned water and chow treatments for 8 weeks and were then 

randomly assigned to the virgin or the 15-day gestation group. Those in the gestation 

group were bred for up to 4 consecutive nights until conception occurred. Animals were 

14-15 weeks of age at the time of experimentation (4 weeks of age upon arrival, 8 weeks 

of normal or SAMEC diet with or without sucrose supplementation, and 2 weeks of 

gestation). Food and water intake were recorded for the week prior to breeding to assure 

similar levels of consumption between groups. Male Sprague-Dawley rats used for 

breeding (Charles River, St. Constant, Quebec, Canada) were randomly assigned to 

females for breeding to multiple groups. 
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Figure 27 (Chapter 3 - Prevention of HDIR with SAMEC): Experimental Design 
with Groups 

 

 

 

 

 

Animals were assigned to either Control diet or SAMEC diet in pairs. Each diet was 
further randomized to either 35% sucrose supplementation via reverse osmosis 
water or pure reverse osmosis water. The age-matched cage mates were then 
randomly assigned to either the Virgin (V) or the 15-day pregnant (G) group. 
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Results 

 

The average age of the study animals was 103 ± 2 days old, with no differences 

between groups. Food and water intake among all groups was tracked: see Table 3 

(Chapter 3 - Prevention of HDIR with SAMEC): Food (Standard and SAMEC) and 

Water (Sucrose and Pure) Water Intake, page 196, for these specifics. In virgin groups, 

the non-sucrose groups had significantly greater pure water intake than the sucrose 

groups (p < 0.01). The sucrose-supplemented groups treated with SAMEC ingested 

significantly more sucrose-supplemented water than the untreated groups (p < 0.05). 

SAMEC control animals ingested significantly more SAMEC chow than the sucrose-

supplemented SAMEC treatment groups (p < 0.01). In gestation groups, the non-sucrose 

groups also had significantly higher pure water intake than the sucrose groups (p < 0.01). 

There was no difference in sucrose consumption between the sucrose group and the 

sucrose + SAMEC group. There was a greater overall total fluid intake in sucrose-

supplemented groups (p < 0.01). Control animals ingested more standard chow than the 

sucrose group (p < 0.05). There was no difference in SAMEC chow intake between the 

control and the sucrose group.  
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Table 3 (Chapter 3 - Prevention of HDIR with SAMEC): Food (Standard and 

SAMEC) and Water (Sucrose and Pure) Water Intake 

 Control 
Group  
(n = 10 ) 

SAMEC 
Control 
Group 
(n = 8) 

Sucrose 
Group 
(n = 10) 

SAMEC 
Treated 
Sucrose 
Group 
(n = 8) 

 Virgin Groups 

Pure Water 
Intake (mL/day) 

35 ± 1**  36 ± 1** 8 ± 1 5 ± 1 

Sucrose Water 
Intake (mL/day) 

- - 33 ± 2 46 ± 2* 

Total Fluid 
Intake (mL/day) 

35 ± 1 36 ± 1 41 ± 2 51 ± 2* 

STD Chow 
Intake (g/day) 

18 ± 1 - 12 ± 2 - 

SAMEC Chow 
Intake (g/day) 

- 20 ± 1* - 9 ± 1 

 Gestation Groups 

Pure Water 
Intake (mL/day) 

33 ± 1** 38 ± 1** 4 ± 1 7 ± 1 

Sucrose Water 
Intake (mL/day) 

- - 48 ± 3 46 ± 2 

Total Fluid 
Intake (mL/day) 

33 ± 1 38 ± 1 52 ± 3** 53 ± 2** 

STD Chow 
Intake (g/day) 

17 ± 1* - 10 ± 2 - 

SAMEC Chow 
Intake (g/day) 

- 21 ± 1 - 16 ± 3 

(NS = not significant, p > 0.05, * = p < 0.05, ** = p < 0.01) 
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In terms of pregnancy parameters, all pregnancy groups had a similar time-to-

conception (2.1 ± 0.3 days). Average litter sizes were similar across all groups (15.5 ± 0.5 

pups per litter). There were no statistical differences in hepatic glutathione content among 

the three groups. Hepatic GSH level determinations were made from a single static 

measurement of hepatic tissue taken at the end of a 4-6 hour protocol, and since hepatic 

GSH levels are dependent on multiple factors, those obtained in this study are largely 

uninterpretable. Virgin GSH measurements fell within the range of 3.493 to 3.938 µmol/g 

liver tissue, and gestation GSH measurements were between 3.547 and 4.083 µmol/g liver 

tissue. 

 

Adiposity parameters in virgins are depicted in Figure 28 (Chapter 3 - Prevention 

of HDIR with SAMEC): Adiposity Parameters in Virgin Groups, page 199. Analyzed by 

a 2-way ANOVA, there were no significant interactions between sucrose exposure and 

SAMEC treatment in regards to explaining variation in any of the adiposity parameters. 

Body weight was elevated in the sucrose-fed groups (p < 0.01) but there was no 

difference in body weight within SAMEC treatment groups (non-treated versus treated). 

Weight gained over the gestational period, fat pad mass and fat pad mass per kilogram 

body weight were significantly greater in the non-SAMEC-treated sucrose group (p 

<0.01). SAMEC treatment in the sucrose-fed group prevented the rise in adiposity 

parameters seen with sucrose supplementation, but did not prevent total body weight 

increase in a statistically significant fashion.  
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Figure 28 (Chapter 3 - Prevention of HDIR with SAMEC): Adiposity Parameters in 
Virgin Groups 
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A: Total body weight was elevated in the sucrose-fed groups relative to the non-sucrose 
fed groups. B: Weight gain over the gestational period was higher in the non-SAMEC 

treated sucrose group. The SAMEC-treated sucrose group maintained non-sucrose levels 
of weight gain. C: Fat pad mass was higher in the non-SAMEC treated sucrose group.  

The SAMEC-treated sucrose group maintained non-sucrose levels of fat pad mass. D: Fat 
pad mass per kg body weight was elevated in the non-SAMEC treated sucrose group. The 
SAMEC-treated sucrose group maintained non-sucrose levels fat pad mass per kg body 

weight. (NS = not significant, p > 0.05, * = p < 0.05, ** = p < 0.01) 



 199 

Adiposity parameters are depicted in Figure 29 (Chapter 3 - Prevention of HDIR 

with SAMEC): Adiposity Parameters in Pregnant Groups, page 200. Sucrose 

supplementation explained all of the variation in adiposity differences with no 

interactions with SAMEC (p < 0.01). The pregnant animals that were supplemented with 

sucrose (whether or not treated with SAMEC) experienced increased weight gain over the 

gestational period, fat pad mass, and fat pad per kilogram body weight versus the non-

sucrose controls. Adiposity due to sucrose supplementation was not impacted during 

pregnancy in this animal model.   
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Figure 29 (Chapter 3 - Prevention of HDIR with SAMEC): Adiposity Parameters in 
Pregnant Groups 
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A: Total body weight was elevated in the sucrose-fed groups relative to the non-sucrose 
fed groups. B: Weight gain over the gestational period was higher in the sucrose-fed 

groups. C: Fat pad mass was higher in the sucrose groups. D: Fat pad mass per kg body 
weight was elevated in the sucrose groups. (NS = not significant, p > 0.05, * = p < 0.05, 

** = p < 0.01) 
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For glucose uptake parameters in virgins, see (Figure 30 (Chapter 3 - Prevention 

of HDIR with SAMEC): Glucose Uptake Parameters in Virgin Groups), page 202). In 

virgin groups, SAMEC supplementation prevented loss of HISS-dependent insulin 

action. The insulin resistance caused by the chronic 35% sucrose supplementation in 

virgin groups was completely attributable to loss of HISS action. There were no 

differences between any virgin groups in terms of their direct insulin action components.  
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Figure 30 (Chapter 3 - Prevention of HDIR with SAMEC): Glucose Uptake 
Parameters in Virgin Groups 
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A: Sucrose-supplemented animals on a standard diet had significantly lower 

combined insulin action than any other group (p < 0.01). B: Direct insulin action 
was constant across all groups. C: Sucrose-supplemented animals on a standard diet 
had complete absence of HISS action (p < 0.01), whereas those on a SAMEC diet 

had preserved HISS action. D: The percentage HISS action was significantly 
reduced by sucrose supplementation on a standard diet (p < 0.01), but preserved 

completely on a SAMEC diet. (NS = not significant, p > 0.05, * = p < 0.05, ** = p < 
0.01). 
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 See Figure 31 (Chapter 3 - Prevention of HDIR with SAMEC): Glucose Uptake 

Parameters in Gestation Groups  (page 204) for glucose uptake parameters in pregnant 

groups. SAMEC supplementation prevented loss of HISS-dependent insulin action. The 

insulin resistance caused by the chronic 35% sucrose supplementation in pregnant groups 

was completely attributable to loss of HISS action. There were no differences between 

any pregnant groups in terms of their direct insulin action components. 
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Figure 31 (Chapter 3 - Prevention of HDIR with SAMEC): Glucose Uptake 
Parameters in Gestation Groups 

Combined Insulin Action
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A: Sucrose-supplemented animals on a standard diet had significantly lower combined 
insulin action than any other group (p < 0.01). B: Direct insulin action was constant 
across all groups. C: Sucrose-supplemented animals on a standard diet had complete 

absence of HISS action (p < 0.01), whereas those on a SAMEC diet had preserved HISS 
action. D: Percentage HISS action was significantly reduced by sucrose 

supplementation on a standard diet (p < 0.01), but preserved completely on a SAMEC 
diet. (NS = not significant, p > 0.05, * = p < 0.05, ** = p < 0.01). 
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The virgin group supplemented with sucrose experienced hyperinsulinemia and 

hypertriglyceridemia compared with controls, as seen in Figure 32 (Chapter 3 - 

Prevention of HDIR with SAMEC): Metabolic Parameters in Virgin Groups, page 207. In 

the virgin sucrose supplemented group treated with SAMEC, the prevention of HDIR 

resulted in prevention of hyperinsulinemia and hypertriglyceridemia. Identical findings 

were seen in pregnant groups. These results are depicted in Figure 33 (Chapter 3 - 

Prevention of HDIR with SAMEC): Metabolic Parameters in Gestation Groups, page 

207.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 206 

Figure 32 (Chapter 3 - Prevention of HDIR with SAMEC): Metabolic Parameters in 
Virgin Groups 
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A: There were no differences in 
plasma blood glucose levels among 

groups. 

B/C: Sucrose supplemented virgins 
fed a standard diet had elevated 
insulin and triglyceride plasma 

concentrations. Sucrose 
supplemented virgins fed SAMEC 

chow had plasma insulin and 
triglyceride levels consistent with 
control groups that did not receive 

sucrose supplementation. 

(NS = not significant, p > 0.05, * = 
p < 0.05, ** = p < 0.01) 
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Figure 33 (Chapter 3 - Prevention of HDIR with SAMEC): Metabolic Parameters in 
Gestation Groups 

 

 

A: There were no differences in 
plasma blood glucose levels among 

groups.  

B/C: Sucrose supplemented pregnant 
animals fed a standard diet had 
elevated insulin and triglyceride 
plasma concentrations. Sucrose 

supplemented pregnant animals fed 
SAMEC chow had plasma insulin 

and triglyceride levels consistent with 
control groups that did not receive 

sucrose supplementation. 

(NS = not significant, p > 0.05, * = p 
< 0.05, ** = p < 0.01) 
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Discussion 

 

Overview 

 

This study characterized the dynamic response to insulin in the fed state of virgin 

and 15-day pregnant Sprague Dawley rats using a rapidly sampled euglycemic clamp (the 

RIST). Groups included virgin and pregnant rats with exposure to 10-weeks of 35% 

sucrose supplementation with or without treatment with SAMEC (Figure 27 (Chapter 3 - 

Prevention of HDIR with SAMEC): Experimental Design with Groups), page 193). 

Controls had no exposure to sucrose supplementation or to SAMEC (Figure 27 (Chapter 

3 - Prevention of HDIR with SAMEC): Experimental Design with Groups), page 193). 

The response to insulin was characterized into HISS-dependent and direct insulin action 

components. Plasma concentrations of insulin, and triglycerides were quantified. 

Adiposity was measured using weight gain, total body weight, fat pad mass, and fat pad 

mass per kg body weight.  These results suggest that the HDIR produced by sucrose 

supplementation in female rats that leads to obesity, hyperinsulinemia, and 

hypertriglyceridemia. Although the HDIR, hyperinsulinemia and hypertriglyceridemia 

can be prevented by chronic administration of SAMEC, only in virgins were adiposity 

markers reduced by the intervention.  
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High-Sucrose Supplementation: A Model of HDIR 

  

Following a high-sucrose diet, HISS-dependent insulin resistance was induced in 

both pregnant and virgin female rats, accompanied by hyperinsulinemia, 

hypertriglyceridemia and adiposity. This is consistent with previous models of sucrose-

induced HISS-dependent insulin resistance. Euglycemia was maintained: this is a model 

of gestational insulin resistance (HISS-dependent) without hyperglycemia thereby 

providing a means of studying the treatment of gestational insulin resistance and obesity.  

 

SAMEC as a preventative of HDIR in Virgin Females 

 

 When SAMEC was administered chronically to virgin rats that were also 

receiving 35% sucrose supplementation, there was a prevention of the loss of HISS-

dependent insulin sensitivity (Figure 30 (Chapter 3 - Prevention of HDIR with SAMEC): 

Glucose Uptake Parameters in Virgin Groups), page 202). Accompanying this were 

normal plasma triglyceride and insulin concentrations (Figure 32 (Chapter 3 - Prevention 

of HDIR with SAMEC): Metabolic Parameters in Virgin Groups, page 207). The 

adiposity associated with sucrose supplementation was improved with the administration 

of SAMEC. In sucrose-supplemented virgin animals treated with SAMEC, there was a 

reduction in fat pad mass (p < 0.01), weight gained (p < 0.01) and fat pad per kg body 

weight (p< 0.01) relative to the non-treated sucrose group but no change in overall body 

weight (Figure 28 (Chapter 3 - Prevention of HDIR with SAMEC): Adiposity Parameters 

in Virgin Groups, page 198).  In the context of an increased sucrose intake by the 
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SAMEC-treated sucrose supplemented virgin group (Table 3 (Chapter 3 - Prevention of 

HDIR with SAMEC): Food (Standard and SAMEC) and Water (Sucrose and Pure) Water 

Intake, page 196), this does reveal a marked positive impact on the effects of sucrose on 

HISS-dependent insulin sensitivity and obesity. Since pre-pregnancy BMI and obesity is 

a strong predictor of weight gain during gestation and metabolic risk to mother and fetus 

(63, 179), SAMEC may provide a means of managing pre-gestational insulin resistance 

and obesity in the non-pregnancy female population. In the context of reduced adiposity 

but preserved weight gain, it is possible that preventing loss of HISS action resulted in 

greater lean body mass and glycogen deposition in response to the high-calorie sucrose 

diet (and this would explain the preserved weight gain in response to sucrose despite 

reduced adiposity).  

 

SAMEC as a preventative of HDIR in Pregnant Females 

 

 SAMEC provided chronically to pregnant rats prevented loss of HISS-dependent 

insulin sensitivity (Figure 31 (Chapter 3 - Prevention of HDIR with SAMEC): Glucose 

Uptake Parameters in Gestation Groups, page 204), resulting in normal plasma 

triglyceride and insulin concentrations (Figure 33 (Chapter 3 - Prevention of HDIR with 

SAMEC): Metabolic Parameters in Gestation Groups, page 207) but had no impact on 

adiposity (see Figure 29 (Chapter 3 - Prevention of HDIR with SAMEC): Adiposity 

Parameters in Pregnant Groups, page 200).  When examining sucrose intake among the 

sucrose-supplemented groups, there was no difference between the SAMEC-treated and 

non-treated groups (Table 3 (Chapter 3 - Prevention of HDIR with SAMEC): Food 
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(Standard and SAMEC) and Water (Sucrose and Pure) Water Intake, page 196). The 

exact role of HISS in healthy pregnancy needs to be further substantiated, and its 

importance independent of preventing weight gain elucidated in order for SAMEC to be 

used in pregnancy (for a reason such as preservation of HISS action despite a HDIR-

inducing diet). Since recording of sucrose intake was done prior to pregnancy, it is 

possible that the pregnant sucrose-fed SAMEC-treated group ingested significantly more 

sucrose (as SAMEC-fed animals tend to consume more fluid). This might have increased 

the dose of sucrose received, and blunted the adiposity response, demonstrating a reduced 

preservation of metabolism relative to virgins (who may have had less sucrose exposure).  

 

 See Figure 34: SAMEC as a preventative of HDIR in Pregnancy, page 214, for a 

representation of SAMEC within the HISS and pregnancy paradigm. In the context of a 

high-sucrose diet, high reactive oxidative stress is induced in the liver (see Figure 26: 

Sucrose as a model of HDIR in Pregnancy, page 184) and results in complete HDIR. 

SAMEC is able to prevent this loss of HDIR likely by facilitating GSH replenishment 

(via Vitamin E and Vitamin C) and/or promoting parasympathetic tone (via 

neuroprotection or GSH supplementation with SAMe). This allows nutrient deposition as 

both fat and glycogen in adipose tissue and muscle, respectively.  
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Figure 34: SAMEC as a preventative of HDIR in Pregnancy 

In the setting of a high-sucrose diet, reactive oxygen species may act at the level of 
the liver, interfering with feeding signals required for HISS release. In the absence 

of HISS, insulin acts to promote fat deposition over skeletal muscle glycogen 
deposition. The lack of HISS requires elevated plasma insulin, which results in 

hypertriglyceridemia and further exacerbates adiposity. 

By providing SAMEC, HISS release is preserved despite a high reactive oxygen 
species load to the liver. This results in maintained HISS action on skeletal muscle, 

promoting post-prandial normalization of insulin and triglycerides.  
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The use of SAMEC in pregnancy, despite normalizing the HISS-dependent 

insulin action, did not result in reduced adiposity relative to the non-treated sucrose-

supplemented animals. As the precise mechanism or etiology of pregnancy-induced 

HDIR is currently unknown, it is possible that SAMEC was unable to modulate the 

adiposity secondary to a hormonal feature unique to pregnancy. If SAMEC is acting to 

improve parasympathetic tone to the liver, and this is resulting in enhanced meal-induced 

suppression of endogenous glucose production, the hepatic insulin resistance in 

pregnancy may result in impaired ability of SAMEC to modulate post-prandial 

hyperglycemia, resulting in greater glucose loads that are stored as fat in the insulin 

resistant pregnancy state. Since SAMe can cross the blood-brain-barrier, it is also 

possible that SAMe acts centrally to improve parasympathetic feeding signals to the liver 

(either mediating HISS release or inhibiting HGP) while Vitamin E and C act at the level 

of the liver (to modulate ROS-related parasympathetic neuropathy or boost GSH to allow 

for HISS release).  
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Conclusion 

 

Since obesity is known to precipitate multiple adverse metabolic and obstetrical 

outcomes for both mother and fetus, therapy modalities to prevent gestational obesity and 

weight gain are required. Insulin sensitivity in the 15-day pregnant versus virgin Sprague 

Dawley rat (exposed to 10-weeks of 35% sucrose supplementation to induce HISS-

dependent insulin resistance) was characterized using the Rapid Insulin Sensitivity Test 

(RIST). This study demonstrated that the continuous sucrose supplementation in 

pregnancy and in virgin rats that produces HDIR can be prevented with chronic SAMEC 

supplementation. SAMEC, by maintaining HISS-dependent insulin action, allows for 

preservation of plasma insulin and triglyceride concentrations in both virgin and pregnant 

females. This was associated with partial prevention of adiposity in virgin females (but 

had no impact on adiposity during pregnancy). Together, these findings support the use 

of SAMEC as a pre-pregnancy preventative for HDIR and weight gain. 
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Chapter 4: Treatment of HDIR with BENAC 

 

Introduction 

 

In pregnancy there is a combined HISS-dependent and insulin-dependent insulin 

resistance (Chapter 1). In the setting of obesity, excessive pancreatic compensation in the 

form of hyperinsulinemia is required and further weight gain results due to the lipogenic 

actions of insulin (Chapter 2). Obesity precipitates multiple adverse metabolic and 

obstetrical outcomes for both mother and fetus (44). There is as-yet no known therapeutic 

to manage this obesity and insulin resistance in pregnancy aside from lifestyle 

interventions, which have had poor efficacy (44). 

 

In males, BENAC completely restores HISS action when provided with the last 

meal (in an HDIR model using 35% sucrose supplementation) (141). BENAC is an 

existing orally effective pharmaceutical that was repurposed (110, 148). It contains 0.2g 

bethanechol chloride and 4g n-acetyl-L-cysteine per kg chow. The proposed mechanism 

of action of BENAC is the restoration of the two permissive feeding signals required for 

HISS release (with bethanechol stimulating the parasympathetic reflex, and N-acetyl-

cysteine supporting a glutathione surge in the liver) (141). Gastric injection of a liquid 

test meal or intravenous administration of N-acetyl cysteine in 24-hour fasted male 

Sprague Dawley rats at 9 weeks of age resulted in similar rises in hepatic glutathione (40-

50%) (141). Denervation of the hepatic nerves eliminated the HISS response, and MIS, 
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but bethanechol was able to restore HISS release on its own (as the GSH signal remained 

intact after denervation, requiring only a single feeding signal to be restored in order to 

achieve full HISS release) (141) . When both bethanechol and N-acetyl cysteine were 

administered together as BENAC, 24-hour fasted male rats were sensitized to insulin to a 

similar degree as to a liquid meal (141, 224). In a 9-week sucrose model of diet-induced 

HDIR, using 35% liquid sucrose supplementation, there was complete reversal of HDIR. 

Neither was effective alone at replacing the feeding signals necessary for MIS (141). 

 

 This study will determine the efficacy of bethanechol and N-acetyl-cysteine 

(BENAC) at reversing sucrose-induced insulin resistance in Sprague Dawley rats during 

gestation. Using the RIST, the effects of insulin were assessed in pregnant animals (15-

days gestation) and their virgin controls fed distilled water (controls) or 35% sucrose 

(sucrose group) for 10-weeks starting prior to breeding and continuing through 

pregnancy. Half of both control and sucrose groups were given a single dose of BENAC 

orally in their chow (0.2g bethanechol chloride + 4g n-acetyl-l-cysteine per kg chow) 

during their last meal. Body weight, weight gained over the gestational period, fat pad 

mass, post-prandial glycemia, plasma insulin and triglyceride concentrations were 

measured. Sucrose-fed groups gained significantly more weight during gestation, and 

acquired more fat pad mass. High sucrose intake decreased the overall response to insulin 

due to a specific decrease in the HISS-dependent component of insulin action in virgin 

and pregnant rats. BENAC in sucrose-fed virgin and pregnant rats restored HISS action 

completely. This was accompanied by a reduction (for virgins) and normalization (in 

pregnancy) of plasma insulin and triglyceride concentrations. In pregnant controls (no 
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sucrose), BENAC increased HISS action significantly above baseline and reduced plasma 

triglycerides and insulin below control levels. The ability of a single dose of BENAC to 

restore HISS and correct post-prandial insulin and triglyceride concentrations rats 

indicates BENAC may prove to be a useful therapeutic tool in the treatment of gestational 

insulin resistance.  
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Methods 

 

Ethics, Breeding, Feed-Fast Cycle & Surgical Preparation, Metabolic Markers, Rapid 

Insulin Sensitivity Test (RIST), Fat Sampling & Sacrifice, Analysis 

 

See Chapter 1 Methods. Please see table of contents for specific location of these 

sections under the “Chapter 1- Methods” heading. 

 

For the analysis, 2-way ANOVAs were conducted within the major two groups 

(pregnant versus virgin) in order to examine the effects of sucrose supplementation 

versus BENAC administration within these groups on glucose uptake parameters, 

adiposity parameters, and metabolic parameters. Post-2-way ANOVA analysis was 

conducted using the Bonferroni correction. 3-way ANOVA was not conducted to due 

insufficient power (which was identified at the time of study design).  1-way ANOVA 

(with Tukey’s post-test for least significant difference) and unpaired t-tests were 

conducted with a minimum critical value of p < 0.05 for parameters such as those specific 

to subsets of groups (such as sucrose intake, and BENAC intake).  

 

Animals and Groups 

 

Female Sprague-Dawley rats, received at 4 weeks of age from Charles River, St. 

Constant, Quebec, Canada, were housed in pairs in a climate and light controlled animal 
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care facility. Animals were randomly assigned to one of the eight groups (Figure 35 

(Chapter 4 - Treatment of HDIR with BENAC): Experimental Design with Groups, page 

220). Females were assigned to various combinations of normal chow with either pure 

reverse osmosis water or 35% sucrose in reverse osmosis water. All groups received 

normal chow and their assigned water treatments for 8 weeks and then were randomly 

assigned to the virgin or the 15-day gestation group. Those in the gestation group were 

bred for up to 4 consecutive nights until conception occurred. Animals were 14-15 weeks 

of age at the time of experimentation (4 weeks of age upon arrival, 8 weeks of normal 

diet with or without sucrose supplementation, and 2 weeks of gestation). Food and water 

intake were recorded for the week prior to breeding to assure similar levels of 

consumption between groups. Male Sprague-Dawley rats used for breeding (Charles 

River, St. Constant, Quebec, Canada) were randomly assigned to females for breeding to 

multiple groups. 
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Figure 35 (Chapter 4 - Treatment of HDIR with BENAC): Experimental Design 
with Groups 

 

 

 

Animals were housed in pairs and all received standard chow. Half of the pairs were 
randomly assigned to a 10-week sucrose supplementation with 35% sucrose 

supplementation in their reverse osmosis water or pure reverse osmosis water. The 
age-matched cage mates were then randomly assigned to either the Virgin (V) or the 

15-day pregnant (G) group. The night prior to experimentation, animals were 
randomized to receive either a standard chow or the BENAC chow as their last 

meal. 
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Results 

 

There was no significant difference in the age between groups with the average 

age being 103 ± 2 days old. Food and water intake was tracked for all group (see Table 4 

(Chapter 4 - Treatment of HDIR with BENAC): Food (Benac and Standard) and Water 

(Sucrose and Pure) Water Intake, page 222). In virgins, sucrose-supplemented groups had 

significantly higher total fluid intake than non-sucrose supplemented groups (p < 0.05). 

Sucrose supplemented groups ingested significantly less standard chow than control 

groups (p < 0.05). The sucrose-supplemented group treated with BENAC in their last 

meal ingested significantly more BENAC than their BENAC-treated controls (p < 0.05). 

In pregnant groups, pure water intake was higher in control groups (not supplemented 

with sucrose) (p < 0.01). Sucrose intake was similar between sucrose-supplemented 

groups. Standard chow intake was higher in pregnant groups that were not supplemented 

with sucrose (p < 0.05). BENAC chow intake in pregnancy was similar between the 

sucrose-supplemented treatment group and the control group. Given that virgin and 

pregnant animals received similar masses of BENAC chow with their last meal, virgin 

animals received higher doses of BENAC per body weight (p < 0.01).  
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Table 4 (Chapter 4 - Treatment of HDIR with BENAC): Food (Benac and 
Standard) and Water (Sucrose and Pure) Water Intake 

 Control 
Group  
(N = 10) 

Sucrose 
Group 
(N = 10) 

BENAC 
Control 
Group 
(N = 8) 

BENAC 
Treated 
Sucrose 
Group 
(N = 8) 

 Virgin Groups 

Pure Water 
Intake (mL/day) 

35 ± 1** 8 ± 1 30 ± 1** 8 ± 1 

Sucrose Water 
Intake (mL/day) 

- 33 ± 2 -  42 ± 3** 

Total Fluid 
Intake (mL/day) 

35 ± 1 41 ± 1* 30 ± 1 50 ± 2** 

STD Chow 
Intake (g/day) 

18 ± 1 12 ± 2* 20 ± 1 10 ± 1* 

Benac Chow 
Intake (g) 

- - 5 ±1 8 ± 1* 

 Gestation Groups 

Pure Water 
Intake (mL/day) 

33 ± 1**  4 ± 1 31 ± 1** 7 ± 1 

Sucrose Water 
Intake (mL/day) 

- 48 ± 3  -  46 ± 3 

Total Fluid 
Intake (mL/day) 

33 ± 1 52 ± 3** 31 ± 1 53 ± 2** 

STD Chow 
Intake (g/day) 

17 ± 1* 10 ± 2 20 ± 1* 10 ± 2 

Benac Chow 
Intake (g) 

- - 8 ± 1 7 ± 1 

(NS = not significant, p > 0.05, * = p < 0.05, ** = p < 0.01) 
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In terms of pregnancy parameters, all pregnancy groups had a similar time-to-

conception (1.9 ± 0.4 days). Average litter sizes were similar across all groups (15.0 ± 0.5 

pups per litter). There were no statistical differences in hepatic glutathione content among 

the groups. Hepatic GSH level determinations were made from a single static 

measurement of hepatic tissue taken at the end of a 4-6 hour protocol, and since hepatic 

GSH levels are dependent on multiple factors, those obtained in this study are largely 

uninterpretable. GSH ranges for virgin groups were between 3.65 and 4.08 µmol/g liver 

tissue. For pregnant groups, this range was between 3.82 and 4.03 µmol/g liver tissue. 

  

See  Figure 36 (Chapter 4 – Treatment of HDIR with BENAC): Adiposity 

Parameters in Virgins, page 224, for adiposity parameters in virgin groups. Sucrose-fed 

groups were significantly heavier than non-sucrose groups, with more weight gained over 

the gestational period, fat pad mass, and fat pad mass per kilogram body weight. See 

Figure 37 (Chapter 4 – Treatment of HDIR with BENAC): Adiposity Parameters in 

Gestation, page 225, for adiposity parameters in pregnant groups: the same group 

characteristics were observed in pregnancy as in the virgin groups, with pregnant animals 

heavier and more obese than their virgin counterparts. This means that both virgin and 

pregnant groups had equal adiposity prior to undergoing testing.  
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Figure 36 (Chapter 4 – Treatment of HDIR with BENAC): Adiposity Parameters in 
Virgins 
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A: Total body weight was higher in sucrose-supplemented groups (p< 0.01). B: 
Weight gained over gestational period was higher in sucrose-supplemented groups 

(p < 0.01). C: Fat pad mass was significantly higher in sucrose-fed groups (p < 
0.01). D: Fat pad mass/body weight was significantly higher in sucrose-fed groups 

(p < 0.01). (NS = not significant, p > 0.05, * = p < 0.05, ** = p < 0.01). 
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Figure 37 (Chapter 4 – Treatment of HDIR with BENAC): Adiposity Parameters in 
Gestation 
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A: Total body weight was higher in sucrose-supplemented groups (p< 0.01). B: 
Weight gained over gestational period was higher in sucrose-supplemented groups 

(p < 0.01). C: Fat pad mass was significantly higher in sucrose-fed groups (p < 
0.01). D: Fat pad mass/body weight was significantly higher in sucrose-fed groups 

(p < 0.01). (NS = not significant, p > 0.05, * = p < 0.05, ** = p < 0.01). 
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 In virgin groups, sucrose supplementation resulted in complete HISS-dependent 

insulin resistance. With a single dose of BENAC administered with the last meal, HISS 

action was completely restored to control levels. Control animals (fed BENAC with their 

last meal but not supplemented with sucrose) experienced no increase in HISS action, and 

had combined insulin action measurements consistent with controls. See Figure 38 

(Chapter 4 - Treatment of HDIR with BENAC): Glucose Uptake Parameters in Virgins, 

page 228, for a depiction of these results.  
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Figure 38 (Chapter 4 - Treatment of HDIR with BENAC): Glucose Uptake 
Parameters in Virgins 
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A: Sucrose-supplemented animals on a standard diet had significantly lower 
combined insulin action than any other group (p < 0.01). BENAC provided to a 
group of sucrose supplemented animals resulted in normalized combined insulin 
action. B: Direct insulin action was constant across all groups. C: Sucrose-
supplemented animals on a standard diet provided BENAC with their last meal had 
HISS action restored completely. D: The percentage HISS action was significantly 
reduced by sucrose supplementation on a standard diet, and restored completely by a 
single dose of BENAC. (NS = not significant, p > 0.05, * = p < 0.05, ** = p < 0.01). 
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In pregnant groups, the HISS-dependent insulin resistance induced by sucrose 

supplementation was also completely reversed, as depicted in Figure 39 (Chapter 4 - 

Treatment of HDIR with BENAC): Glucose Uptake Parameters in Gestation, page 230. 

Pregnant animals fed a standard diet with no sucrose supplementation and given BENAC 

with their last meal experienced a potentiation of HISS action, resulting in a greater total 

insulin sensitivity as measured by combined insulin action relative to controls that was 

attributable entirely to increased HISS-dependent insulin action.  
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Figure 39 (Chapter 4 - Treatment of HDIR with BENAC): Glucose Uptake 
Parameters in Gestation 
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A: Sucrose-supplemented animals on a standard diet had significantly lower combined 
insulin action than any other group (p < 0.01). BENAC normalized combined insulin action 

in the sucrose-fed group. B: Direct insulin action was constant across all groups. C: 
BENAC restored HISS action completely in sucrose-supplemented animals. Control 

animals fed a standard diet with BENAC in their last meal with no sucrose supplementation 
experienced an elevation in their HISS dependent insulin action above control levels. D: 
The percentage HISS action was significantly reduced by sucrose supplementation on a 

standard diet, and restored completely by a single dose of BENAC. Control animals fed a 
standard diet with BENAC in their last meal with no sucrose supplementation demonstrated 
an increased percentage HISS component of insulin action. (NS = not significant, p > 0.05, 

* = p < 0.05, ** = p < 0.01). 
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Glycemic was constant across all virgin groups. Virgin females exposed to 

sucrose supplementation were hyperinsulinemic and hypertriglyceridemic compared to 

controls. BENAC was able to partially reverse this post-prandial hyperinsulinemia and 

hypertriglyceridemia in virgins exposed to sucrose but treated with BENAC in their last 

meal. Plasma insulin and triglyceride concentrations were lower in non-sucrose 

supplemented animals) who received BENAC as part of their last meal versus controls 

(who did not receive BENAC nor sucrose supplementation). See Figure 40 (Chapter 4 - 

Treatment of HDIR with BENAC): Metabolic Parameters in Virgins, page 231, for a 

depiction of these results.   
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Figure 40 (Chapter 4 - Treatment of HDIR with BENAC): Metabolic Parameters in 
Virgins 

Post-Prandial 
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A: There were no differences in 
plasma blood glucose levels among 

groups. 

B/C: Sucrose supplemented virgins 
fed a standard diet had elevated 
insulin and triglyceride plasma 

concentrations. Sucrose 
supplemented virgins fed BENAC 

chow had restored plasma insulin and 
triglyceride levels consistent with 
control groups that did not receive 
sucrose supplementation. Control 
animals fed BENAC had reduced 

plasma and insulin triglycerides. (NS 
= not significant, p > 0.05, * = p < 

0.05, ** = p < 0.01). 
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Pregnant females exposed to sucrose supplementation experienced 

hyperinsulinemia and hypertriglyceridemia compared to controls. BENAC was able to 

completely reverse this post-prandial hyperinsulinemia and hypertriglyceridemia in 

pregnant animals exposed to sucrose but treated with BENAC in their last meal. In 

animals fed BENAC as part of their last meal (with no sucrose supplementation), there 

was a reduction in plasma insulin and triglyceride concentrations to control animals not 

provided BENAC. See Figure 41 (Chapter 4 - Treatment of HDIR with BENAC): 

Metabolic Parameters in Gestation, page 234, for a depiction of these results.   
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Figure 41 (Chapter 4 - Treatment of HDIR with BENAC): Metabolic Parameters in 
Gestation 

Post-Prandial 
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A: There were no differences in plasma 
blood glucose levels among groups.  

B/C:  Sucrose supplemented pregnant 
animals fed a standard diet had elevated 

insulin and triglyceride plasma 
concentrations. Sucrose supplemented 

pregnant animals fed BENAC chow had 
restored plasma insulin and triglyceride 

levels consistent with control groups that 
did not receive sucrose supplementation. 
Control animals who received BENAC 

within their last meal had reductions 
below control levels of plasma insulin 
and triglyceride concentrations. (NS = 

not significant, p > 0.05, * = p < 0.05, ** 
= p < 0.01). 
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 For the examination of the dynamic glucose infusion curves for the virgin groups, 

see Figure 42 (Chapter 4 - Treatment of HDIR with BENAC): Dynamic Glucose Infusion 

Curves Obtained During the RIST in Virgins, page 235. Control animals demonstrated a 

normal combined, HISS-dependent and direct insulin action profile. Sucrose 

supplemented groups demonstrated similar direct insulin action profiles to controls, but 

lacked the HISS action profiles. BENAC was able to completely restore this dynamic 

profile in the sucrose-supplemented BENAC-treated group. BENAC provided to control 

animals did not alter the dynamic glucose infusion curve.  
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Figure 42 (Chapter 4 - Treatment of HDIR with BENAC): Dynamic Glucose 
Infusion Curves Obtained During the RIST in Virgins 
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Left upper curve = combined insulin action, left lower curve = direct insulin action 
(shaded portion), right curve = HISS-dependent insulin action (non-shaded portion), 
calculated from the difference between combined (left upper curve) and direct (left 

lower curve) insulin actions. N = 10-40 data points per minute. 
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For the examination of the dynamic glucose infusion curves for the pregnant 

groups, see Figure 43 (Chapter 4 - Treatment of HDIR with BENAC): Dynamic Glucose 

Infusion Curves Obtained During the RIST in Gestation, page 237. Control animals 

demonstrated a normal combined, HISS-dependent and direct insulin action profile. 

Sucrose supplemented groups demonstrated similar direct insulin action profiles to 

controls, but lacked the HISS action profiles. BENAC was able to completely restore this 

dynamic profile in the sucrose-supplemented BENAC-treated group. BENAC provided to 

control animals resulted in a unique dynamic glucose infusion profile with a much greater 

area-under-the-curve for the HISS-dependent action, with a prolonged plateau phase 

relative to controls.  
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Figure 43 (Chapter 4 - Treatment of HDIR with BENAC): Dynamic Glucose 
Infusion Curves Obtained During the RIST in Gestation 
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 Left upper curve = combined insulin action, left lower curve = direct insulin action 
(shaded portion), right curve = HISS-dependent insulin action (non-shaded portion), 
calculated from the difference between combined (left upper curve) and direct (left 

lower curve) insulin actions. N = 10-40 data points per minute. 
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Discussion 

 

Overview 

 

This study characterized the dynamic response to insulin in the fed state of virgin 

and 15-day pregnant Sprague Dawley rats using a rapidly sampled euglycemic clamp (the 

RIST). Groups included virgin and 15-day pregnant (late-gestation) female rats with 

exposure to 10-weeks of 35% sucrose supplementation with or without treatment with 

BENAC (Figure 35 (Chapter 4 - Treatment of HDIR with BENAC): Experimental 

Design with Groups, page 220). Controls had no exposure to sucrose supplementation or 

to BENAC. There was an additional group not exposed to sucrose but that did receive 

BENAC with their last meal to serve as a BENAC control. The response to insulin was 

characterized into HISS-dependent and direct insulin action components. Plasma 

concentrations of insulin, and triglycerides were quantified. Adiposity was measured 

using weight gain, total body weight, fat pad mass, and fat pad mass per kg body weight.  

These results suggest that the HDIR produced by sucrose supplementation in female rats 

that leads to obesity, hyperinsulinemia, and hypertriglyceridemia can be completely 

reversed by a single administration of BENAC, accompanied by a post-meal reduction in 

plasma insulin and triglyceride concentration. In control pregnant animals with intact 

HISS-dependent insulin resistance, their insulin sensitivity was increased above control 

levels. This substantiates BENAC as therapeutic to treat HDIR in a model of 35%-

sucrose supplementation in rats.  
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High-Sucrose Supplementation: A Model of HDIR 

  

Following a high-sucrose diet, HISS-dependent insulin resistance was induced in 

both pregnant and virgin female rats, accompanied by hyperinsulinemia, 

hypertriglyceridemia and adiposity. This is consistent with previous models of sucrose-

induced HISS-dependent insulin resistance. Euglycemia was maintained: this is a model 

of gestational insulin resistance (HISS-dependent) without hyperglycemia thereby 

providing a means of studying the treatment of gestational insulin resistance and obesity.  

 

BENAC as a Therapeutic in the Treatment of HDIR in Virgin Females 

 

A single dose of BENAC in the last meal provided to virgin rats restored HISS-

dependent insulin sensitivity, resulting in a reduction in plasma triglyceride and insulin 

concentrations. Sucrose control and treatment groups were similar in terms of body 

weight, weight gained over the gestational period, fat pad mass, and fat pad mass per kg 

body weight. These sucrose-supplemented groups were significantly heavier than the 

control groups (which were similar in the above parameters). This suggests that our 

observations in HISS action changes were due to BENAC, rather than underlying 

differences in adiposity and insulin sensitivity within the test groups.  

 

The intake of BENAC chow in virgin control animals was less than the sucrose-

supplemented BENAC treated group (5 grams versus 8 grams, p < 0.05). Despite this, 

there was a full reversal of the sucrose-induced HDIR in the treated groups of both 
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gestational states. BENAC may be used to treat HISS-dependent insulin resistance in 

female virgins, providing a means of management for pre-gestational insulin resistance 

and obesity in the non-pregnant female population.  

 

BENAC as a Therapeutic in the Treatment of HDIR in Pregnant Females 

 

  A single dose of BENAC in the last meal provided to pregnant rats restored 

HISS-dependent insulin sensitivity, resulting in normalization of plasma triglyceride and 

insulin concentrations. The sucrose groups were similar in adiposity parameters and food 

intakes, as were the non-sucrose groups. Interestingly, BENAC administered once to 

control pregnant rats (fed pure distilled water) was able to increase HISS-dependent 

insulin action above control levels, and decrease plasma triglyceride and insulin 

concentrations below control levels. This is the first reporting of a state where HISS 

release can be stimulated to exceed control levels. This provides evidence for BENAC as 

a potential therapeutic for gestational HISS-dependent insulin resistance and obesity. 

 

 As depicted in Figure 43 (Chapter 4 - Treatment of HDIR with BENAC): 

Dynamic Glucose Infusion Curves Obtained During the RIST in Gestation (page 237), 

there was a prolonged plateau of the dynamic glucose infusion curve corresponding to 

HISS action in pregnant controls. This may indicate that BENAC may result in reduced 

HISS clearance or increased HISS release, with pregnancy potentiating this (as it is a 

unique plateau not seen in virgins, Figure 42 (Chapter 4 - Treatment of HDIR with 
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BENAC): Dynamic Glucose Infusion Curves Obtained During the RIST in Virgins, page 

235).  

 

 High-sucrose models of insulin resistance induced HDIR likely by a reactive-

oxygen species mechanism (166). In pregnancy, sucrose-supplementation results in 

complete HDIR after 10-weeks of sucrose exposure, and interrupts feeding signals 

necessary for HISS release (see Figure 26: Sucrose as a model of HDIR in Pregnancy, 

page 184). In the context of BENAC, which is comprised of bethanechol (replacing the 

parasympathetic nerve feeding signal) and N-acetylcysteine (allowing a GSH surge), a 

pulse of insulin is once again able to trigger a pulse-release of HISS. For a representation 

of BENAC within this paradigm, please see Figure 44: BENAC as a Treatment of HDIR 

in Pregnancy, page 243. It is also possible that BENAC is mediating improved 

parasympathetic tone to the liver, allowing more extensive suppression of HGP in the fed 

state in response to the bolus of insulin.  
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Figure 44: BENAC as a Treatment of HDIR in Pregnancy 

 

 
In a single administration, BENAC replaces both feeding signals impaired by 
sucrose supplementation (parasympathetic tone via bethanechol, and GSH via 

n-acetyl-cysteine). This allows HISS to be released in response to bolus of 
insulin, resulting in enhanced glucose uptake by muscle. Post-prandial insulin 

and triglycerides were lowered by this effect. 
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Conclusion 

 

Obesity, a precipitant of multiple adverse metabolic and obstetrical outcomes for 

both mother and fetus, is an epidemic in our reproduction-aged population. Therapy 

modalities to prevent gestational obesity and weight gain are imminently in need. As 

such, insulin sensitivity in the 15-day pregnant versus virgin Sprague Dawley rat 

(exposed to 10-weeks of 35% sucrose supplementation to induce HISS-dependent insulin 

resistance) treated with BENAC in their last meal (or provided a standard chow as part of 

a control group) was characterized using the RIST. This study demonstrated that the 

continuous sucrose supplementation in pregnancy and in virgin rats that produces HDIR 

can be reversed with a single administration of BENAC in the last meal. BENAC, by 

restoring HISS-dependent insulin action, allows for normalization of plasma insulin and 

triglyceride concentrations. BENAC, in a single dose during pregnancy, was able to boost 

HISS-dependent insulin action above control levels, and achieve sub-control plasma 

insulin and triglyceride concentrations. Together, these findings support the use of 

BENAC as both a pre- and intra-pregnancy treatment of HDIR.  
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Scientific Implications 

 

Our understanding of insulin resistance in pregnancy now includes a role for 

HISS: early pregnancy benefits from increased HISS action and late pregnancy results in 

a combined insulin resistance attributable to both impaired HISS and insulin action. 

Using existing models of 35% sucrose supplementation, we developed a model of 

gestational obesity and insulin resistance (HDIR). This HDIR was prevented by SAMEC 

and reversed with BENAC.  

 

Using these findings, future directions should include investigating the role of 

putative etiologies of the insulin resistance in pregnancy at inducing the metabolic 

changes observed in non-pregnant females: this would include progesterone, estrogen, 

placental lactogen, leptin, chorionic gonadotropin, TNF-α and IL-6. Using such dose-

response studies, infusions of likely candidates of the metabolic changes in early and late 

pregnancy can be characterized in terms of impact on direct and HISS-dependent insulin 

action using the RIST.  

 

Additionally, the chronic administration of BENAC throughout pregnancy and in 

virgins should be studied for impact on adiposity in high-sucrose models of HDIR. If 

HDIR in pregnancy can be prevented and/or treated prior to the development of obesity, 

and subsequently diabetes, we stand a chance at stopping the impending tidal wave of 

T2DM in generations to come. Of particular interest would be to study the effects of 
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BENAC provided to the offspring of pregnancies complicated by HDIR and study the 

impact of BENAC on metabolic programming.  

 

Although pregnancy was characterized at 5 days and 15 days gestation, this marks 

only two time-points. 15-days gestation is just prior to the large growth phase of 

pregnancy, where the majority of weight gained is within the fetal compartment. It would 

be education to add a 21-day gestation animal in all the study groups (high-sucrose, 

BENAC, SAMEC) in order to examine for the presence of hyperglycemia secondary to a 

high-sucrose diet, and the impact of BENAC or SAMEC at modulating this. 

Alternatively, we could broaden this approach to include measurement of a continuum of 

pregnancy i.e. day 1 to 21, with multiple animals at each time point. This would allow us 

to examine the relationship between days gestation and insulin sensitivity in a more 

complete way.  

 

As pregnancy preserves HISS action in the fed state despite mounting insulin 

resistance, it is vital to establish any other possible roles it may have in healthy gestation. 

A blood flow study (using perhaps microspheres) could be conducted to isolate any 

blood-flow benefit related to HISS action, given the known vascular effects of HISS. 

Tissues of particular importance would include placenta, ovaries, uterus and fetus 

compared to liver, skeletal muscle and adipose tissue. This would need to be conducted at 

various time points in pregnancy. If HISS proved to be important in the vascular or 

cardiovascular adaptation to pregnancy, it may also have a role in other insulin resistant 

disorders of pregnancy such as pre-eclampsia.   
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This thesis set out to examine the role of HISS in the physiological and 

pathological insulin resistance occurring during pregnancy using the RIST. Insulin 

resistance in pregnancy is a natural phenomenon that plays an integral role in the 

metabolic adaptation to fetal energy needs, but when pathological, can result in obesity, 

gestational diabetes mellitus, and multiple deleterious obstetrical outcomes for mother 

and child (44, 273). Due to rising obesity and diabetes rates in the pregnant population, 

metabolic programming of the next generation is predicted to occur at an alarming rate 

(269). By gaining a more clear understanding of early forms of pathological insulin 

resistance, these studies will allow pursuit of other possible solutions to this growing 

problem.  
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