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Abstract 

Type 2 diabetes, non-alcoholic fatty liver disease, and obesity are paramount threats to the 

health, finances, and quality of life of hundreds of millions of Americans. Dysregulated 

macronutrient metabolism and energy homeostasis are central to these highly comorbid conditions, 

and current therapeutics fail to address the underlying cause of this metabolic dysfunction. We 

hypothesize that obesity-induced hepatic lipid accumulation drives hyperinsulinemia, insulin 

resistance, and hyperphagia by dysregulating peripheral parasympathetic nervous system activity. 

Chapter 1, previously published in the Journal of Endocrinology, reviewed multiple causes of fatty 

liver and their relationship to homeostatic glucose dysregulation.  To better understand the 

mechanism linking hepatic lipid accumulation to insulin resistance and hyperinsulinemia, we 

conducted studies aimed at understanding the role of hepatocyte membrane potential in regulating 

insulin homeostasis.  Chapter 2 established that 1) obesity depolarized hepatocytes and that 

hepatocyte depolarization increased serum insulin, 2) preventing hepatocyte depolarization in 

obesity limited the insulin resistance and hyperinsulinemia in obesity, 3) the obese liver released 

more of the inhibitory neurotransmitter GABA, 4) GABA-Transaminase (GABA-T) inhibition, 

hepatocyte hyperpolarization, and extracellular NaCl prevented liver GABA release, and 5) 

pharmacological inhibition of GABA-T reversed obesity associated hyperinsulinemia and insulin 

resistance.  Together this data led to a series of new hypotheses that were tested in subsequent 

chapters.  In chapter 3, we used an antisense oligonucleotide (ASO) targeted to GABA-T to 

knockdown peripheral gene expression.  GABA-T ASO treatment effectively eliminated hepatic 

GABA-T expression and restored normal liver GABA release, serum insulin, and insulin sensitivity 

in obesity.  Furthermore, hepatic GABA-T knockdown decreased food intake and caused body 

weight loss in obesity.  In turn, hepatic GABA-T is involved in the dysregulated glucose and energy 

homeostasis of obesity.  The research presented in chapters 2 and 3 also showed that the hepatic 

vagal nerve was integral to the improved gluco-regulation and energy homeostasis with GABA-T 

inhibition and knockdown.  We hypothesize decreased hepatic vagal afferent nerve (HVAN) 
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activity increases parasympathetic efferent acetylcholine release onto β-cells to stimulate 

hyperinsulinemia and decreases acetylcholine release onto skeletal muscle endothelial cells to 

induce insulin resistance.  In chapter 4, we performed a series of studies to better understand the 

role of efferent parasympathetic signaling in the dysregulated glucose metabolism of obesity.  β-

cell muscarinic signaling amplifies insulin release while endothelial cell muscarinic signaling 

increases muscle microvasculature perfusion and glucose clearance. We established that 

muscarinic 3 receptor (M3R) signaling does not mediate obesity-induced hyperinsulinemia but a 

loss of endothelial cell M3R signaling exaggerates insulin resistance.  We further showed that 

chronically increasing endothelial cell M3R signaling can improve insulin sensitivity in diet-

induced obese mice.  The relatively minor phenotype of these mouse models with altered 

muscarinic signaling may be due to compensation by M1R or altered sympathetic nervous system 

activity, both of which warrant future research.  Together, the research described in this dissertation 

mechanistically implicates hepatic GABA-HVAN signaling in the metabolic and energy 

dysregulation of obesity, and identifies new therapeutic targets (hepatocyte membrane potential, 

GABA-T, GABA transporters/receptors, M3R) to more effectively treat the underlying cause of 

disease.   
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Introduction 

 Over 160 million American adults are overweight or obese, over 110 million are pre-

diabetic or type 2 diabetic, and over 80 million have non-alcoholic fatty liver disease (NAFLD) 

(Estes, Razavi, Loomba, Younossi, & Sanyal, 2018; Prevention., 2017a, 2017b). These conditions 

have an extremely high degree of comorbidity, as 87% of diabetics are overweight or obese and 

NAFLD is present in 60-70% of diabetics and 65-85% of obese individuals (Chon et al., 2016; 

Fabbrini, Sullivan, & Klein, 2010; Prevention., 2017a; Schindhelm, Heine, & Diamant, 2007). 

Type 2 diabetes (T2D) and associated complications were the 7th leading cause of death in 2015 

and the total estimated healthcare costs of diagnosed diabetes in 2017 was $327 billion (American 

Diabetes, 2018; Prevention., 2017a). In fact, 1 in 4 health care dollars in the United States is spent 

on diabetes care (American Diabetes, 2018). The high prevalence, mortality, and economic burden 

of T2D demands a better understanding of the underlying disease pathology to develop more 

effective therapeutics. 

Current pharmaceutical treatments for T2D have been developed based on their ability to 

lower blood glucose. Metformin, currently the most prescribed oral hypoglycemic agent, acts 

primarily to decrease hepatic glucose output (Baur & Birnbaum, 2014; Madiraju et al., 2014; Shaw 

et al., 2005). Thiazolidinediones reduce insulin resistance through activating PPARγ signaling in 

skeletal muscle and adipose tissue, while insulin secretagogues (sulfonylureas) stimulate insulin 

release by promoting β-cell depolarization (Gupta et al., 2016). However, current anti-diabetic 

drugs achieve optional glycemic control in only 41% of patients (Agarwal, Jadhav, & Deshmukh, 

2014). Still, anti-diabetic therapeutics introduced in the last 5 years have remained focused on 

pharmacologically decreasing hyperglycemia or enhancing insulin action without correcting an 

underlying metabolic disturbance (Ahuja & Chou, 2016; Hompesch, Patel, LaSalle, & Bolli, 2019; 

Oh da & Olefsky, 2016; Scheen, 2015). The inefficacy of current therapies and the pipeline of new 

therapeutic options that continue to treat hyperglycemia indicate we need to fundamentally shift 
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the paradigm of diabetes treatment strategies. Therapies aimed at the causes of T2D will more 

effectively treat diabetes than therapies that aim at manipulating insulin secretion or signaling.  

We hypothesize that hepatic lipid accumulation is the driving force behind obesity-

associated metabolic and energy homeostasis dysregulation. In fact, NAFLD is a stronger risk 

factor in the development of type 2 diabetes (T2D) than obesity (Sinn et al., 2019). Abnormal 

insulin secretion and peripheral insulin resistance are central to the pathology of fatty liver disease 

as 100% of NAFLD cases display post-prandial hyperinsulinemia and 98% of nonalcoholic 

steatohepatitis patients are insulin resistant (Chitturi et al., 2002; Manchanayake, Chitturi, Nolan, 

& Farrell, 2011). Moreover, the degree of intrahepatic lipid content is correlated with the severity 

of hyperinsulinemia and insulin resistance (Chang et al., 2013; Chon et al., 2016; Kotronen, 

Juurinen, Tiikkainen, Vehkavaara, & Yki-Jarvinen, 2008). This dissertation describes a novel 

mechanism for how hepatic lipid accumulation increases β-cell insulin secretion, decreases insulin 

sensitivity, and dysregulates energy homeostasis to promote weight gain. This research proposes 

new pharmacologic targets which have the potential to treat the mechanisms underlying T2D and 

obesity and improve the quality of life for the nearly 50% of Americans afflicted by these 

conditions. 
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Chapter 1 – Literature Review 

The literature review for this dissertation “Hepatic Lipid Accumulation: Cause and Consequence 

of Dysregulated Glucoregulatory Hormones” previously published in the Journal of Endocrinology 

is found in full in Appendix 1. This review discusses the many causes of fatty liver disease, how 

the hormonal milieu of obesity is both affect by and contributes to fatty liver disease and the 

systemic glucoregulatory consequences of hepatic lipid accumulation. 
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Chapter 2 – Hepatic γ-Amino Butyric Acid Release Drives Hyperinsulinemia and Insulin 

Resistance 

Introduction 

Type II diabetes (T2D) is a global health concern that affects 30 million Americans, 

doubling both the risk of death and medical costs for an individual (Prevention., 2017a). Non-

alcoholic fatty liver disease (NAFLD) is strongly associated with an increased risk of developing 

diabetes, while the degree of hepatic steatosis is directly related to the severity of systemic insulin 

resistance, glucose intolerance, and hyperinsulinemia (Chang et al., 2013; Chon et al., 2016; 

Kotronen et al., 2008). We hypothesized that hepatic lipid accumulation caused hyperinsulinemia 

and insulin resistance and aimed to identify a potential mechanism by which this could be mediated  

 The hepatic vagal nerve may serve to communicate the nutritional status of the liver to the 

periphery to affect pancreatic insulin release and peripheral tissue insulin sensitivity. The hepatic 

vagal afferent nerve (HVAN) regulates parasympathetic efferent nerve activity at the pancreas to 

alter insulin secretion (Nagase, Inoue, Tanaka, Takamura, & Niijima, 1993). A decrease in HVAN 

firing frequency stimulates insulin release, while conversely an increase in HVAN firing frequency 

decreases serum insulin (K. C. Lee & Miller, 1985; Nagase et al., 1993).  The HVAN also regulates 

whole-body insulin sensitivity. Hepatic vagotomy diminishes insulin sensitivity and skeletal 

muscle glucose clearance in insulin sensitive rats, while improving insulin sensitivity and glucose 

tolerance in insulin resistant mice (Bernal-Mizrachi et al., 2007; Fernandes, Patarrao, Videira, & 

Macedo, 2011). Therefore, the firing frequency of the HVAN is integral to controlling insulin 

secretion and sensitivity.   

 Hepatic lipid accumulation depolarizes hepatocytes (Fitz & Scharschmidt, 1987). Because 

NAFLD is integral to the development of hyperinsulinemia and insulin resistance and the HVAN 

regulates insulin secretion and action, we tested the hypothesis that lipid induced hepatocyte 
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depolarization alters firing activity of the HVAN to drive the dysregulation of systemic glucose 

homeostasis common in obesity. 
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Materials and Methods 

Animals 

 All studies excluding those done in albumin-cre expressing mice were conducted using 

male wildtype C57BL/6J purchased from Jackson Laboratories or bred in-house (Bar Harbor, ME). 

Albumin-cre male mice were purchased from Jackson Laboratories and crossed with wildtype 

females to generate in-house breeding of experimental albumin-cre expressing mice (AlbCre/+) and 

sibling wildtype mice (Alb+/+). Mice were kept on a 14-hour light/10-hour dark schedule and housed 

3-5 mice per cage until 1 week prior to study initiation, at which point animals were individually 

housed. We conducted studies in lean chow fed mice (7013 NIH-31, Teklad WI, 3.1 kcal/g, 18% 

kcal from fat, 59% kcal from carbohydrate, 23% kcal from protein) at 12-16 weeks of age. Studies 

in diet induced obese mice dosed intraperitoneally with GABA transaminase inhibitors, mice 

treated with ethanolamine-O-sulfate in their drinking water, and mice treated with GABA-T 

targeted or scramble control antisense oligonucleotides were performed after 8-10 weeks on a high 

fat diet (TD 06414, Teklad WI, 5.1 kcal/g, 60.3% kcal from fat, 21.3% kcal from carbohydrate, 

18.4% kcal from protein; 20-26 weeks of age). For Kir2.1 studies, mice were randomly assigned to 

a virus treatment (Kir2.1 or eGFP expression). Studies in obese Kir2.1 expressing mice were 

performed at 3, 6, and 9 weeks after introduction of the high fat diet and all studies were repeated 

in 3 different cohorts. Kir2.1 and eGFP expressing mice weighing under 36 grams after 9 weeks of 

high fat diet feeding were excluded from all data. Studies in obese vagotomy and sham mice were 

performed after 9 weeks of high fat diet feeding. Unless fasted, mice had ad libitum access to food 

and water. All studies were approved by the University of Arizona Institutional Animal Care and 

Use Committee.  

 

Hepatic Vagotomy Surgeries 

Surgeries were performed in 12-week old male C57BL/6J mice under isoflurane anesthesia. Mice 

were randomly assigned to a surgical group (sham or vagotomy).  A ventral midline incision 
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through the skin and peritoneum allowed us to isolate the hepatic vagus nerve as it branched from 

the esophagus (Fig. 1A). In vagotomized mice, we severed the hepatic vagal nerve (Fig. 1A; arrow 

A), while it remained intact in sham operated mice.  The peritoneum was sutured with absorbable 

polyglactin 910 suture and the skin with nylon suture.  Mice were given a single post-operative 

dose of slow release formulated buprenorphine analgesic (1.2 mg/kg slow release, sub-cutaneous).  

We monitored food intake and body weight daily and removed sutures 7 days post-operation. 

 

Viral Induced Channel Expression 

 The depolarizing channel (PSAML141F,Y115F-5HT3HC), originally engineered by Dr. Scott 

Sternsons group (Magnus et al., 2011), was made by mutating the acetylcholine binding domain of 

a chimeric channel that included the binding domain of the α7 nicotinic acetylcholine receptor and 

the ion pore domain of the serotonin receptor 3a. The ligand binding domain mutations (Leu141 → 

Phe and Tyr115 → Phe) limited the agonist action of acetylcholine and allowed for stimulation by a 

pharmacologically selective effector molecule PSEM89S. The exogenous ligand PSEM89S opens 

the serotonin receptor 3a channel allowing Na+, K+, and Ca++ passage into the cell and membrane 

depolarization. AAV8 viral vectors were used for plasmid delivery in all the reported studies and 

were synthesized by the Penn Vector Core. Hepatic specific expression of the depolarizing channel 

was achieved through two different methods. First, expression of a cre-recombinase dependent 

depolarizing channel was driven by a globally expressed CAG promoter. LoxP sites limited 

expression to cre-recombinase expressing tissue, and tail vein injection of 1X1010 viral genome 

copies established hepatocyte expression in albumin-cre but not wildtype mice (Figs. 2A-2B and 

Supplemental Fig. 1A). Second, a separate AAV8 viral vector, induced hepatic specific expression 

of the same depolarizing channel by driving expression using the thyroxine binding globulin (TBG) 

promoter. Tail vein injection of 1X1011 viral genome copies established hepatocyte expression (Fig. 

2C and Supplemental Fig. 1B). The thyroxine binding globulin promoter also drove hepatic 

expression of the hyperpolarizing, inward-rectifier K+ channel, Kir2.1. Tail vein injection of 1X1011 
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viral genome copies established hepatocyte specific expression (Fig. 3A). To confirm channel 

expression and tissue specificity, all viral vector plasmids encoded for enhanced green fluorescent 

protein (eGFP). 

 

Electrophysiology 

 We performed simultaneous in vivo recordings of hepatocyte membrane potential and 

hepatic afferent vagal nerve firing activity in anesthetized (isoflurane) mice to directly assess the 

effect of hepatocyte depolarization on hepatic afferent vagal nerve activity. The abdomen was 

shaved and scrubbed with betadine and isopropanol before an incision through the skin and 

peritoneum was made to expose the internal organs. The intestines were moved to expose the liver 

and one lobe of the liver was secured onto a small platform to minimize movement caused by 

respiration. A ground electrode was secured under the skin and the hepatic vagal nerve was gently 

lifted onto a hook-shaped electrode (Fig. 1A; arrow A) attached to the positive pole of a Grass P511 

AC coupled amplifier, and the signal was filtered with a bandwidth of 300-1000 Hz. The nerve and 

hook electrode were dried and surrounded with ice cold kwik-sil to secure placement of the hook. 

The hepatic vagal nerve to the right of the hook, near the esophagus was cut to eliminate efferent 

firing (Fig. 1A; arrow B). Once the kwik-sil had set, the anesthetized mouse was bathed in 37⁰C 

Krebs-Henseleit (KH) buffer gassed with CO2. After placement and sealing of the hook electrode, 

45-60 minutes of basal nerve activity was monitored/recorded with pClamp software (version 10.2; 

Molecular Devices) until nerve activity stabilized, after which, we began treatments. 

Simultaneously, intracellular recordings of hepatocytes were made with sharp glass 

electrodes (30-40 MΩ) pulled from thin-walled borosilicate glass capillary tubes (OD: 1 mm; ID: 

0.78mm; Sutter Instrument Co., Novato, CA), filled with 1.5M KCl and positioned visually using 

a motorized 4-axis micromanipulator (Siskiyou, Grants Pass, OR). Electrical signals were 

conducted via an Ag–AgCl electrode connected to a headstage (Axoclamp ME-1 probe), which 

was in turn connected to an Axoclamp 2B amplifier. Both nerve and intracellular signals were sent 
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to an A/D converter (Digidata 1322A, Molecular Devices, Sunnyvale, CA), digitized at 20 kHz and 

viewed on a computer monitor using pClamp software (version 10.2; Molecular Devices). 

Before treatments were applied hepatocyte impalement was determined by an abrupt 

negative deflection upon penetration of the cell and a stable intracellular potential (-45 to -25 mV 

for mouse hepatocytes) for at least 2 minutes. If the recording of hepatocyte membrane potential 

was not stable the electrode was removed and membrane potential was measured on another 

hepatocyte. 

To assess the response to channel activation, PSEM89S ligand was bath applied (30 µM) 

for 45 min during recordings. In order to understand the effect of Kir2.1 channel on hepatocyte 

membrane potential, a 10-minute baseline measure was collected and then Barium (BaCl 50 μM) 

was bath applied and recording continued for 45 minutes. Barium blocks Kir2.1 mediated current, 

thus the change in membrane potential in response to barium indicates the degree of 

hyperpolarization resulting from Kir2.1 channel expression. In all electrophysiology studies mice 

were sacrificed by cutting the diaphragm and subsequent cervical dislocation. Tissues were 

collected to confirm tissue specificity of channel expression and the % of hepatocytes that were 

expressing the channel. All studies were performed at room temperature (25ºC). 

 

Immunohistochemistry and Imaging 

 To confirm the specificity and extent of viral-induced channel expression in hepatocytes, 

immunohistochemistry for GFP was performed. Liver, adipose, pancreas, and skeletal muscle were 

collected into 4% paraformaldehyde in 0.1 M PBS (Phosphate Buffered Saline) immediately after 

sacrifice. After 4 h at 4°C, tissues were transferred to a 30% sucrose solution in 0.1 M PBS and 

kept at 4°C until tissues sunk to the bottom of the solution. Tissues were snap frozen on liquid 

nitrogen in OTC (Optimal Cutting Temperature; Sakura Finetek USA Inc, Torrance, CA) and 

stored at -80°C.  We used a cryostat HM 520 (MICROM International GmbH, Walldorf, Germany) 

to get 10 µM thick slices which we collected onto Superfrost Plus slides.   Immunohistochemistry 
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for GFP alone (Figs. 2A-2C and Supplemental Figs. 1A-1B) was performed as follows:  Briefly, 

slides were washed twice in PBS and twice in PBST (3% Triton in PBS) before being exposed to 

blocking solution (5% normal goat serum in PBST) for 1 h.  Slides were subsequently exposed to 

a 1:5000 dilution of the primary anti-GFP antibody in blocking solution (Alexa488-conjugated 

rabbit anti-GFP; Life Technologies, Waltham, MA) for 3 hours at room temperature. After primary 

antibody incubation we washed the slides 3 times in PBST and 2 times in PBS prior to placing the 

coverslip with DAPI Fluoromount-G as the mounting medium (SouthernBiotech, Birmingham, 

AL). Fluorescent imaging was performed without antibody amplification in mice administered the 

AAV8 that encoded for Kir2.1 and tdTomato.  Immunohistochemistry for GFP and the hepatocyte 

specific marker arginase-1 (Supplemental Figs. 1C-1E) was performed as follows: Slides were 

washed twice in PBS and twice in PBST (3% Triton in PBS) before being exposed to blocking 

solution (5% normal donkey serum in PBST) for 1 h.  Slides were then incubated overnight at 4ºC 

in a 1:400 dilution of the primary anti-arginase-1 antibody in blocking solution (Rabbit anti-liver 

arginase ab91279; Abcam, Cambridge, UK). After overnight primary antibody incubation slides 

were washed 5 times with PBST and exposed to a 1:500 dilution of the primary anti-GFP antibody 

(Alexa488 conjugated mouse anti-GFP sc-9996 AF488; Santa Cruz, Dallas, TX) and the secondary 

anti-rabbit antibody (Alexa568 conjugated donkey anti-rabbit A10042; Thermo Fisher, Waltham, 

MA) in blocking solution and for 1 hour at room temperature. Slides were then washed 5 times in 

PBST and 2 times in PBS prior to applying DAPI and a coverslip. Immunohistochemistry for 

calcitonin gene-related peptide (CGRP) and GABAA, and calretinin and GABAA were performed 

identical to that described for GFP and arginase-1 with the following primary anti-CGRP and anti-

GABAA antibodies at a 1:100 dilution (Goat anti-CGRP ab36001 and rabbit anti-GABAA α5 

ab10098; Abcam, Cambridge, UK) and the primary anti-calretinin antibody at a final concentration 

of 15 µg/mL (Goat anti-calretinin AF5065; R&D Systems, Inc., Minneapolis, MN). The secondary 

anti-rabbit and anti-goat antibodies were used at a 1:500 dilution (Alexa568 conjugated donkey 

anti-rabbit A10042 and alexa488 conjugated donkey anti-goat A32814; Thermo Fisher, Waltham, 
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MA). Images were collected by fluorescent microscopy (Leica DM5500B, Leica Microsystems, 

Wetzlar, Germany), captured using HCImage Live, and formatted in Image-Pro Premier 9.2. 10X 

magnification was used to ensure a wide field of vision and accurate assessment of degree of 

expression. 20X magnification was used to image co-staining for GFP and arginase-1. 

 

PSEM89S Ligand Injection Studies 

 All studies in virus injected mice were conducted at least 5 days post virus injection to 

allow for maximal channel expression. Individually housed mice were intraperitoneally injected 

with the ligand for the depolarizing channel (PSEM89S; 30mg/kg; 0.1mL/10g body weight) or PBS 

(0.1mL/10g body weight).  

Studies conducted in mice injected with the cre-dependent depolarizing channel virus took place at 

8 am. Food was removed upon study initiation.  Blood for serum insulin and glucose determination 

was collected from the tail vein 15 minutes following intraperitoneal injection. All mice received 

both saline and PSEM89S ligand injection on separate days.  

Studies conducted in mice expressing the cre-independent depolarizing channel began at 1 

PM following a 4 hour fast. Mice received an oral glucose gavage (2.5 g/kg) 10 minutes after 

intraperitoneal injection of the PSEM89S ligand or saline. 15 minutes following glucose 

administration (25 minutes post treatment injection), blood for serum insulin and glucose 

determination was collected from the tail vein. All mice received both saline and PSEM89S ligand 

injection on separate days. These studies were repeated in 2 cohorts.   

 

GABA Transaminase Inhibitor Studies 

 Wildtype lean and obese mice were randomly divided into treatment groups and dosed 

daily with 8 mg of ethanolamine-O-sulfate (EOS; Sigma-Aldrich, St. Louis, MO), vigabatrin 

(United States Pharmacopeia, Rockville, MD) or PBS (Fig. 5 and Supplemental Fig. 6). Obese 

sham and vagotomy mice were dosed daily with 8 mg of EOS (Fig. 6). In all cases, basal bleeds 
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were taken prior to initiation of an ITT. Lean mice received treatment by oral gavage 

(0.3mL/mouse) while obese mice were treated by intraperitoneal injection (0.3 mL/mouse). Pre-

treatment studies were conducted in the week immediately prior to beginning drug administration. 

Daily doses took place at 9 am each day and an oral glucose tolerance tests (OGTT) and insulin 

tolerance tests (ITT) were performed on the third and fourth days of treatment in lean mice, 

respectively. In wildtype obese mice, OGTT and ITT were performed on the fourth day of treatment 

in separate cohorts. On the fifth day of treatment, a methylatropine bromide injection study was 

performed in some cohorts while other cohorts underwent a 2DG clearance study. In 

sham/vagotomy mice, OGTT and ITT were performed on the 4th and 5th day of treatment, 

respectively. After a 2-week washout period without treatment injection, a basal bleed and bleed 

15 minutes after an oral glucose gavage (2.5 mg/kg) to determine oral glucose stimulated insulin 

secretion were performed.  

 In a separate set of studies, an ITT was performed in obese mice to establish insulin 

resistance.  Subsequently, EOS was provided ad libitum in the water (3g EOS/L; Supplemental Fig. 

5) for 4 days.  An OGTT and ITT were performed on days 3 and 4 of treatment, respectively.   The 

water was then removed, and an ITT was performed 2 weeks later to establish the timing of 

restoration of insulin resistance after drug removal. 

 

Liver Slice Explant Studies 

 Liver slices from experimental mice were incubated ex vivo to measure release of signaling 

molecules. A peristaltic pump perfusion system was used to deliver warmed KH buffer to the liver 

through the portal vein. Briefly, mice were anesthetized with an intraperitoneal injection of 

ketamine (10mg/mL) and diazepam (0.5mg/mL). Once mice were unresponsive, an incision in the 

lower abdomen through the skin and peritoneal membrane was made vertically through the chest 

along with transverse incisions on both sides to expose the liver. A 30-gauge needle was inserted 

into the hepatoportal vein to blanch the liver. The inferior vena cava was cut to relieve pressure in 
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the circulatory system and allow blood to drain.  The perfusion continued for several minutes at a 

rate of 4mL/minute until the liver was completely blanched. The liver was removed and washed in 

warm PBS before being sliced into 0.2 mm slices using a Thomas Sadie-Riggs Tissue Slicer. Two 

liver slices were taken from each mouse. Tissue slices were placed individually into a well on a 12-

well plate pre-filled with 1mL of KH buffer that had been sitting in an incubator set to 37°C and 

gassed with 5% CO2. Liver slices were incubated in the initial well for 1 hour to stabilize before 

being transferred to a fresh well pre-filled with KH buffer. Liver slices treated with the GABAT 

inhibitor EOS were incubated in media contained EOS (5.3 mM) during the second hour of 

incubation. Liver slices incubated in reduced and low NaCl media sat in normal KH buffer (NaCl 

118 mM) for the first hour and then were transferred to reduced (60 mM) or low NaCl (15 mM) 

KH buffers for the second hour. For the reduced and low NaCl medias, respectively, 58 and 103 

mM of NaCl were replaced with 116 and 206 mM of mannitol to maintain the osmolarity of the 

buffer. After 1 hour in the second well, tissue and media were collected.  Liver slice samples and 

KH media samples from both wells of each mouse were pooled. Liver slices were snap frozen in 

liquid nitrogen, while media was frozen and stored at -80°C for future analysis.  

 

3H-2-deoxy-D-glucose Uptake Studies 

 On the fifth day of EOS or PBS treatment 3H-2-deoxy-D-glucose (2DG; 10uCi/mouse; 

PerkinElmer, Waltham, MA) was given to 4 hour fasted individually housed mice. Studies were 

performed in 2 cohorts on 2 different days. 2DG was given by oral gavage in a solution of glucose 

(2.5g/kg) and each mouse received the same dose based off the average body weight for their cohort 

(0.1mL/10g body weight). Mice were anesthetized by isoflurane and sacrificed by cervical 

dislocation 45 minutes following oral gavage. Liver, soleus, quadriceps femoris, and gonadal white 

adipose tissue were collected, weighed, and dissolved overnight in 1N NaOH (0.5mL/50mg tissue) 

at 55ºC on a shaker plate. 0.5 mL of dissolved tissue was added to 5 mL of scintillation cocktail 

(Ultima Gold, PerkinElmer, Waltham, MA) and disintegrations per minute (DPM) were measured 
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using a LS 6500 Multipurpose Scintillation Counter (Beckman Coulter, Brea, CA). DPM/g tissue 

weight was determined for each tissue and normalized based on a correction factor calculated by 

the average total DPM/g for all tissues divided by the total DPM/g for all tissues of the individual 

mouse.   

 

cGMP Analysis 

 On the fifth day of EOS or PBS treatment, mice were sacrificed and the quadricep and 

soleus tissue were collected and frozen on dry ice. Prior to analysis, frozen quadricep were 

powdered using a liquid nitrogen cooled mortar and pestle to obtain homogenous muscle samples. 

15-20 mg of quadricep and the entire soleus tissue (6-12 mg) were homogenized in 200 uL of a 5% 

trichloroacetic acid solution. Following 15 minutes of centrifugation at 3,000xg at 4°C, supernatant 

was transferred to a fresh tube for analysis of muscle cGMP by enzyme-linked immunosorbent 

assay (ELISA; ADI-900-164, Enzo Life Sciences, Farmingdale, NY). 

 

Glucose Tolerance Test 

 Oral glucose (2.5g/kg; 0.1mL/10g body weight; Chem-Impex Int’l Inc., Wood Dale, IL) 

was given to 4 hour fasted individually housed mice. All glucose tolerance tests began at 1 PM and 

glucose was measured in whole blood, collected from the tail vein, by glucometer (Manufacture # 

D2ASCCONKIT, Bayer, Leverkusen, Germany) at 0, 15, 30, 60, 90, and 120 minutes after glucose 

gavage. Blood for serum insulin (oral glucose stimulated insulin secretion; OGSIS) and glucose 

determination was collected from the tail vein 15 minutes following glucose administration. 

 

Insulin Tolerance Test 

 Intraperitoneal insulin (0.75U/kg; 0.1mL/10g body weight; Sigma Aldrich, St. Louis, MO) 

was given to 4 hour fasted individually housed mice. All insulin tolerance tests began at 1 PM and 

glucose was measured in whole blood, collected from the tail vein, by glucometer (Manufacture # 
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D2ASCCONKIT, Bayer, Leverkusen, Germany) at 0, 30, 60, 90, and 120 minutes after insulin 

injection.  For the studies focused on GABAT inhibition in obese mice (Fig. 6 and 7) the 

intraperitoneal insulin dose was (0.5 U/kg; 0.1 mL/10g body weight).  

 

Pyruvate Tolerance Test 

 Intraperitoneal sodium pyruvate (1.5g/kg; 0.1mL/10g body weight; Alfa Aesar, Ward Hill, 

MA) was given to 16 hour fasted individually housed mice. Mice were switched to wood chip 

bedding (Harlan Laboratories; Cat. # 7090 Sani-Chips) at the initiation of the fast. All pyruvate 

tolerance tests began at 9 am and the rise in glucose was measured in whole blood, collected from 

the tail vein, by glucometer (Manufacture # D2ASCCONKIT, Bayer, Leverkusen, Germany) at 0, 

30, 60, 90, and 120 minutes after pyruvate injection.  This is indicative of hepatic gluconeogenic 

potential from pyruvate.   

 

Carbachol Stimulated Insulin 

 Intraperitoneal carbachol (carbamoylcholine chloride; 0.53μmol/kg; 0.1mL/10g body 

weight; Sigma Aldrich, St. Louis, MO) was given to 4 hour fasted individually housed mice. All 

studies began at 1 PM and tail vein blood was collected 5 minutes following carbachol injection 

for measuring serum insulin and glucose concentrations.  

 

Serum Assays 

 Within 2 hours of collection, blood was left to clot at room temperature for 20 minutes.  

Thereafter the blood was centrifuged at 3,000xg for 30 minutes at 4°C and serum was collected. 

Serum was stored at -80°C until metabolite and hormone analyses. Serum glucose was analyzed by 

colorimetric assay (Cat. # G7519, Pointe Scientific Inc., Canton MI). Serum insulin was analyzed 

by enzyme-linked immunosorbent assay (ELISA; Cat. # 80-INSMSU-E01,E10, Alpco, Salem, 

NH). Serum glucagon was analyzed by enzyme-linked immunosorbent assay (ELISA; Cat. # 10-
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1281-01, Mercodia, Uppsala, Sweden) from tail vein blood collected at 9 am from fed mice 

(Vagotomy and EOS studies) or after a 4 hour fast at 1 PM (Kir2.1 study).  

 

Explant Media Analysis 

 Preliminary media samples were sent to the Mayo Clinic Metabolomics Regional Core for 

mass spectrophotometry analysis using their neuromodulators panel (Supplemental Table 1). For 

all liver slice GABA and aspartate release data, we thawed the media collected from the ex vivo 

hepatic slice culture on ice and centrifuged for 5 minutes at 10,000xg at 4°C to remove tissue debris. 

We then measured GABA in the supernatant using a commercially available ELISA (REF# BA E-

2500, Labor Diagnostika Nord, Nordhorn, Germany).  

 Aspartate release was measured using liquid chromatography-mass spectrometry. Samples 

were prepared for analysis by LC-MS/MS using protein precipitation.  Twenty μl of each sample 

and standard curve increment was transferred to 1.5 ml tubes.  One hundred eighty μl acetonitrile 

(ACN) was added to each tube followed by a 5 second vortex.  All samples were incubated at 4°C 

for one hour for precipitation.  Samples were then centrifuged at 10,000 RPM for 10 minutes and 

the supernatant transferred to 300 μl HPLC vials for analysis. The aqueous portion of the mobile 

phase was buffered using 10 mM ammonium bicarbonate with the pH adjusted to 7.4 using 1M 

formic acid and ammonium hydroxide.  Methanol was used as the organic portion of the mobile 

phase.  The column for separation was a Phenomenex Luna Silica(2) with 5 μm particle diameter 

and 100 Å pore size.  Column internal diameter was 4.6 mm and length was 150 mm.  A Shimadzu 

LC10 series HPLC with two dual piston pumps was used for sample injection and solvent delivery.  

The flow rate was fixed at 300 μl per minute. Aspartate was quantified using an LTQ Velos Pro 

mass spectrometer.  Eluate from the Shimadzu HPLC was ionized using a Thermo ESI source.  

Source voltage was 6 kV; sheath and auxiliary gas flows were 40 and 20 units respectively.  The 

ion transfer capillary was heated to 300°C.  The LTQ Velos Pro was operated in negative SRM 

mode using two transitions: 132.1->115 for quantification and 132.1->88.1 as a qualifier.  Data 
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integration and quantification were performed using the Thermo Xcalibur software packaged with 

the LTQ Velos Pro. 

  

Liver Analyses 

 Prior to analysis, frozen livers were powdered using a liquid nitrogen cooled mortar and 

pestle to obtain homogenous liver samples. To measure liver DNA content (ng dsDNA/g tissue), 

10-20 mg of powdered liver was sonicated in 200μL DEPC H2O and dsDNA determined by 

fluorometric assay (Cat. # P7589, Invitrogen, Waltham, MA). Whole liver mRNA was isolated 

from powered liver samples with TRI Reagent® (Life Technologies, Grand Island, NY) and phenol 

contamination was eliminated by using water-saturated butanol and ether as previously described 

(Krebs, Fischaleck, & Blum, 2009). cDNA was synthesized by reverse transcription with Verso 

cDNA synthesis kit (Thermo Scientific, Inc., Waltham, MA), and qPCR performed using SYBR 

2X mastermix (Bio-Rad Laboratories, Hercules, CA) and the Biorad iQTM5 iCycler (Bio-Rad 

Laboratories, Hercules, CA). Expression of β-actin (ACTβ) and GABA-Transaminase (ABAT) 

mRNA were measured using the following primers (5’→3’): ACTβ; Forward – 

TCGGTGACATCAAAGAGAAG Reverse – GATGCCACAGGATTCCATA, ABAT; Forward – 

CTGAACACAATCCAGAATGCAGA Reverse - GGTTGTAACCTATGGGCACAG. LinReg 

PCR analysis software was used to determine the efficiency of amplification from raw output data 

(Ramakers, Ruijter, Deprez, & Moorman, 2003). ACTβ served as the reference gene for calculating 

fold change in gene expression using the efficiency-∆∆Ct method (Livak & Schmittgen, 2001). 

Total liver lipids were extracted from powdered liver samples. Briefly, 10-20 mg of sample 

was sonicated in 100µL PBS. 1 mL of 100% ethanol was added to each sample and vortexed for 

10 minutes. Following 5 minutes of centrifugation at 16,000xg at 4°C, supernatant was transferred 

to a fresh tube for analysis of liver triglycerides (Cat. # T7531, Pointe Scientific Inc., Canton, MI). 
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Hepatic NADH and NAD were quantified by fluorometric assay (ab176723, Abcam, 

Cambridge, UK). Hepatic ATP concentrations were assessed as previously described (Geisler, 

Hepler, Higgins, & Renquist, 2016b). 

 

Statistics 

 We analyzed the data in SAS Enterprise Guide 7.1 (SAS Inst., Cary, NC), using a mixed 

model ANOVA for all analyses. ANOVA tests do not have a one-tailed vs. two-tailed option, 

because the distributions they are based on have only one tail. When comparisons between all 

means were required, we used a Tukey’s adjustment for multiple comparisons.  When comparisons 

of means were limited (e.g. only within a timepoint or treatment), we used a bonferonni correction 

for multiple comparisons.  For the analysis of ITT, OGTT, and PTT repeated measures ANOVA 

were performed by including time point in the analysis.  When applicable analyses were conducted 

separately for chow and HFD fed mice.  In the Kir2.1 mice, which were monitored for response at 

0, 3, 6, and 9 weeks, analyses were performed for each timepoint individually.  For analysis of cre-

dependent depolarizing channel effects (Fig. 2E-2I), analysis was performed in each genotype 

separately (Albcre/+ or Alb+/+) and the main effect was injection (PSEM89S ligand or saline).  For 

analysis of the studies using the thyroxine binding promoter driven ligand gated depolarizing 

channel (Fig. 2J-2L) we had the main effect of injection (PSEM89S ligand or saline).  For the 

vagotomy analyses (Fig. 1) the main effect was surgery (sham or vagotomy) and weeks on high fat 

diet when applicable.   For the Kir2.1 analyses (Fig. 3 and Supplemental Figs. 2-3) the main effect 

was virus (eGFP or Kir2.1).  For the studies using the GABAT inhibitors (Fig. 5 and Supplemental 

Figs. 5 and 6) the main effect was treatment (PBS, Vigabatrin, or EOS). For EOS treated sham and 

vagotomy mice (Fig. 6) the main effect was surgery (sham or vagotomy) and treatment (PBS or 

EOS). Pre-, during, and post-treatment measures were taken for basal glucose, insulin, and glucose 

stimulated insulin, thus a repeated measure analysis including time (pre-, during, or post-treatment) 

was performed separately within each injection or surgical treatment. For analysis of the effect of 
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EOS on 2DG uptake and cGMP, analysis was performed separately for each tissue. Linear 

regressions of body weight and serum insulin concentrations were performed on Kir2.1 and eGFP 

controls, and sham and vagotomized mice using SAS Enterprise Guide 7.1. All insulin tolerance 

tests are presented as a percentage of baseline glucose in main and supplemental figures, and 

additionally presented as raw glucose values in Supplemental Fig. 8. All graphs were generated 

using GraphPad Prism 7.03 (GraphPad Software Inc., La Jolla, CA).  
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Results 

Hepatic Vagotomy Protects Against Diet-induced Hyperinsulinemia 

To investigate our hypothesis that hepatic lipid accumulation drives hyperinsulinemia and 

insulin resistance by altering HVAN activity, we set out to test if obesity-induced insulin 

dysregulation is dependent on an intact hepatic vagal nerve. We hypothesized that hepatic 

vagotomy would mute obesity-induced hyperinsulinemia and insulin resistance.  We performed 

hepatic vagotomy or sham surgery in lean mice then provided them a 60% high fat diet (HFD; 

Teklad, TD 06414) for 9 weeks. The operative field is visualized in Fig. 1A, with arrow A 

indicating the hepatic vagal branch which was severed to hepatic vagotomize mice (Fig. 1A). 

Vagotomy suppressed weight gain on a HFD starting at week 6 (Fig. 1B). Hepatic vagotomy 

lowered serum insulin and elevated the glucose:insulin ratio at both 0 and at 9 weeks on the HFD, 

while decreasing serum glucose concentrations after 9 weeks of HFD feeding (Fig. 1C-1E). For the 

same increase in body weight during HFD feeding, the rise in serum insulin was greater in sham 

than vagotomized mice, supporting that the protection against obesity-induced hyperinsulinemia 

with vagotomy is not due to limited weight gain on the HFD (Fig. 1F). Serum glucagon 

concentrations in HFD fed mice were not different between surgical treatments (Fig. 1G).  

Vagotomy improved oral glucose tolerance at 9 weeks on the HFD, while simultaneously 

decreasing glucose stimulated insulin concentrations (Figs. 1H-1J).  Vagotomy also improved 

insulin sensitivity in obese mice (Figs. 1K-1L). These data support the conclusion that surgically 

interrupting hepatic vagal signaling attenuates the development of diet-induced hyperinsulinemia 

and insulin resistance.   

Hepatocyte Depolarization Depresses HVAN Firing Activity 

 Obesity depolarizes hepatocytes (Fig. 2D). We hypothesize that obesity induced 

hepatocyte depolarization is communicated through the HVAN to dysregulate insulin secretion and 

action. We used the genetically-engineered, PSEM89S ligand-gated depolarizing ion channel 

described by Magnus, et al. (2011), to assess the effect of hepatocyte depolarization on HVAN 
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firing activity (Magnus et al., 2011). We intravenously delivered an adeno-associated virus serotype 

8 (AAV8) encoding this PSEM89S ligand-gated depolarizing channel and green fluorescent protein 

(eGFP) flanked by LoxP sites to wildtype mice or mice expressing liver specific cre-recombinase 

driven by the albumin promoter (Michael et al., 2000; Thierbach et al., 2005). Thus, this channel 

will only be expressed in albumin-cre recombinase expressing mice and only in the presence of 

PSEM89S ligand will hepatocytes be depolarized. We performed immunohistochemistry against 

GFP to confirm liver specific channel expression in albumin-cre expressing mice and no expression 

in wildtype mice (Figs. 2A-2B). No GFP expression was observed in skeletal muscle, pancreas, or 

adipose tissue of albumin-cre mice (Supplemental Fig. 1A). To assess the influence of hepatocyte 

depolarization on HVAN firing activity we simultaneously measured hepatocyte membrane 

potential and HVAN activity in the anesthetized mouse. Bath application of the PSEM89S ligand 

(30 µM) depolarized hepatocytes and decreased HVAN firing activity in albumin-cre, channel 

expressing mice (Figs. 2E-2F), while having no effect on either hepatocyte membrane potential or 

HVAN in wildtype mice (Figs. 2E-2F). To record HVAN firing activity, the hepatic vagal nerve 

was gently lifted and placed onto a hook-shaped electrode (Fig. 1A; arrow A). After the electrode 

placement was secured, the hepatic vagal nerve to the right of the hook near the esophagus (Fig. 

1A; arrow B) was cut to eliminate efferent firing activity. 

Acute Hepatic Depolarization Elevates Serum Insulin 

 Hepatocyte depolarization depresses HVAN activity (Figs. 2E-2F), while loss of HVAN 

signaling in obesity protects against the development of hyperinsulinemia (Fig. 1C). Therefore, we 

hypothesize that hepatocyte depolarization causes hyperinsulinemia. To directly test this causative 

relationship, we assessed the insulin response to PSEM89S ligand-induced hepatocyte 

depolarization. Intraperitoneal administration of PSEM89S ligand (30 mg/kg) more than doubled 

serum insulin and decreased serum glucose concentrations in albumin-cre mice, whose hepatocytes 

express the PSEM89S ligand activated depolarizing channel (Figs. 2G-2H). Accordingly, 

PSEM89S ligand decreased the glucose:insulin ratio in albumin-cre mice (Fig. 2I). Notably, 
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PSEM89S ligand did not alter serum insulin, glucose, or the glucose:insulin ratio in wildtype mice 

(Figs. 2G-2I). 

 We developed a second model of hepatocyte depolarization in which liver specific 

expression of the same PSEM89S ligand-gated depolarizing channel and GFP was independent of 

cre-recombinase and instead driven by the liver specific thyroxine binding globulin (TBG) 

promoter (Ballantyne et al., 2016; Yan, Yan, & Ou, 2012). Wildtype mice intravenously injected 

with this AAV8 had liver specific GFP expression that was confirmed by immunohistochemistry 

(Fig. 2C).  No GFP expression was observed in skeletal muscle, pancreas, or adipose tissue 

(Supplemental Fig. 1B). To further validate that the GFP positive cells in the liver are hepatocytes, 

we performed double immunohistochemistry for GFP and the hepatocyte specific marker, arginase-

1. Livers from mice injected with the TBG promoter AAV8 show clear co-staining for GFP and 

arginase-1 (Supplemental Figs. 1C-1E), confirming the specificity of our viral vector. To ensure 

stimulatory concentrations of circulating glucose, we gave an oral glucose gavage (2.5 g/kg body 

weight) 10 minutes following IP PSEM89S ligand (30 mg/kg) injection. As previously observed, 

intraperitoneal PSEM89S ligand administration elevated serum insulin and lowered the 

glucose:insulin ratio in mice expressing the depolarizing channel (Figs. 2J and 2L). PSEM89S 

ligand injection did not affect the rise in serum glucose following an oral gavage of glucose (Fig. 

2K). These data establish that acute hepatocyte depolarization depresses HVAN firing activity and 

increases serum insulin concentrations.  

Hepatic Hyperpolarization Protects Against Diet-induced Metabolic Dysfunction  

 Having established that hepatocyte depolarization increases serum insulin concentrations 

(Fig. 2), and that the hepatic vagal nerve is essential for diet induced hyperinsulinemia (Fig. 1C), 

we next hypothesized that hepatocyte hyperpolarization would prevent obesity induced 

hyperinsulinemia.  To induce a chronic hyperpolarized state, we used an AAV8 viral vector 

encoding TBG promoter driven expression of the inward rectifying K+ channel, Kir2.1, and eGFP 

(Fig. 3A).  Although this channel is inwardly rectifying in neurons, in hepatocytes, with a resting 



36 
 

membrane potential that ranges from -20 to -50 mV, Kir2.1 channel expression supports K+ efflux 

and hyperpolarization (Johns, Marx, Mains, O'Rourke, & Marban, 1999). We confirmed the 

hyperpolarizing effect of Kir2.1 by in vivo intracellular measurement of the membrane potential of 

hepatocytes before and after bath application of the Kir2.1 antagonist, Barium (Ba2+; 50 µM) (Johns 

et al., 1999).  Ba2+ induced a 6.86±1.54 mV depolarization of hepatocytes in Kir2.1 expressing 

mice but had no effect (-0.62±1.86 mV) in control eGFP expressing mice (Fig. 3B). 

 In lean mice, hepatocyte hyperpolarization decreased basal serum insulin and glucose 

concentrations (Supplemental Figs. 2A-2C), improved glucose clearance (Supplemental Figs. 2D-

2F) and enhanced insulin sensitivity (Supplemental Figs. 2G-2H). Kir2.1 expression did not affect 

gluconeogenic potential, as assessed by a pyruvate tolerance test (Supplemental Figs. 2I-2J). This 

establishes that hepatocyte membrane depolarization affects systemic glucose homeostasis in non-

disease conditions.    

Kir2.1 and eGFP expressing mice were provided a HFD for 9 weeks. Kir2.1 expression 

depressed weight gain on a HFD, reaching significance from weeks 6-9 on the HFD (Fig. 3C). 

Kir2.1 expression limited the rise in serum insulin and glucose in response to 3, 6, or 9 weeks of 

HFD feeding, and increased the glucose:insulin ratio after 9 weeks on the HFD (Figs. 3D-3F). 

Although Kir2.1 expression limited HFD induced weight gain, the same increase in body weight 

led to a greater increase in serum insulin concentration in eGFP control than in Kir2.1 expressing 

mice (Fig. 3G). Given the key anabolic role of insulin signaling (Gathercole et al., 2011; Scherer 

et al., 2011), the depressed HFD induced weight gain in Kir2.1 expressing mice may be secondary 

to the decreased serum insulin. Importantly, Kir2.1 expression did not affect HFD induced hepatic 

lipid accumulation (Kir2.1: 94.2±10.6 mg triglycerides/g liver versus eGFP control: 98.4±6.6 mg 

triglycerides/g liver; P = 0.73).  The absence of hyperinsulinemia in obese Kir2.1 expressing mice 

despite the development of hepatic steatosis supports hepatocyte depolarization as a critical 

mediator in the relationship between hepatic lipid accumulation and dysregulated glucose 

homeostasis. Kir2.1 expression decreased serum glucagon in diet induced obese mice (Fig. 3H).   
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At 3 weeks on the HFD, Kir2.1 expression improved glucose clearance without altering 

glucose stimulated serum insulin (Supplemental Figs. 3A-3C). Kir2.1 expression tended to 

improved insulin sensitivity at 3 weeks of HFD feeding (P = 0.064; Supplemental Figs. 3D-3E). 

After 9 weeks on the HFD, Kir2.1 expression improved glucose tolerance and insulin sensitivity 

(Figs. 3I-3M), while having no effect on gluconeogenic potential from pyruvate (Figs. 3N-3O). 

These results support the proposition that hepatocyte hyperpolarization protects against the 

development of hyperinsulinemia, hyperglucagonemia, hyperglycemia, glucose intolerance, and 

insulin resistance in diet induced obesity.   

Obesity Alters Hepatocyte Neurotransmitter Production, while Membrane Potential Affects 

Neurotransmitter Release 

 Resolving the mechanism by which hepatocyte membrane potential can alter HVAN and 

downstream peripheral nervous system activity is critical to understanding the link between fatty 

liver and insulin dysregulation. To investigate the possibility that the liver releases 

neurotransmitters to affect HVAN firing activity, we incubated liver slices ex vivo and measured 

the release of neurotransmitters into the media (Supplemental Table 1).  

 Since obesity depolarizes hepatocytes (Fig. 2D), and hepatocyte depolarization decreases 

HVAN firing activity (Figs. 2E-2F), we hypothesized that obese livers would display either an 

increase in the release of inhibitory or a decrease in the release of excitatory neurotransmitters. 

Liver slices from obese mice released more of the inhibitory neurotransmitter GABA than liver 

slices from lean mice (Fig. 4A). Hepatocytes synthesize GABA via the mitochondrial enzyme 

GABA-Transaminase (GABA-T) (White, 1981).  Hepatic GABA-T mRNA expression was 

increased in diet induced obesity (Fig. 4B).   

Hepatic GABA transporters, Betaine GABA transporter 1 (BGT1) and GABA transporter 

2 (GAT2), both co-transport 3 sodium ions and 1 chloride ion (Eskandari, Willford, & Anderson, 

2017). To establish the role of these ion dependent transporters in GABA export we showed that 

hepatic slice GABA release was encouraged by incubation in media with low concentrations of 
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sodium and chloride ions (Fig. 4C). Diet induced obesity decreased hepatic ATP concentrations 

(Fig. 4D) and lowered hepatic activity of the Na+/K+ ATPase (Stanimirovic et al., 2018). We 

propose that increased intracellular sodium ions and hepatocyte depolarization resulting from 

diminished Na+/K+ ATPase activity in obesity promotes GABA efflux (Fig. 4K). In contrast, Kir2.1 

expression, which limited obesity-induced hepatocyte depolarization, decreased obesity-induced 

hepatocyte slice GABA release without altering the obesity-induced increase in GABA-T mRNA 

expression (Figs. 4A-4B). The electrogenic nature of GABA transporters results in GABA release 

being affected by the electrochemical gradient across the plasma membrane (Fig. 4K).  

To establish the relationship between GABA-T activity and hepatocyte GABA release, we 

treated liver slices with the irreversible GABA-T inhibitor, ethanolamine-O-sulphate ex vivo (EOS; 

5.3 mM). EOS decreased GABA export from obese control and obese Kir2.1 expressing liver 

slices, but not liver slices from lean mice (Fig. 4E). This supports the hypothesis that GABA 

production is elevated in obesity and that GABA-T mediated synthesis of GABA is not impaired 

by Kir2.1 expression. Hepatocytes from obese mice also released less of the excitatory 

neurotransmitter, aspartate, than hepatocytes from lean mice (Fig. 4F). There was no effect of 

Kir2.1 expression on the obesity-induced decrease in aspartate release from liver slices (Fig. 4F).  

Vagal afferent innervation in the liver has previously been identified using the vagal 

sensory immunohistochemical marker calretinin 20,21. Calcitonin gene-related peptide (CGRP) has 

also been proposed as a marker of hepatic vagal afferent innervation and hepatic CGRP staining is 

eliminated by capsaicin treatment 22 and substantially reduced following bilateral vagotomy 23. We 

confirmed the presence of both calretinin and CGRP positive innervation in the mouse liver and 

established the presence of GABAA receptors on calretinin and CGRP immunoreactive neurons 

(Figs. 4G-4J and Supplemental Fig. 4). Consistent with previous reports 22,23, the strongest degree 

of vagal afferent staining was evident in periportal areas while immunoreactive fibers penetrate 

into the liver parenchyma (Figs. 4G and 4I). We propose that elevated hepatic GABA release 
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activates GABAA receptors causing chloride influx into vagal afferents explaining the decrease in 

HVAN activity in response to hepatocyte depolarization. 

GABA-Transaminase Inhibition Improves Glucose Homeostasis in Obesity 

To directly assess the effect of GABA-T in obesity-induced insulin resistance, 

hyperinsulinemia, and hyperglycemia, we treated obese mice with either EOS or a second 

irreversible GABA-T inhibitor, vigabatrin (8 mg/day), both reduce hepatic GABA-T activity by 

over 90% within two days (Qume & Fowler, 1996). Body weight remained similar among EOS, 

vigabatrin, and saline injected mice (Fig. 5A). 4 days of EOS or vigabatrin treatment decreased 

serum insulin and glucose concentrations and increased the glucose:insulin ratio relative to pre-

treatment (Figs. 5B-5D). 2 weeks washout from EOS or vigabatrin returned serum insulin and the 

glucose:insulin ratio to pre-treatment levels in both GABA-T inhibitor treated groups, while serum 

glucose returned to pre-treatment concentrations in EOS treated mice (Figs. 5B-5D). 5 days of EOS 

treatment decreased serum glucagon compared to saline injected mice (Fig. 5E).  

Glucose clearance was improved in EOS and vigabatrin treated mice on day 4 of treatment 

compared to saline injected mice (Figs. 5F-5G). Coincident with this improved clearance, 

vigabatrin decreased glucose stimulated serum insulin concentrations relative to pre-treatment, 

while EOS tended to decrease glucose stimulated serum insulin concentration (Fig. 5H). Two 

weeks washout from EOS and vigabatrin markedly increased glucose stimulated serum insulin (Fig. 

5H). Both GABA-T inhibitors improved insulin sensitivity within 4 days of initiating treatment 

(Fig. 5I-5J).   

To further assess the mechanism by which GABA-T inhibition improves glucose 

clearance, we measured tissue specific 3H-2-deoxy-D-glucose (2DG) uptake following an oral 

glucose gavage on day 5 of EOS or saline treatment. EOS treatment increased 2DG uptake by the 

soleus (22%), predominantly consisting of red muscle fibers, but did not affect 2DG clearance by 

the quadriceps femoris (quad), predominantly consisting of white muscle fibers, or gonadal white 

adipose tissue (WAT; Fig. 5K). Given that blood perfusion is a key regulator of insulin action and 
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glucose clearance, we subsequently measured cGMP, a key second messenger downstream of nitric 

oxide (NO) signaling that regulates blood flow (Archer et al., 1994a). EOS increased cGMP in the 

soleus (59%) but had no effect in quad (Fig. 5L).  In turn, GABA-T inhibition improves blood flow 

to oxidative red skeletal muscles.   

To determine whether oral administration of GABA-T inhibitors is a viable rout of 

treatment, we provided obese mice with EOS in the drinking water (3 g/L) for 4 days. As we 

observed with IP EOS, acute oral EOS treatment decreased serum insulin and glucose 

concentrations and increased the glucose:insulin ratio relative to pre-treatment values 

(Supplemental Figs. 5A-5C). 3 days of EOS treatment improved oral glucose tolerance and reduced 

glucose stimulated serum insulin concentrations (Supplemental Figs. 5D-5F). EOS improved 

insulin sensitivity, and after a 2-week washout mice were insulin resistant (Supplemental. 5G-5H). 

Importantly, in lean mice which have low hepatic GABA production, there was no effect of EOS 

or vigabatrin (8 mg/day) on serum insulin concentrations, glucose tolerance, or insulin sensitivity 

(Supplemental Fig. 6). In lean mice, GABA-T inhibition with both EOS and vigabatrin decreased 

glucose stimulated serum insulin, while EOS decreased serum glucose (Supplemental Figs. 6B and 

6F). Given the key role of GABA-T in supporting gluconeogenesis (Fig. 7), we propose GABA-T 

inhibition decreases serum glucose by directly impairing hepatic glucose production independent 

of obesity.  

The Hepatic Vagal Nerve Is Essential to Improvements in Glucose Homeostasis Resulting 

from GABA -Transaminase Inhibition 

To confirm that GABA-T inhibition improves glucose homeostasis by altering hepatocyte-

vagal communication, we assessed the effect of EOS treatment in HFD induced obese hepatic 

vagotomized and sham operated mice. Body weight was not different between surgical groups 

during EOS treatment (Fig. 6A). EOS decreased serum insulin and glucose, while elevating the 

glucose:insulin ratio in sham mice (Figs. 6B-6D).  Two weeks after stopping EOS treatment all 

serum parameters returned to pre-treatment levels (Figs. 6B-6D). In vagotomy mice, EOS did not 
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affect serum insulin, but decreased serum glucose and accordingly tended to elevate the 

glucose:insulin ratio (Figs. 6B-6D). 2 weeks washout restored serum glucose levels and decreased 

the glucose:insulin ratio in vagotomized mice (Figs. 6C-6D). Since hepatic GABA production 

supports gluconeogenic flux (Fig. 7), we expected GABAT inhibition to decrease gluconeogenesis 

through direct actions at the liver. In turn, diminished hepatic glucose output explains the decrease 

in serum glucose during EOS treatment in hepatic vagotomized mice, an effect independent of an 

intact vagal nerve. 

EOS treatment robustly improved oral glucose tolerance and diminished glucose 

stimulated serum insulin concentrations in sham mice, both of which reversed after a 2-week 

washout (Figs. 6E-6G). EOS had no effect on oral glucose tolerance or glucose stimulated serum 

insulin concentrations in vagotomized mice (Figs. 6E-6G). EOS tended to improve insulin 

sensitivity and decrease the insulin tolerance test area under the curve in sham mice, while having 

no effect in vagotomized mice (Fig. 6I-6K). Together, these data support that the effects of EOS to 

decrease serum insulin and improve glucose clearance in obesity are dependent on an intact hepatic 

vagal nerve and result from hepatic specific GABA-T inhibition.  
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Discussion  

We report a novel mechanism by which hepatic steatosis may induce systemic insulin 

dysregulation, while establishing that hepatocyte GABA release is regulated by hepatocyte 

membrane potential. Across surgical, viral and pharmacologic mouse models we have established 

the key role of hepatic GABA production, release, and signaling onto the vagal nerve in the 

dysregulation of glucose homeostasis in obesity.  

This research highlights the role of hepatocyte depolarization in diet induced metabolic 

dysfunction.  Under physiologic conditions, hepatocyte membrane potential is closely regulated by 

insulin and glucagon. Acutely, insulin depolarizes while glucagon hyperpolarizes hepatocytes 

(Petersen, 1974; Wondergem, 1983). The hyperpolarizing effect of glucagon is proposed to be 

mediated by cAMP and is dependent on the Na+/K+ ATPase (Petersen, 1974). Accordingly, cAMP 

or glucagon counteracts insulin stimulated hepatocyte depolarization (Hallbrucker, vom Dahl, 

Lang, Gerok, & Haussinger, 1991; vom Dahl, Hallbrucker, Lang, & Haussinger, 1991) High fat 

diet feeding decreases hepatic cAMP content in mice (Zingg et al., 2017). The decrease in hepatic 

cAMP along with diminished ATP may underlie obesity induced hepatocyte depolarization. 

Interestingly, a loss of hepatocyte membrane polarity has been implicated in the pathology of other 

disease states. Hepatocellular carcinoma is characterized by hepatocyte depolarization and 

increased GABAergic signaling, while increasing hepatocyte polarization protects against tumor 

proliferation (Sun et al., 2003). Thus, the regulation of hepatocyte membrane potential in healthy 

and disease states is critically tied to cellular and metabolic function.  

Physiological concentrations of insulin and glucagon induce a 5-7 mV change in 

hepatocyte membrane potential (Petersen, 1974; Wondergem, 1983). This is comparable to the 6.86 

± 1.54 mV hyperpolarization induced by Kir2.1 expression (Fig. 3B). Admittedly, the PSEM89S 

ligand maximally depolarized hepatocytes by 28 ± 5.4 mV (Fig. 2E), which exceeds the 

depolarization observed in obesity (13 ± 4.7 mV; Fig. 2D), and likely represents a 

supraphysiological response. However, at 10 minutes after PSEM89S ligand administration, when 
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HVAN activity was first significantly depressed, hepatocyte depolarization was 17.0 ± 5.4 mV, 

representing a more physiological change in membrane potential.  

We appreciate that it is counterintuitive that a decrease in HVAN activity causes 

hyperinsulinemia (Fig. 2F-2G), yet surgical elimination of the HVAN limits obesity induced 

hyperinsulinemia (Fig. 1C).  However, surgical vagotomy does not eliminate activity of vagal 

afferent axons that terminate in the NTS.  In fact, after vagotomy NTS terminating axons show 

normal spontaneous activity, normal signaling from the nodose ganglion to the NTS, and evoke 

normal postsynaptic excitatory currents in the NTS when electrically stimulated (Peters, Gallaher, 

Ryu, & Czaja, 2013). Despite the restoration of normal vagal afferent termination to the NTS within 

30 days following vagotomy (Peters et al., 2013), reinnervation of the target tissues caudal to the 

severed vagus is minimal and physiologic measures affected by vagotomy are not normalized by 

45 weeks post-vagotomy (Phillips, Baronowsky, & Powley, 2000, 2003).  Therefore, hepatic 

vagotomy eliminates the dysfunctional hepatocyte-vagal signaling in obesity, while preserving 

signaling from the HVAN above the surgical resection.   

Studies manipulating the hepatic vagal nerve propose that afferent parasympathetic signal 

from the liver may affect pancreatic insulin release. Activity of the HVAN is inversely related to 

insulin stimulating parasympathetic efferent nerve activity at the pancreas (K. C. Lee & Miller, 

1985; Nagase et al., 1993). Thus, when portal glucose inhibits HVAN activity there is an increase 

in parasympathetic outflow onto β-cells to stimulate muscarinic 3 receptor (M3R) signaling and 

insulin release (Duttaroy et al., 2004; Niijima, 1982). Accordingly, the insulin response to glucose 

administration is more robust in rodents with an intact HVAN than in vagotomized rodents (Nagase 

et al., 1993; Okazaki, Tanaka, Nagase, & Inoue, 1993).  Elevated basal pancreatic parasympathetic 

efferent tone underlies obesity induced hyperinsulinemia as cholinergic blockade decreases basal 

serum insulin concentrations in obese but not lean mice (Ahren & Lundquist, 1982). Furthermore, 

sub-diaphragmatic vagotomy normalizes insulinemia in obese rats by reducing cholinergic action 

on β-cells (Balbo et al., 2016).  
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Because β-cell M3R signaling only stimulates insulin release when β-cells are sufficiently 

depolarized by glucose (Duttaroy et al., 2004), heightened acetylcholine release onto the pancreas 

should only increase serum insulin during hyperglycemia. Administration of the muscarinic 

agonist, carbachol, significantly elevated serum insulin in obese hyperglycemic but not lean 

normoglycemic mice (Supplemental Fig. 7A-7B), suggesting that increased parasympathetic 

efferent tone is sufficient to promote hyperinsulinemia in obesity. Accordingly, we propose that 

the obesity induced increase in hepatic GABA release inhibits HVAN activity, which activates 

pancreatic parasympathetic signaling and β-cell insulin release, driving hyperinsulinemia. 

Hepatic vagotomy has been used extensively to investigate liver vagal denervation. 

However, several limitations must be acknowledged when interpreting this model. Of the roughly 

3,000 individual fibers in the common hepatic branch of the vagus, the majority (73%) are vagal 

afferents, while 7% are vagal efferents, and 20% are non-vagal fibers (Berthoud & Neuhuber, 2000; 

Prechtl & Powley, 1990). Thus, we cannot exclude the possibility that the improvements in glucose 

homeostasis in response to hepatic vagotomy (Fig. 1) are a result of interrupting non-vagal afferent 

signaling. Furthermore, innervation by the hepatic vagus extends to parts of the gastrointestinal 

tract, and hepatic vagotomy interrupts vagal efferent supply the pancreas (Berthoud & Neuhuber, 

2000). Although the posterior gastric branch of the vagus also mediates vagal stimulated insulin 

secretion and is not disrupted by hepatic vagotomy surgery (Berthoud, Fox, & Powley, 1990; 

Berthoud & Neuhuber, 2000; Berthoud & Powley, 1990), a loss of pancreatic parasympathetic 

innervation could contribute to the decrease in serum insulin in response to hepatic vagotomy (Fig. 

1C).  

 The HVAN may regulate insulin sensitivity by regulating muscle blood flow. In fact, 

vasodilation of the microvasculature accounts for 40% of insulin stimulated muscle glucose uptake 

(Vincent, Barrett, Lindner, Clark, & Rattigan, 2003). Muscarinic antagonism during a 

hyperinsulinemic-euglycemic clamp decreases vasodilation and muscle glucose clearance 

(Levesque, Santure, Pitre, Nadeau, & Bachelard, 2006), suggesting that cholinergic signaling is 
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critical to insulin’s vascular and metabolic actions. In fact, acetylcholine signaling at endothelial 

M3R stimulates NO production, which signals to smooth muscle cells inducing cGMP production 

and vasodilation (Archer et al., 1994b; Gericke et al., 2011). Insulin and acetylcholine mediated 

endothelial nitric oxide synthase (eNOS) activity and vasodilation are impaired in obesity, directly 

contributing to systemic insulin resistance (Cleland, Petrie, Ueda, Elliott, & Connell, 1999; Kubota 

et al., 2011; Van Guilder, Hoetzer, Dengel, Stauffer, & DeSouza, 2006). Moreover, peripheral 

parasympathetic activity is reduced in obesity, a finding implicated in the development of insulin 

resistance and vascular resistance (Indumathy et al., 2015; Miller, Sims, Canavan, Hsu, & Ujhelyi, 

1999).  

We show that GABA-T inhibition by EOS increases soleus 2DG clearance and cGMP 

concentrations (Figs. 5K-5L). Together, our 2DG and cGMP data propose that GABA-T inhibition 

increases skeletal muscle NO signaling to shift orally administered glucose clearance toward red 

muscle fibers, which are more insulin responsive than white fibers (Kern et al., 1990). Depending 

on the individual muscle, red fibers account for 30-70% of total fibers and approximately 50% of 

whole-body muscle fibers (Edgerton, Smith, & Simpson, 1975; Schiaffino & Reggiani, 2011). 

Based on the findings of Griffin and Goldspink, 1973, and Iseri et al., 1952, we expect that an obese 

mouse is 20-25% muscle by weight (Griffin & Goldspink, 1973; Iseri, Alexander, Mc, Boyle, & 

Myers, 1952).  Because red muscle fibers constitute 10-12.5% of total body weight in an obese 

mouse, the 22% improvement in red fiber glucose uptake (Fig. 5K) explains a potential mechanism 

by which EOS treatment improves oral glucose clearance (Fig. 5F). 

We propose a model that mechanistically links hepatic lipid accumulation with the 

development of hyperinsulinemia and insulin resistance (Fig. 7). Hepatic lipid accumulation 

increases flux through gluconeogenesis (Im et al., 2011) and increases the hepatic FADH:FAD and 

NADH:NAD ratio (Supplemental Fig. 7C). The altered hepatic redox state inhibits the conversion 

of succinate to fumarate in the TCA cycle and instead drives succinate to succinate semialdehyde 

(Fig. 7; step 1). Succinate semialdehyde serves as substrate for GABA-T mediated GABA 
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production (Fig. 7; step 2). The α-ketoglutarate formed in this reaction accepts the ammonia group 

from aspartate to produce oxaloacetate and glutamate, which feeds back into the GABA-T 

catalyzed reaction (Fig. 7; step 3). The demand for gluconeogenic substrate and the high 

NADH:NAD ratio drives the carbons in oxaloacetate to malate and through gluconeogenesis. This 

gluconeogenic drive increases aspartate metabolism, explaining the decreased aspartate release in 

liver slices taken from obese mice (Fig. 4F). Thus, gluconeogenic flux and a more reduced 

mitochondrial redox state direct the flow of intermediate molecules in obesity resulting in elevated 

hepatic GABA production and increased aspartate utilization.  

The ion dependence of GABA transport makes hepatocyte GABA export sensitive to 

changes in membrane potential. Since GABA transporters are sodium co-transporters, an increase 

in intracellular sodium ions and hepatocyte depolarization increase GABA export (Fig. 4K). 

Obesity decreases hepatic ATP content (Fig. 4D) and lowers Na+/K+ ATPase activity (Stanimirovic 

et al., 2018), providing a mechanism by which obesity depolarizes hepatocytes (Fitz & 

Scharschmidt, 1987) (Fig. 2D) and encourages GABA export (Fig. 4A). In fact, type II diabetics 

have lower hepatic ATP concentrations, and both peripheral and hepatic insulin sensitivity is 

significantly correlated with liver ATP concentrations (Schmid et al., 2011; Szendroedi et al., 

2009).  

Our model proposes that hepatic lipid accumulation ultimately increases hepatic GABA 

signaling through two separate mechanisms. First, hepatic GABA production is stimulated as a 

result of increased GABA-T expression (Fig. 4B) and gluconeogenic flux (Fig. 7; steps 1-3), and 

second, hepatic GABA release is stimulated by hepatocyte depolarization (Fig. 4K).   Although the 

idea that liver derived signals communicate to the central nervous system via the HVAN is well 

established in the literature 7,33,34, the degree hepatocyte vagal afferent innervation has remained 

controversial 20. Here, we provide evidence of vagal sensory innervation in close proximity to 

hepatocytes and have established the presence of GABAA receptors on both calretinin and CGRP 

immunoreactive neurons in the liver (Figs. 4G-4J) Once exported, hepatic GABA can act at 
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GABAA receptors on vagal afferents to induce chloride influx and decrease firing rate 35 (Fig. 7; 

step 4), providing a connection between hepatic lipid accumulation and decreased HVAN activity. 

A decrease in HVAN activity may increase pancreatic vagal efferent firing and 

acetylcholine induced muscarinic 3 receptor (M3R) signaling at β-cells to stimulate insulin 

secretion (Fig. 7; step 5).  Additionally, we propose that decreased HVAN activity limits 

parasympathetic efferent outflow to skeletal muscle, limiting NO mediated microvascular 

vasodilation and muscle glucose clearance to promote insulin resistance (Fig. 7; step 6). 

Admittedly, the research presented here primarily focuses on the liver and HVAN. However, this 

model integrates previously published findings with our results to provide a framework for future 

studies aimed at establishing 1) the role of muscarinic signaling at the β-cell in obesity induced 

hyperinsulinemia and 2) the role of muscarinic signaling at microvasculature endothelial cells in 

insulin resistance.  Furthermore, this model explains why gluconeogenesis and hepatocyte 

depolarization are essential to the development of insulin resistance and hyperinsulinemia (Gomez-

Valades et al., 2008).  In addition,  it provides a mechanism by which hepatic PEPCK 

overexpression can drive hyperinsulinemia and decrease the glucose:insulin ratio, an indirect 

measure of insulin sensitivity (Valera, Pujol, Pelegrin, & Bosch, 1994).   

Current anti-diabetic therapeutics largely focus on managing hyperglycemia without 

addressing the underlying cause of disease. Herein, we have identified therapeutic targets aimed at 

correcting the inherent metabolic disturbances in T2D. Strategies which decrease hepatic GABA 

release, maintain hepatocyte membrane potential, and ultimately manipulate HVAN signaling may 

provide a new therapeutic approach to treat the metabolic dysfunction of obesity and T2D. 
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Summary 

The degree of hepatic lipid accumulation in obesity directly correlates with the severity of 

hyperinsulinemia and systemic insulin resistance. Here, we propose a mechanism that explains this 

associative link, whereby, hepatic steatosis dysregulates glucose and insulin homeostasis. Obesity-

induced lipid accumulation results in hepatocyte depolarization.  We have established that 

hepatocyte depolarization depresses hepatic afferent vagal nerve firing and diet induced obesity 

increases hepatic GABA release in mice. Hepatic GABA release decreases hepatic afferent vagal 

nerve activity to stimulate pancreatic insulin release and decreases insulin sensitivity. Surgically 

eliminating the hepatic vagal nerve signaling, preventing hepatic GABA synthesis, or limiting 

hepatic GABA export ameliorates hyperinsulinemia and insulin resistance in diet-induced obese 

mice. This work establishes that limiting hepatocyte GABA production or release can mute the 

glucoregulatory dysfunction common to obesity. 
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Figure Legends 

 

Figure 1. Hepatic vagotomy protects against diet-induced hyperinsulinemia. Visual operative field 

for hepatic vagotomy surgeries (A). Arrow A indicates the hepatic branch of the vagus which was 

severed to vagotomize mice. Arrow A also indicates the electrode placement to record firing 

activity of the hepatic vagal afferent nerve (Fig. 2F). Arrow B indicates where the hepatic vagal 

nerve was cut after securing the electrode to eliminate vagal efferent activity (Fig. 2F). Effects of 

hepatic vagotomy on high fat diet (HFD) induced weight gain (B), serum insulin (C), glucose (D), 

and glucose:insulin ratio (E) at 0 and 9 weeks. (C-E) * denotes significance (P < 0.05) between 

bars of the same color. Regression of body weight and serum insulin concentrations during HFD 

feeding in sham and vagotomized mice (F). Effect of hepatic vagotomy after 9 weeks of HFD 

feeding on serum glucagon (G), oral glucose tolerance (OGTT; H), OGTT area under the curve 

(AUC; I), oral glucose stimulated serum insulin (J), insulin tolerance (ITT; K), and ITT AUC (L). 

NS = non-significant. Number below bar denotes n per group. All data are presented as mean ± 

SEM. 

 

Figure 2. Acute hepatocyte depolarization depresses hepatic vagal afferent nerve activity and 

elevates serum insulin. Immunohistochemical validation of liver specific viral induced PSEM89S 

ligand gated depolarizing channel. (A-C; 10X magnification) Liver from an albumin-cre expressing 

mouse (A), and a wildtype mouse (B) tail-vein injected with an AAV8 encoding the PSEM89S 

ligand activated depolarizing channel and green fluorescent protein (GFP) whose expression is 

dependent on cre-recombinase. Liver from a wildtype mouse tail-vein injected with an AAV8 

encoding the PSEM89S ligand activated depolarizing channel and GFP whose expression is driven 

by the liver specific thyroxine binding globulin (TBG) promoter (D). Green = GFP, blue = DAPI 

(nucleus), and red = background fluorescence. Hepatocyte membrane potential in lean and obese 

mice (D). (E-I) Data from albumin-cre and wildtype mice tail-vein injected with an AAV8 encoding 

liver specific expression of the PSEM89S ligand activated depolarizing channel whose expression 

is dependent on cre-recombinase. PSEM89S ligand (30 µM) induced change in hepatocyte 

membrane potential (E). PSEM89S ligand induced relative change in hepatic vagal afferent nerve 

activity (F). Data in panel F was collected concurrently with data in panel E. Serum insulin (G), 

glucose (H), and glucose:insulin ratio (I) in albumin-cre and wildtype virus injected mice 15 

minutes after saline or PSEM89S ligand (30 mg/kg) administration. (J-L) Data from wildtype mice 

tail-vein injected with an AAV8 encoding the PSEM89S ligand activated depolarizing channel 

whose liver specific expression is driven by the thyroxine binding globulin (TBG) promoter. Serum 

insulin (J), glucose (K), and glucose:insulin ratio (L) in channel expressing mice injected with 

either saline or PSEM89S ligand (30 mg/kg) 10 minutes prior to an oral glucose load (2.5 g/kg). 

Alb-Cre = albumin-cre, WT = wildtype, NS = non-significant. * denotes significance (P < 0.05) 

between groups within a time point. Number below bar denotes n per group. All data are presented 

as mean ± SEM. 

 

Figure 3. Hepatic hyperpolarization protects against diet-induced metabolic dysfunction. Liver 

specific expression of the Kir2.1 hyperpolarizing channel in a wildtype mouse (A; 10X 

magnification). Fluorescent imaging for red = tdTomato and blue = DAPI (nucleus). Barium (BaCl; 

50 μM) induced change in hepatocyte membrane potential in Kir2.1 and eGFP (control) expressing 

mice (B). Hepatic Kir2.1 expression effect on high fat diet (HFD) induced weight gain (C), serum 

insulin (D), glucose (E), and glucose:insulin ratio (F) at 0, 3, 6, and 9 weeks. Regression of body 

weight and serum insulin concentrations during HFD feeding in Kir2.1 and eGFP mice (G). Effect 

of hepatic Kir2.1 expression after 9 weeks of HFD feeding on serum glucagon (H), oral glucose 

tolerance (OGTT; I), OGTT area under the curve (AUC; J), oral glucose stimulated serum insulin 

(K; * denotes significance (P < 0.05) between bars of the same color), insulin tolerance (ITT; L), 
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ITT AUC (M), pyruvate tolerance (PTT; N), and PTT AUC (O). NS = non-significant. Number 

below bar denotes n per group. All data are presented as mean ± SEM. 

 

Figure 4. Hepatocyte communication with the hepatic vagal afferent nerve. Release of GABA 

(µmol/mg DNA) from hepatic slices (A), hepatic GABA-Transaminase mRNA expression (B), 

release of GABA (µmol/mg DNA) from hepatic slices in normal (118 mM), reduced (60 mM), and 

low (15 mM) NaCl media (C), hepatic ATP (nmol/g tissue; D), release of GABA (µmol/mg DNA) 

from hepatic slices incubated in media containing the GABAT inhibitor, EOS (5.3 mM; E), and 

release of aspartate (µmol/mg DNA) from hepatic slices (F). Immunohistochemical evidence of 

GABAA receptor expressing vagal afferent innervation in the liver (G-J). Double labeling for the 

vagal afferent marker calretinin (green) and GABAA receptors (red) (G; arrows indicate co-

staining). Enlarged view of area within the white box in panel G (H; white arrows indicate co-

staining, yellow arrows indicate GABAA positive staining immediately adjacent to calretinin 

positive fibers). Double labeling for the alternative vagal afferent marker calcitonin gene-related 

peptide (CGRP; green) and GABAA receptors (red) (I; arrows indicate co-staining). Enlarged view 

of area within the white box in panel I (J; white arrows indicate co-staining, yellow arrows indicate 

GABAA positive staining immediately adjacent to CGRP positive fibers). Blue = DAPI (nucleus). 

Images at 10X magnification. BV = blood vessel. Proposed regulation of hepatic GABA release by 

intracellular and extracellular ion concentrations (K). Letters within the schematic correspond with 

data presented in the panels above. GABA is co-transported with 3Na+ and 1Cl- ions, so an increase 

in intracellular cation concentration (hepatocyte depolarization) encourages GABA export, while a 

decrease in intracellular cation concentration (hepatocyte hyperpolarization) limits GABA export. 

Kir2.1 expression induces hepatic K+ efflux and hyperpolarization, inhibiting GABA export (K:A). 

Obesity decreases hepatic ATP concentrations (K:D), impairing activity of the Na+/K+ ATPase 

pump and increasing intracellular Na+ concentrations, driving GABA export. This mechanism 

explains how hepatic lipid accumulation increases hepatic GABA release. Increasing extracellular 

NaCl concentrations inhibits GABA export (K:C). NS = non-significant. Number below bar 

denotes n per group. All data are presented as mean ± SEM. 

 

Figure 5. GABA-Transaminase inhibition improves glucose homeostasis in obesity. High fat diet 

induced obese mice were treated with GABA-Transaminase inhibitors ethanolamine-O-sulfate 

(EOS) or vigabatrin (8mg/day), or phosphate buffered saline (PBS; control) for 5 days. Body 

weight during treatment (A). Basal serum insulin (B), glucose (C), and glucose:insulin ratio (D) 

pre-treatment, on day 4 of treatment, and after a 2-week washout period. Serum glucagon in 

response to EOS (E). Oral glucose tolerance (OGTT; F), and OGTT area under the curve (AUC; 

G) on treatment day 4. Glucose stimulated serum insulin (H) pre-treatment, on day 4 of treatment, 

and after a 2-week washout period. Insulin tolerance (ITT; I) and ITT AUC (J) on treatment day 4. 

Tissue specific 3H-2-deoxy-D-glucose (10 µCi/mouse; K) uptake and cGMP content (L) on 

treatment day 5. DPM = disintegrations per minute, NS = non-significant. a,b Bars that do not share 

a common letter differ significantly within injection treatment (P < 0.05; number below bar denotes 

n per group). All data are presented as mean ± SEM.  

 

Figure 6. GABA-Transaminase inhibition improves glucose homeostasis in sham but not 

vagotomy mice. High fat diet induced sham operated and hepatic vagotomized mice were treated 

with the GABA-Transaminase inhibitor ethanolamine-O-sulfate (EOS) (8mg/day) for 5 days. Body 

weight during treatment (A). Basal serum insulin (B), glucose (C), and glucose:insulin ratio (D) 

pre-treatment, on day 5 of treatment, and after a 2-week washout period. Oral glucose tolerance in 

sham mice (OGTT; E), oral glucose tolerance in vagotomized mice (F) OGTT area under the curve 

(AUC; G), and glucose stimulated serum insulin (H) pre-treatment, on day 4 of treatment, and after 

a 2-week washout period. Insulin tolerance in sham mice (ITT; I) and vagotomized mice (J), and 

ITT AUC (K) at pre-treatment, on day 5 of treatment, and after a 2-week washout period. NS = 
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non-significant. a,b Bars that do not share a common letter differ significantly within injection 

treatment (P < 0.05; number below bar denotes n per group). All data are presented as mean ± SEM.  

 

Figure 7. Working model of hepatic lipid accumulation induced changes in hepatic metabolism 

regulating insulin secretion and sensitivity. Obesity induced hepatic lipid accumulation depolarizes 

the hepatocyte resulting in a decrease in hepatic afferent vagal nerve (HVAN) activity. (1) High 

levels of β-oxidation in the obese liver increase the mitochondrial NADH:NAD+ and FADH:FAD+ 

ratios driving succinate to succinate semialdehyde, generating substrate for GABA-Transaminase. 

(2) GABA-Transaminase produces GABA and α-ketoglutarate, a substrate for aspartate 

aminotransferase. (3) Increased gluconeogenic flux in obesity drives the mitochondrial export of 

OAA as malate, and (4) released GABA acts on GABAA receptors to hyperpolarize the HVAN. (5) 

This decreased HVAN activity increases pancreatic vagal efferent acetylcholine release and 

muscarinic 3 receptor (M3R) signaling at β-cells. When the beta-cell is depolarized by glucose, as 

occurs in obesity, this increased acetylcholine signaling stimulates insulin release. (6) We further 

propose that the depression of HVAN activity in obesity decreases insulin sensitivity at skeletal 

muscle by limiting nitric oxide mediated microvasculature vasodilation. Abbreviations: OAA = 

oxaloacetate, AST = aspartate aminotransferase, GABA-T = GABA-Transaminase, α-KG = α-

ketoglutarate, SSADH = succinate semialdehyde dehydrogenase, NO = nitric oxide. 
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Figure 3.  



56 
 

 
Figure 4.  
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Figure 5.  
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Supplemental Figure Legends 

 

Supplemental Figure 1. Immunohistochemical validation of liver specific viral induced PSEM89S 

ligand gated depolarizing channel (A-B; 10X magnification). Skeletal muscle (Sk. Muscle), 

pancreas, and adipose tissue from an albumin-cre expressing mouse tail-vein injected with an 

AAV8 encoding for the PSEM89S ligand activated depolarizing channel and green fluorescent 

protein (GFP) whose expression is dependent on cre-recombinase (A). Skeletal muscle (Sk. 

Muscle), pancreas, and adipose from a wildtype mouse tail-vein injected with an AAV8 encoding 

the PSEM89S ligand activated depolarizing channel and GFP whose liver specific expression is 

driven by the thyroxine binding globulin (TBG) promoter (B). GFP positive cells in the liver of a 

wildtype mouse tail-vein injected with the TBG virus co-stain with arginase-1 (C-E; 20X 

magnification). Staining for GFP (C), the hepatocyte specific marker arginase-1 (D), and double 

labeling of GFP and arginase-1 (E; arrows indicate co-staining). No primary control imaged at the 

same settings as panel E (F). Green = GFP, red = arginase-1, blue = DAPI (nucleus). 

 

Supplemental Figure 2. Hepatic Kir2.1 expression alters glucose homeostasis in the lean mouse. 

Hepatic Kir2.1 expression effects on serum insulin (A) glucose (B), glucose:insulin ratio (C), oral 

glucose tolerance (OGTT; D), OGTT area under the curve (AUC; E), oral glucose stimulated serum 

insulin (F; * denotes significance (P < 0.05) between bars of the same color), insulin tolerance (ITT; 

G) ITT AUC (H), pyruvate tolerance (PTT; I), and PTT AUC (J). NS = non-significant. Number 

below bar denotes n per group. All data are presented as mean ± SEM. 

 

Supplemental Figure 3. Glucose homeostasis in Kir2.1 and eGFP (control) mice at 3 weeks of 

high fat diet feeding. Effect of hepatic Kir2.1 expression on oral glucose tolerance (OGTT; A), 

OGTT area under the curve (AUC; B), oral glucose stimulated serum insulin (C), insulin tolerance 

(ITT; D), and ITT AUC (E). NS = non-significant. Number below bar denotes n per group. All data 

are presented as mean ± SEM. 

 

Supplemental Figure 4. Immunohistochemical evidence of GABAA receptor expressing vagal 

afferent innervation in the liver. Staining for the vagal afferent marker calretinin (A) and GABAA 

receptors (B) which correspond with the co-labeled image in Fig. 4G. No primary control imaged 

at the same settings as Fig. 4G (C). Staining for the alternative vagal afferent marker calcitonin 

gene-related peptide (CGRP; D) and GABAA receptors (E) which correspond with the co-labeled 

image in Fig. 4I. No primary control imaged at the same settings as Fig. 4I (F). Blue = DAPI 

(nucleus). Images at 10X magnification. BV = blood vessel 

 

Supplemental Figure 5. Glucose homeostasis in obese male mice treated with the GABA-

Transaminase inhibitor ethanolamine-O-sulfate (EOS; 3g/L in drinking water). EOS effects on 

serum insulin (A) glucose (B), and glucose:insulin ratio (C) pre-treatment and after 4 days of 

treatment. Oral glucose tolerance (OGTT; D) OGTT area under the curve (OGTT AUC; E), and 

oral glucose stimulated insulin (F) pre-treatment and after 3 days of treatment. Insulin tolerance 

(ITT; G) and ITT AUC (H) pre-treatment, on day 4 of treatment (EOS), and after a 2-week washout 

period. a,b Bars that do not share a common letter differ significantly (P < 0.05; number below bar 

denotes n per group). All data are presented as mean ± SEM. 

 

Supplemental Figure 6. Glucose homeostasis in lean male mice treated with GABA-Transaminase 

inhibitors ethanolamine-O-sulfate (EOS) or vigabatrin (8mg/day), or phosphate buffered saline 

(PBS; control). Serum insulin (A), glucose (B), and glucose:insulin ratio (C) on treatment day 4. 

Oral glucose tolerance (OGTT; D), OGTT area under the curve (AUC; E), and oral glucose 

stimulated serum insulin (F) on treatment day 3. Insulin tolerance (ITT; G) and ITT AUC (H) on 
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treatment day 4. NS = non-significant.  a,b Bars that do not share a common letter differ significantly 

(P < 0.05; number below bar denotes n per group). All data are presented as mean ± SEM. 

 

Supplemental Figure 7. Supporting data for the working model of hepatic control of insulin 

secretion and sensitivity. Carbachol stimulated serum insulin (A) and glucose (B) in lean and obese 

mice. Hepatic nicotinamide adenine dinucleotide concentrations (C) in lean and obese mice. NS = 

non-significant. Number below bar denotes n per group. All data are presented as mean ± SEM. 

 

Supplemental Figure 8. Insulin tolerance tests (ITT) presented as raw glucose values. ITT in HFD 

fed sham and vagotomized mice (A). ITT in Kir2.1 and eGFP control mice on chow diet (B), and 

after 3 (C), and 9 weeks of HFD feeding (D). ITT on day 4 of EOS or Vigabatrin (8mg/day), or 

PBS treatment in obese mice (E). ITT in sham (F) and vagotomized mice (G) at pre-treatment, on 

day 5 of EOS (8mg/day) treatment, and after a 2-week washout period. ITT on day 4 of EOS or 

Vigabatrin (8mg/day), or PBS treatment in lean mice (H). ITT pre-treatment, on day 4 of oral EOS 

(3g/L in drinking water) treatment, and after a 2-week washout period (I). a,b,c data points that do 

not share a common letter differ significantly (P < 0.05) within a timepoint. † Denotes the data 

point is not significantly different from time 0 for that group (P > 0.05). Unless indicated, all other 

timepoints are significantly different from time 0 within a group of mice. * Denotes significance 

between groups specified in the panel within a timepoint. All data are presented as mean ± SEM.   
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Supplemental Figures 

 
Supplemental Figure 1.  
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Supplemental Figure 2.  

 

 



64 
 

 
Supplemental Figure 3.  
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Supplemental Figure 4. 
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Supplemental Figure 5.  
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Supplemental Figure 6.  

  



68 
 

 
Supplemental Figure 7.   
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Supplemental Figure 8.   
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Supplemental Table Legends 

 

Supplemental Table 1. Liver slice neurotransmitter panel data. Initial neuromodulators panel 

analysis on media collected from the liver explant studies performed by the Mayo Clinic 

Metabolomics Regional Core. *Indicates significant differences between obese and lean mice 

(P<0.05). Data are presented as mean ± SEM. 
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Neurotransmitter 

(µmol/µg DNA) 

 

Lean (N = 5) 

 

Obese (N = 3) 

% Change 

in Obesity 

Adenosine 0.22 ±0.04 0.10 ± 0.01 -55%* 

 

Histidine 17.74 ± 0.92 12.90 ± 0.72 -27%* 

 

Serine 22.32 ± 3.33 13.02 ± 0.53 -42% 

 

Taurine 238.40 ± 18.41 305.18 ± 38.04 28% 

 

Glutamine 49.06 ± 5.19 40.39 ± 3.98 -17% 

 

Glycine 130.74 ± 5.16 81.31 ± 4.93 -37%* 

 

Aspartic Acid 6.92 ± 0.55 3.47 ± 0.32 -50%* 

 

Glutamic Acid 30.32 ± 2.12 28.74 ± 3.48 -5.2% 

 

GABA 5.43 ± 0.64 8.77 ± 0.53 61%* 

 

Supplemental Table 1. 
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Chapter 3 – A Critical Role of Hepatic γ-Amino Butyric Acid Production in The Metabolic 

Dysfunction and Hyperphagia of Obesity  

Introduction 

 Type 2 diabetes (T2D) affects 30 million Americans, while an additional 81 million 

Americans are pre-diabetic (Prevention., 2017a). Thus, 46% of the U.S. adult population is affected 

by diabetes, the 7th leading cause of death in America, which consumes 1 in every 7 U.S. health 

care dollars (American Diabetes, 2018). The high prevalence, mortality, and economic burden of 

T2D demands the development of more effective therapeutics that go beyond managing 

hyperglycemia and instead target the cause of disease. 

Hepatic steatosis is a hallmark of T2D and 87% of diabetes are overweight or obese 

(Prevention., 2017a). The accumulation of hepatic lipids strongly correlates with the severity of 

peripheral insulin resistance and hyperinsulinemia (Chang et al., 2013; Chon et al., 2016; Kotronen 

et al., 2008). Obesity and T2D are also characterized by dysregulated energy homeostasis, 

particularly diminished meal-induced satiety which can result in overnutrition (Erdmann, Lippl, 

Wagenpfeil, & Schusdziarra, 2005; Knudsen, Karstoft, & Solomon, 2014; Timper & Bruning, 

2017). In fact, hepatic lipid accumulation is directly associated with increased food intake. In 

individuals non-alcoholic fatty liver disease (NAFLD), the percent hepatic steatosis positively 

correlates with spontaneous total energy intake and specifically carbohydrate intake (Gonzalez et 

al., 2013). Thus, hepatic lipid accumulation may mechanistically drive obesity induced 

hyperinsulinemia, insulin resistance, and hyperphagia.  

 We have established that obesity increases hepatocyte production and release of the 

inhibitory neurotransmitter GABA in mice (Chapter 2 Fig. 4A). We hypothesize that hepatocyte 

released GABA decreases signaling through the hepatic vagal afferent nerve (HVAN), resulting in 

an increase in parasympathetic efferent tone to the pancreas to increase insulin secretion and a 

decrease in parasympathetic efferent activity to skeletal muscle to decrease glucose clearance 

(Chapter 2 Fig. 7). We showed that pharmacological inhibition of the enzyme responsible for 
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synthesizing hepatic GABA, GABA-Transaminase (GABA-T), decreases hyperinsulinemia and 

insulin resistance and that these effects require HVAN signaling (Chapter 2 Figs. 5-6). To 

overcome the limitation of global pharmacologic inhibitors we employed an antisense 

oligonucleotide (ASO) model to specifically knockdown hepatic GABA-T expression. We 

assessed systemic glucose homeostasis to strengthen the causative role between hepatic GABA 

production and hyperinsulinemia/insulin resistance. We also assessed food intake and energy 

expenditure to understand the role of hepatic GABA production in the dysregulation of energy 

homeostasis in obesity. 
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Materials and Methods 

Animals 

 All studies were conducted using male wildtype C57BL/6J purchased from Jackson 

Laboratories or bred in-house (Bar Harbor, ME). Mice were kept on a 14-hour light/10-hour dark 

schedule and housed 3-5 mice per cage until 1 week prior to study initiation, at which point animals 

were individually housed. We conducted studies in lean chow fed mice (7013 NIH-31, Teklad WI, 

3.1 kcal/g, 18% kcal from fat, 59% kcal from carbohydrate, 23% kcal from protein) at 12-16 weeks 

of age. Studies in diet induced obese mice treated with GABA-T targeted or scramble control 

antisense oligonucleotides (ASO) were performed after 8-10 weeks on a high fat diet (TD 06414, 

Teklad WI, 5.1 kcal/g, 60.3% kcal from fat, 21.3% kcal from carbohydrate, 18.4% kcal from 

protein; 20-26 weeks of age). For ASO studies, mice were stratified by body weight and assigned 

to an injection treatment (control or GABA-T). Studies in obese vagotomy and sham mice were 

performed after 9 weeks of high fat diet feeding. Unless fasted, mice had ad libitum access to food 

and water. All studies were approved by the University of Arizona Institutional Animal Care and 

Use Committee.  

 

Antisense Oligonucleotide Studies 

Wildtype lean or diet induced obese mice received twice-weekly intraperitoneal injections 

(12.5 mg/kg; 0.1mL/10g body weight) of murine GABA-Transaminase (GABA-T) targeted 

antisense oligonucleotides (ASO; IONIS 1160575; 5′- AAGCTATGGACTCGGT-3′) or scramble 

control ASO (IONIS 549144; 5′- GGCCAATACGCCGTCA-3′) for 1 or 4 weeks prior to 

experimentation. The control ASO does not have complementarity to known genes and was 

employed to demonstrate the specificity of target reduction.  2´, 4´- constrained 2´-O-ethyl (cEt) 

ASOs were synthesized at Ionis Pharmaceuticals (Carlsbad, CA) as described previously (Seth et 
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al., 2010).  Treatment with this GABA-T targeted ASO reduces hepatic GABA-T mRNA by 98% 

in adult mice within 1 week (Fig. 1A). For studies after 1 week of ASO injections (Fig. 1), we 

performed an OGTT (day 8), ITT (day 10), and mice were sacrificed to assess liver slice GABA 

release (day 12). For studies after 4 weeks of ASO injections, we performed and OGTT (day 29), 

ITT (day 30), and completed all additional studies within 1 week while continuing biweekly ASO 

injections before mice were sacrificed to assess liver slice GABA release.   

 

Hepatic Vagotomy Surgeries 

Surgeries were performed in 12-week old male C57BL/6J mice under isoflurane 

anesthesia. Mice were randomly assigned to a surgical group (sham or vagotomy).  A ventral 

midline incision through the skin and peritoneum allowed us to isolate the hepatic vagus nerve as 

it branched from the esophagus. In vagotomized mice, we severed the hepatic vagal nerve (Fig. 1A; 

arrow A), while it remained intact in sham operated mice.  The peritoneum was sutured with 

absorbable polyglactin 910 suture and the skin with nylon suture.  Mice were given a single post-

operative dose of slow release formulated buprenorphine analgesic (1.2 mg/kg slow release, sub-

cutaneous).  We monitored food intake and body weight daily and removed sutures 7 days post-

operation. 

 

Food Intake Studies 

 We measured food weight and body weight at 6am and 6pm for the first 14 days of control 

or GABA-T ASO injections in lean and obese wildtype mice (Fig. 6) and GABA-T ASO injections 

in sham and vagotomy mice (Fig. 7). Weeks 3 and 4 food and body weight measurements were 

taken at 6pm on day 21 and 28 of ASO injections.  
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Fast-Induced Refeeding 

 Mice were housed on wood chip bedding (Harlan Laboratories; Cat #7090 Sani-Chips) to 

limit consumption of nutrients from bedding during the fasting period. Mice were fasted for 16 

hours beginning at 5pm and food was returned at 9am. Food and body weight were measured at 

10am, 11am, and 1pm to determine 1, 2, and 3-4 hour fast induced refeeding.  

 

Leptin Food Intake Study 

 Diet-induced obese control or GABA-T targeted ASO treated mice received an 

intraperitoneal injection of phosphate buffered saline (PBS; 0.1mL/10g body weight) on day 1 and 

leptin (2 mg/kg; 0.1mL/10g body weight; CAT# 498-OB, R&D Systems, Minneapolis, MN) on 

day 2 at 6am. Mice were not fasted before injections. Food and body weight were measured every 

6 hours at 6am, 12pm, 6pm, and 12am. 

 

Energy Expenditure 

Energy expenditure studies were performed by the UC Davis Mouse Metabolic 

Phenotyping Center. Twelve male DIO (C57BL/6J DIO, strain 380050) mice at were imported 

from Jackson Laboratory at ~ 13 weeks of age and were acclimated for 2 weeks on investigator 

provided diet (Research diets D12492) Mice were injected IP with control or ABAT ASO (12.5 

mg/kg) twice a week for 4 weeks (8 injections total). Energy expenditure was analyzed by indirect 

calorimetry three times at ~ 7, 14, and 28 days post first ASO injection and body composition by 

DEXA after each CLAMS run. Energy expenditure and physical activity were evaluated in 12 male 

diet induced obese (DIO) mice (6 saline and 6 ABAT ASO treated mice) fed powdered chow diet 
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(Research diet 12492) by indirect respiratory calorimetry in the CLAMS (Comprehensive Lab 

Animal Monitoring System, Columbus Instruments). Animals were acclimated to the CLAMS 

cages for 48 hours and to the light and temperature-controlled chamber for 24 hours prior to testing.  

Animals were held and calorimetry data was collected for 48 hrs. During the 14 day indirect 

calorimetry run, mice were fasted for the last 12 hr (dark cycle) to observe differences between 

treatment groups in fasted RER. Analyzed data constitutes data collected from 48 hours of 

continuous measurement (2 light/2 dark cycles).  Oxygen consumption and carbon dioxide 

production were measured and used to calculate energy expenditure (or heat production, 

kilocalories (kcal)) and respiratory exchange ratio (RER: VCO2/VO2). Cage-mounted sensors 

detect and record measurements of physical activity, food intake and water intake.  

 

Oral Glucose Tolerance Test 

 Oral glucose (2.5g/kg; 0.1mL/10g body weight; Chem-Impex Int’l Inc., Wood Dale, IL) 

was given to 4 hour fasted individually housed mice. All glucose tolerance tests began at 1 pm and 

glucose was measured in whole blood, collected from the tail vein, by glucometer (Manufacture # 

D2ASCCONKIT, Bayer, Leverkusen, Germany) at 0, 15, 30, 60, 90, and 120 minutes after glucose 

gavage. Blood for serum insulin (oral glucose stimulated insulin secretion; OGSIS) and glucose 

determination was collected from the tail vein 15 minutes following glucose administration. 

 

Insulin Tolerance Test 

 Intraperitoneal insulin (0.5U/kg; 0.1mL/10g body weight; Sigma Aldrich, St. Louis, MO) 

was given to 4 hour fasted individually housed mice. All insulin tolerance tests began at 1 pm and 

glucose was measured in whole blood, collected from the tail vein, by glucometer (Manufacture # 



78 
 

D2ASCCONKIT, Bayer, Leverkusen, Germany) at 0, 30, 60, 90, and 120 minutes after insulin 

injection.   

 

Pyruvate Tolerance Test 

 Intraperitoneal sodium pyruvate (1.5 g/kg; 0.1mL/10g body weight; Alfa Aesar, Ward Hill, 

MA) was given to 16 hour fasted individually housed mice. Mice were switched to wood chip 

bedding (Harlan Laboratories; Cat. # 7090 Sani-Chips) at the initiation of the fast. All pyruvate 

tolerance tests began at 9 am and the rise in glucose was measured in whole blood, collected from 

the tail vein, by glucometer (Manufacture # D2ASCCONKIT, Bayer, Leverkusen, Germany) at 0, 

30, 60, 90, and 120 minutes after pyruvate injection.  This is indicative of hepatic gluconeogenic 

potential from pyruvate.   

 

Succinate Tolerance Test 

 Intraperitoneal monomethyl succinate (1.1 g/kg; 0.1mL/10g body weight; Thermo Fisher, 

Waltham, MA) was given to 16 hour fasted individually housed mice. Mice were switched to wood 

chip bedding (Harlan Laboratories; Cat. # 7090 Sani-Chips) at the initiation of the fast. All 

succinate tolerance tests began at 9 am and the rise in glucose was measured in whole blood, 

collected from the tail vein, by glucometer (Manufacture # D2ASCCONKIT, Bayer, Leverkusen, 

Germany) at 0, 30, 60, 90, and 120 minutes after pyruvate injection.  This is indicative of hepatic 

gluconeogenic potential from succinate.   

 

Liver Slice Explant Studies 
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 Liver slices from ASO treated mice were incubated ex vivo to measure hepatic GABA 

release. A peristaltic pump perfusion system was used to deliver warmed KH buffer to the liver 

through the portal vein. Briefly, mice were anesthetized with an intraperitoneal injection of 

ketamine (10mg/mL) and diazepam (0.5mg/mL). Once mice were unresponsive, an incision in the 

lower abdomen through the skin and peritoneal membrane was made vertically through the chest 

along with transverse incisions on both sides to expose the liver. A 30-gauge needle was inserted 

into the hepatoportal vein to blanch the liver. The inferior vena cava was cut to relieve pressure in 

the circulatory system and allow blood to drain.  The perfusion continued for several minutes at a 

rate of 4mL/minute until the liver was completely blanched. The liver was removed and washed in 

warm PBS before being sliced into 0.2 mm slices using a Thomas Sadie-Riggs Tissue Slicer. Two 

liver slices were taken from each mouse. Tissue slices were placed individually into a well on a 12-

well plate pre-filled with 1mL of KH buffer that had been sitting in an incubator set to 37°C and 

gassed with 5% CO2. Liver slices were incubated in the initial well for 1 hour to stabilize before 

being transferred to a fresh well pre-filled with KH buffer. After 1 hour in the second well, tissue 

and media were collected.  Liver slice samples and KH media samples from both wells of each 

mouse were pooled. Liver slices were snap frozen in liquid nitrogen, while media was centrifuged 

for 5 minutes at 10,000xg at 4°C to remove tissue debris and both were frozen and stored at -80°C 

for future analysis.  

 

GABA Analysis 

 For all liver slice GABA release data, we thawed the media collected from the ex vivo 

hepatic slice culture on ice. We then measured GABA in the supernatant using a commercially 

available ELISA (REF# BA E-2500, Labor Diagnostika Nord, Nordhorn, Germany). µmol GABA 

concentrations were corrected for liver slice DNA concentrations. 
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Liver Analysis 

Prior to analysis, frozen livers were powdered using a liquid nitrogen cooled mortar and 

pestle to obtain homogenous liver samples. To measure liver DNA content (ng dsDNA/g tissue), 

10-20 mg of powdered liver was sonicated in 500μL DEPC H2O and dsDNA determined by 

fluorometric assay (Cat. # P7589, Invitrogen, Waltham, MA). Hepatic NADH and NAD were 

quantified by fluorometric assay (ab176723, Abcam, Cambridge, UK). Whole liver mRNA was 

isolated from powered liver samples with TRI Reagent® (Life Technologies, Grand Island, NY) 

and phenol contamination was eliminated by using water-saturated butanol and ether as previously 

described (Krebs et al., 2009). cDNA was synthesized by reverse transcription with Verso cDNA 

synthesis kit (Thermo Scientific, Inc., Waltham, MA), and qPCR performed using SYBR 2X 

mastermix (Bio-Rad Laboratories, Hercules, CA) and the Biorad iQTM5 iCycler (Bio-Rad 

Laboratories, Hercules, CA). Expression of GABA-Transaminase (ABAT), β-actin (ACTβ), and 

insulin (Ins) mRNA were measured using the following primers (5’→3’): ABAT; Forward – 

CTGAACACAATCCAGAATGCAGA Reverse – GGTTGTAACCTATGGGCACAG, ACTβ; 

Forward – TCGGTGACATCAAAGAGAAG Reverse – GATGCCACAGGATTCCATA, Ins; 

Forward – GCTTCTTCTACACACCCATGTC Reverse – AGCACTGATCTACAATGCCAC). 

LinReg PCR analysis software was used to determine the efficiency of amplification from raw 

output data (Ramakers et al., 2003). ACTβ served as the reference gene for liver and brain tissue, 

and Ins served as the reference gene for pancreas tissue for calculating fold change in ABAT gene 

expression using the efficiency-∆∆Ct method (Livak & Schmittgen, 2001).  

 

Serum Assays 

 Within 2 hours of collection, blood was left to clot at room temperature for 20 minutes.  

Thereafter the blood was centrifuged at 3,000xg for 30 minutes at 4°C and serum was collected. 

Serum was stored at -80°C until metabolite and hormone analyses. We used colorimetric assays to 

analyze serum β-OH butyrate (Cat. # 700190, Cayman Chemicals, Pittsburg, PA), and serum 
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glucose (Cat. # G7519, Pointe Scientific Inc., Canton MI). Serum insulin was analyzed by enzyme-

linked immunosorbent assay (ELISA; Cat. # 80-INSMSU-E01,E10, Alpco, Salem, NH). Serum 

glucagon was analyzed by enzyme-linked immunosorbent assay (ELISA; Cat. # 10-1281-01, 

Mercodia, Uppsala, Sweden) from tail vein blood collected at 9 am from fed mice.  

 

Statistics 

We analyzed the data in SAS Enterprise Guide 7.1 (SAS Inst., Cary, NC), using a mixed 

model ANOVA for all analyses. ANOVA tests do not have a one-tailed vs. two-tailed option, 

because the distributions they are based on have only one tail. When comparisons between all 

means were required, we used a Tukey’s adjustment for multiple comparisons.  When comparisons 

of means were limited (e.g. only within a timepoint or treatment), we used a bonferonni correction 

for multiple comparisons.  For the analysis of ITT, OGTT, PTT, and STT repeated measures 

ANOVA were performed by including time point in the analysis.  Analyses were conducted 

separately for chow and HFD fed mice. For ASO studies the main effect was injection treatment 

(control of GABA-T ASO). For the vagotomy analyses the main effect was surgery (sham or 

vagotomy).   Pre-treatment and ASO week 4 measures were taken for basal glucose, insulin, and 

the glucose:insulin ratio, thus a repeated measure analysis including time (pre-, or week 4-

treatment) was performed separately within each injection or surgical treatment. Statistics 

performed by the UC Davis Mouse Metabolic Phenotyping Center are described as follows: Data 

are presented as means ± SEM and Student t-was used to test for differences between groups. 

Multiple linear regression analysis (analysis of covariance, ANCOVA) was used to assess the 

impact of covariates (e.g. body weight or lean mass) on energy expenditure. The EE ANCOVA 

analysis done for this work was provided by the NIDDK Mouse Metabolic Phenotyping Centers 

(MMPC, www.mmpc.org) using their Energy Expenditure Analysis page 
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(http://www.mmpc.org/shared/regression.aspx) and supported by grant DK076169. All graphs 

were generated using GraphPad Prism 7.03 (GraphPad Software Inc., La Jolla, CA). 
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Results 

Hepatic GABA-Transaminase Knockdown Improves Obesity-induced Metabolic 

Dysfunction  

Peripherally administered ASOs do not cross the blood brain barrier (Jaeger & Banks, 

2005).  Outside the central nervous system, the liver and pancreas express the most GABA-T 

(Uhlen et al., 2015). One week after initiating injections of an ASO targeted against GABA-T 

(12.5mg/kg IP twice weekly), hepatic GABA-T mRNA expression decreased by > 98% compared 

to scramble control ASO injected diet-induced obese mice (9 weeks on a 60% high fat diet; HFD, 

Teklad, TD 06414). Importantly, this did not affect pancreatic or whole-brain GABA-T mRNA 

expression (Fig. 1A). To establish the key role of GABA-T in liver slice GABA production, we 

measured liver slice GABA release. GABA-T knockdown cut obesity induced liver slice GABA 

release by 61% (Fig. 1B).  Body weight was not affected by 1 week of GABA-T knockdown (Fig. 

1C). GABA-T knockdown decreased basal serum insulin and glucose concentrations and elevated 

the glucose:insulin ratio (Figs. 1D-1F). GABA-T targeted ASO injections also improved oral 

glucose clearance without affecting oral glucose stimulated serum insulin concentrations (Figs. 1G-

1I), and improved insulin sensitivity compared to scramble control ASO injected mice (Figs. 1J-

1K). These findings directly implicate hepatic GABA production in the development of obesity 

induced hyperinsulinemia and insulin resistance. 

To determine the effects of chronic GABA-T knockdown on systemic glucose homeostasis 

and body mass regulation we treated obese mice with the GABA-T or control ASO (12.5mg/kg IP 

twice weekly) for 4 weeks. Four weeks of GABA-T ASO injections decreased liver slice GABA 

release (Fig. 2A). GABA-T knockdown decreased body mass compared to control treated mice 

(Fig. 2B). Four weeks of GABA-T knockdown decreased basal serum insulin concentrations 

relative to pre-treatment values while there was no effect of control ASO injections (Fig. 2C). 

Serum glucose concentrations after week 4 of treatment were not different from pre-treatment in 

either ASO group, although glucose values were lower in GABA-T knockdown mice compared to 
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controls at week 4 (Fig. 2D). GABA-T knockdown increased the glucose:insulin ratio and did not 

affect serum glucagon concentrations (Figs. 2E-2F). GABA-T knockdown limited the rise in 

glucose 15 and 30 minutes after an oral glucose gavage (Figs. 2G-2H). Oral glucose stimulated 

serum insulin concentrations were similar between ASO treated groups (Fig. 2I). Four weeks of 

GABA-T knockdown improved insulin sensitivity (Figs. 2J-2K).  Thus, GABA-T knockdown 

limits hyperinsulinemia and insulin resistance in diet induced obese mice within 1 week and the 

effects persist through 4 weeks of treatment.  

In chow fed mice hepatic GABA production is limited (Chapter 2 Figs. 4A-4B).  To 

confirm that the effects of GABA-T knockdown were dependent on decreasing the obesity-induced 

excess in hepatic GABA release, we assessed the impact of GABA-T knockdown in chow fed mice. 

We treated lean mice with either the scramble control ASO, the GABA-T ASO used above, or a 

second GABA-T targeted ASO sequence (GABA-T 2; 12.5mg/kg IP twice weekly) for 4 weeks. 

Both GABA-T targeted ASOs decreased hepatic GABA-T mRNA expression by ≥ 80% within 1 

week and ≥ 94% after 4 weeks of treatment without affecting pancreatic or whole-brain GABA-T 

mRNA (Figs. 3A-3B). Four weeks of GABA-T knockdown did not affect body weight in lean mice 

(Fig. 3C). Basal serum insulin, glucose, and the glucose:insulin ratio assessed during each week of 

treatment were not different between ASO treated groups with the exception of serum glucose 

being lower in GABA-T 2 compared to control mice at week 2, and the glucose:insulin ratio being 

higher in GABA-T compared to control mice at week 4  (Figs. 3D-3F). Four weeks of GABA-T 

knockdown with the GABA-T ASO but not the GABA-T 2 ASO increased oral glucose clearance 

relative to controls (Figs. 3G-3H). Glucose stimulated serum insulin concentrations and insulin 

sensitivity during an insulin tolerance test were not different between ASO treatments (Figs. 3I-

3K). Thus, in line with our previous observations that acute GABA-T inhibition with ethanolamine-

O-sulfate (EOS) does not alter glucose homeostasis in lean mice (Chapter 2 Supplemental Fig. 5), 

long-term GABA-T knockdown does not affect serum insulin or insulin sensitivity in lean mice.    
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An Intact Hepatic Vagal Nerve Is Required for the Improved Glucose Homeostasis Resulting 

from Hepatic GABA-Transaminase Knockdown 

 We hypothesize that obesity increases hepatic GABA signaling onto the HVAN to induce 

hyperinsulinemia and insulin resistance.  In turn, we assessed the effect of 4 weeks of GABA-T 

knockdown (12.5mg/kg IP twice weekly) in diet-induced obese sham operated and hepatic 

vagotomized mice.  We expected that limiting hepatic GABA production would ameliorate 

hyperinsulinemia and insulin resistance in sham mice but have no effect in hepatic vagotomized 

mice which are already protected against diet induced glucose dysregulation (Chapter 2 Fig. 1).  

 Consistent with previous observations (Chapter 2 Fig. 1B), pre-treatment body weight was 

lower in obese vagotomized mice compared to sham operated control mice (Fig. 4A). Body weights 

were still different between surgical groups after 1 week of ASO injections but not from weeks 2-

4 (Fig. 4A). This was due to a loss of body weight in sham mice (sham week 0: 51.992 ± 0.878 

grams body weight versus sham week 4: 50.520 ± 1.110 grams body weight; P = 0.0001), while 

GABA-T knockdown did not affect body weight in vagotomized mice (vagotomy week 0: 48.558 

± 1.420 grams body weight versus vagotomy week 4: 48.116 ± 1.569 grams body weight; P = 

0.312). Four weeks of GABA-T knockdown decreased basal serum insulin concentrations in sham 

but not vagotomized mice (Fig. 4B). GABA-T knockdown decreased basal serum glucose 

concentrations in both surgical treatments (Fig. 4C). Given the key role of GABA shunt mediated 

hepatic GABA production in supporting gluconeogenic flux (Chapter 2 Fig. 7), we propose that the 

decreased basal glucose is a result of decreased hepatic glucose production in GABA-T ASO 

treated mice. The basal glucose:insulin ratio and serum glucagon concentration were not affected 

by GABA-T ASO treatment in either surgical group (Figs. 4D-4E). We previously established that 

obese hepatic vagotomized mice had improved oral glucose tolerance and insulin sensitivity 

compared to obese sham operated controls (Chapter 2 Fig. 1). Here we report that following 4 

weeks of hepatic GABA-T knockdown, oral glucose tolerance, oral glucose stimulated serum 

insulin, and insulin sensitivity did not differ between sham and vagotomized mice (Fig. 4E-4J). 
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Hepatic GABA Production and Hepatic Gluconeogenesis from Succinate Are Linked in 

Obesity  

 Since GABA-T knockdown (Fig 4C) and pharmacological inhibition (Chapter 2 Fig. 6C) 

decreased basal serum glucose in obese hepatic vagotomized mice, our data proposes that hepatic 

GABA-T activity promotes hyperglycemia through a HVAN independent mechanism. We have 

proposed that α-ketoglutarate produced with GABA by GABA-T provides a NH3
+ accepting α-keto 

acid that allows carbons from aspartate to feed into gluconeogenesis, metabolically linking hepatic 

GABA and glucose production (Chapter 2 Fig. 7). Central to our proposed model is the idea that 

the increased NADH:NAD+ and FADH:FAD+ ratios in obesity favor succinate’s conversion to 

succinate semialdehyde over fumarate, providing substrate for GABA-T (Chapter 2 Fig. 7; Step 1).  

To better understand the role of GABA-T in hepatic glucose production we tested the 

ability of obese control and GABA-T knockdown mice to utilize succinate as a gluconeogenic 

substrate, with the hypothesis that GABA-T knockdown would impair glucose production from 

succinate. Following a 16h fast mice were intraperitoneally injected with monomethyl succinate 

(1.1 mg/kg) which serves as a gluconeogenic precursor in hepatocytes (Ladriere & Malaisse, 2000; 

Rognstad, 1984). While succinate rapidly increased blood glucose concentrations in control obese 

mice, GABA-T knockdown dramatically diminished the rise in blood glucose in response to 

succinate (Figs. 5A-5B). In fact, the rise in blood glucose in GABA-T ASO treated mice maxed 

out at only 37% of the response seen in controls. To ensure that GABA-T knockdown hadn’t altered 

total hepatic gluconeogenic potential we also performed a pyruvate tolerance test. Glucose 

production from pyruvate was equal between ASO treated groups (Figs. 5C-5D), supporting the 

statement that GABA-T knockdown selectively impairs gluconeogenesis from some TCA cycle 

intermediates. Surprisingly, hepatic glucose production from succinate was not blunted by GABA-

T knockdown in lean fasted mice (Figs. 5E-5F). Gluconeogenesis from pyruvate was also not 

different between lean GABA-T and control ASO treated mice (Figs. 5G-5H).   
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To better understand why gluconeogenesis from succinate is diminished by GABA-T 

knockdown in obese but not in lean mice, we measured hepatic NADH and NAD+ concentrations 

as an indicator of cellular redox state. We have previously shown that obesity increases the liver 

NADH:NAD ratio and confirmed that here (K; Chapter 2, Supplemental Fig. 6C). GABA-T 

knockdown increased hepatic NADH concentrations in lean mice while having no effect in obese 

mice (Fig. 5I). Hepatic NAD+ concentrations were not affected by ASO treatment (Fig. 5J). The 

hepatic NADH:NAD+ ratio tended to be increased by GABA-T knockdown in lean mice and was 

significantly decreased with GABA-T ASO treatment in obese mice (Fig. 5K). Surprisingly, we 

found that the fast-induced rise in serum β-OH butyrate concentrations was impaired in obese but 

not lean GABA-T knockdown mice (Fig. 5L). Together, these data support that GABA-T 

knockdown impacts hepatic metabolism differently in the lean and obese state.  This may be 

expected given that flux through the GABA shunt is bi-directional, favoring GABA breakdown in 

the lean fed state and GABA production in the obese state.  

Obesity-induced Hepatic GABA Production Increases Phagic Drive 

 Given that 4 weeks of GABA-T knockdown decreased body weight in obese mice (Fig. 

2B), we hypothesized that GABA-T knockdown may decrease food intake or increase energy 

expenditure. Accordingly, we assessed daily food intake and body weight during the light and dark 

cycle for the first 2 weeks of ASO treatment in lean and obese mice. In lean mice, GABA-T 

knockdown did not affect cumulative light cycle, dark cycle, and daily food intake e (Figs. 6A-4C). 

Cumulative body weight change was also not affected by GABA-T knockdown in lean mice (Fig. 

6D). In obese mice, GABA-T knockdown decreased cumulative light cycle, dark cycle, and daily 

food intake (Figs. 6E-6G). In fact, GABA-T knockdown decreased daily food intake by 12% during 

the first 2 weeks of ASO treatment. This suppression of food intake was accompanied by a decrease 

in body weight, as GABA-T ASO treated mice lost 4 times more weight than controls during the 

first 14 days of treatment (GABA-T: -3.829 ± 0.484 grams versus control: -0.947 ± 0.396 grams; 

Fig. 6H). 
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Interestingly, GABA-T knockdown did not alter food intake in response to a 16 hour fast 

in either lean or obese mice (Supplemental Figs. 1A-1B). This proposes that hepatic GABA signals 

to regulate at libitum light and dark cycle food intake without affecting the fasting induced drive 

for refeeding. The anorexigenic hormone leptin induces satiety and weight loss, while leptin 

resistance in obesity contributes to hyperphagia and weight gain (Frederich et al., 1995; Halaas et 

al., 1995). We tested whether GABA-T knockdown in obesity may have improved leptin sensitivity 

as a potential mechanism to decrease appetite and cause weight loss by measuring food and body 

weight in obese control and GABA-T ASO mice every 6 hours over a 24-hour period following a 

single injection of leptin (2mg/kg) or saline. Leptin did not affect food intake in mice on either 

ASO treatment at any timepoint, suggesting that mice on both treatments remained leptin resistant. 

Consistent with the decreased food intake previously observed in response to GABA-T knockdown, 

we again saw that GABA-T knockdown decreased 24-hour food intake (Supplemental Fig. 1C). 

Relative weight change was also not affected by leptin in control or GABA-T ASO obese mice 

(Supplemental Fig. 1D). Thus, enhanced leptin sensitivity is not mediating the diminished phagic 

drive in response to GABA-T knockdown. 

Hepatic Vagotomy Decreases Light Cycle Food Intake on HFD, while GABA-Transaminase 

Knockdown Normalizes Sham Mice Food Intake to Vagotomy Mice 

 We had previously reported that hepatic vagotomy decreased weight gain on a high fat diet 

(Chapter 2 Fig. 1B).  Here we show that hepatic vagotomy decreases 1-week cumulative light cycle 

food intake by 22% in diet-induced obese mice, resulting in a significant 5.3% decrease in 

cumulative 24-hour food intake (Figs. 7A-7D). Relative weight change during this week was not 

different between surgical treatments (Fig. 7D). We continued daily food intake and body weight 

measurements for the next 2 weeks as all mice were treated with the GABA-T targeted ASO. In 

response to GABA-T knockdown, the previously observed difference in food intake in sham 

operated and vagotomized mice was eliminated. In fact, cumulative light cycle, dark cycle, and 

daily food intake was similar in sham operated and vagotomized mice (Figs. 7E-7G). This is 
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because GABA-T knockdown decreased cumulative 1-week light cycle food intake in sham 

operated mice (basal D7: 6.577 ± 0.356 grams versus ASO D7: 5.301 ± 0.243 grams; P = 0.0054) 

while having no effect in hepatic vagotomized mice (basal D7: 5.163 ± 0.429 grams versus ASO 

D7: 5.110 ± 0.367 grams; P = 0.926). Sham operated mice lost more weight than vagotomized mice 

during the first 2 weeks of GABA-T ASO injections, reaching significance on days 12 and 14 (Fig. 

7H). These data support the hypothesis that hepatic GABA production stimulates food intake in 

obese mice dependent on an intact hepatic vagal afferent nerve.   

 Having observed that GABA-T knockdown acutely decreases food intake in obese mice 

(Fig. 6G), we continued to assess weekly food intake and body weight across 4 weeks of ASO 

treatment in both control and GABA-T ASO treated obese mice and in the GABA-T treated sham 

and vagotomized mice. Compared to control mice, GABA-T knockdown decreased week 2, 3 and 

4 food intake, and cumulative food intake during week 3 and 4 (Figs. 8A-8B). In weeks 3 and 4 of 

treatment control ASO treated mice gained weight, while GABA-T ASO continued to result in 

weight loss (Fig. 8C). In fact, GABA-T knockdown resulted in significantly more cumulative 

weight loss at weeks 2, 3 and 4 than the control ASO (Fig. 8D).  

 During the 4 weeks of GABA-T ASO treatment sham operated and hepatic vagotomized 

mice had similar weekly and cumulative food intakes (Figs. 8E-8F). Weekly body weight change 

was not significantly different between surgical treatments, although the GABA-T ASO resulted in 

a greater cumulative week 4 weight loss in sham operated than in vagotomized mice (Figs. 8G-

8H). In fact, on average vagotomized mice experienced no net change in body weight in response 

to 4 weeks of GABA-T knockdown and respond similar to control ASO mice (vagotomy: -0.108 ± 

0.520 grams versus control: 0.630 ± 0.541 grams; P = 0.342). Week 4 food intake was greater in 

control ASO treated mice than in GABA-T ASO treated mice, GABA-T ASO treated sham 

operated, and GABA-T ASO treated hepatic vagotomized mice (Fig. 8I).  Together this data 

suggests that hepatic GABA-T knockdown decreases food intake and induces body weight loss 

dependent on the hepatic vagal nerve.   
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Hepatic GABA-Transaminase Knockdown Does Not Alter Energy Expenditure in Obesity  

 To investigate if GABA-T knockdown decreased body weight by increasing energy 

expenditure, we contracted with the UCDavis Mouse Metabolic Phenotyping Center to perform 

indirect respiratory calorimetry using the CLAMS system (Comprehensive Lab Animal Monitoring 

System, Columbus Instruments). Energy expenditure, respiratory exchange ratio, and activity were 

monitored in GABA-T or control ASO injected diet-induced obese mice at weeks 1 and 4 of twice 

weekly treatments (12.5mg/kg IP twice weekly). Energy expenditure (kcal/h/BW) during the light 

cycle, dark cycle, or throughout the 24-hour day was not affected by ASO treatment (control or 

GABA-T) at either 1 or 4 weeks (Figs. 9A-9C). We observed no effect of ASO treatment on 

macronutrient oxidation (respiratory exchange ratio; RER) during the light or dark cycle at 1 or 4 

weeks treatment, or during a 12 hour fast performed during the dark cycle on day 15 of treatment 

(Figs. 9D-9F). Daily activity along the horizontal X axis was not different between injection groups 

at either week 1 or 4 (Fig. 9G). Daily vertical Z axis and total ambulatory movements were higher 

in GABA-T knockdown mice after 1 week of ASO injections, but this was not observed at week 4 

(Figs. 9H-9I). Overall, GABA-T knockdown in obesity does not alter energy expenditure or 

macronutrient catabolism.  
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Discussion 

 This research provides a signaling mechanism by which hepatic lipid accumulation can be 

linked to hyperinsulinemia/insulin resistance (Chapter 2 Fig. 7). We have previously shown that 

obesity increases hepatic GABA production and release to dysregulate peripheral parasympathetic 

nervous system activity and induce systemic metabolic dysfunction. Building upon earlier findings, 

we now confirm that ASO mediated hepatic GABA-T knockdown attenuates obesity-induced 

hyperinsulinemia and insulin resistance. Beyond the improvements in glucose homeostasis we 

report that hepatic GABA-T knockdown decreases food intake and causes weight loss in obesity.  

Although weight loss itself improves insulin sensitivity and metabolic health (Schenk, 

Harber, Shrivastava, Burant, & Horowitz, 2009), GABA-T knockdown improves glucose 

homeostasis independent of the decrease in food intake and body weight. One week of GABA-T 

ASO treatment does not decrease food intake (Fig. 8A) or body weight (Figs. 1C and 8C) compared 

to controls, yet basal serum insulin concentrations, glucose tolerance, and insulin sensitivity are 

markedly improved (Figs. 1D, 1G, and 1J).  

 Since GABA-T knockdown does not alter glucose homeostasis, food intake, or body 

weight in lean mice, obesity appears to fundamentally change the role of hepatic GABA-T. GABA-

T knockdown impairs the use of succinate as a gluconeogenic substrate in obese, but not lean mice, 

suggesting that hepatic glucose and GABA production are mechanistically linked in obesity. HFD 

feeding has been shown to reverse hepatic succinate dehydrogenase activity, resulting in succinate 

formation from fumarate (Xiao et al., 2017). We hypothesize that an elevated FADH:FAD+ ratio 

resulting from excessive flux through β-oxidation in obesity favors the conversion of fumarate to 

succinate and prevents the reverse. Accordingly, this prevents the carbons in succinate from 

entering gluconeogenesis through the canonical succinate→fumarate→malate pathway (Fig. 5A). 

Quantification of hepatic FADH and FAD+ concentrations will be essential to understand the 

relationship between GABA-T and succinate dehydrogenase activity.  
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The central metabolic position of the liver to sense ingested nutrients and adjust to 

nutritional state makes it uniquely suited to provide feedback to the brain regulating food intake. 

In fact, Russek first proposed the hepatostatic theory of food intake in 1963 (Russek, 1963). The 

HVAN has long been implicated in transmitting liver derived signals to the hindbrain to regulate 

feeding behavior. The hypophagic response to lactate, β-OH butyrate, glycerol, malate and 

pyruvate is dependent on the hepatic vagal nerve (Langhans, Egli, & Scharrer, 1985).  Early work 

established that hepatic portal infusions of glucose, amino acids, and lipids suppress food intake 

(Niijima & Meguid, 1995; Randich, Spraggins, Cox, Meller, & Kelm, 2001; Shurlock & Forbes, 

1984; Tordoff & Friedman, 1986) while more recent studies support that carbohydrate signals 

originating from the liver regulate feeding behavior through HVAN dependent mechanisms 

(Lopez-Soldado et al., 2017; Visinoni et al., 2012).   

 An increase in vagal afferent firing activity decreases food intake (Sobocki, Krolczyk, 

Herman, Matyja, & Thor, 2005). Gut released satiation factors such as glucagon like peptide-1 

(GLP-1), cholecystokinin (CCK), and leptin all share a common mechanism to reduce food intake 

by increasing vagal afferent tone (Krieger et al., 2016; M. Nishizawa et al., 2000; Peters, Simasko, 

& Ritter, 2006). Conversely the orexigenic hormone ghrelin suppresses firing of vagal afferent 

nerves (Date et al., 2002). While these hormones predominantly signal through gastric vagal 

afferent fibers (Hayes et al., 2011; Peters, Ritter, & Simasko, 2006), GLP-1, CCK, and leptin all 

additionally stimulate hepatic vagal afferent nerve activity (Cox & Randich, 1997; Niijima, 2011; 

M. Nishizawa et al., 2000). Furthermore, lipids potently increase HVAN firing to reduce food 

intake (Randich et al., 2001), while hepatic but not gastroduodenal vagotomy eliminates this 

anorexigenic effect (Cox, Kelm, Meller, Spraggins, & Randich, 2004; la Fleur, Ji, Manalo, 

Friedman, & Dallman, 2003). Therefore, increased vagal afferent activity to suppress food intake 

and diminished vagal tone to stimulate feeding is common to both gastric and hepatic vagal 

branches. 
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 Our model proposes an addition to this metabolite and gut hormone focused regulation of 

the vagal nerve, suggesting that hepatic lipid accumulation stimulates hepatic GABA release to 

depress HVAN activity. GABA-T knockdown decreases obesity induced hepatocyte GABA 

release and decreases food intake during both the light and dark cycle and promotes weight loss in 

obese mice. This effect is dependent on an intact hepatic vagal nerve as GABA-T knockdown does 

not suppress food intake in obese hepatic vagotomized mice. Consistent with the effects of other 

appetite regulators, GABA mediated suppression of HVAN activity would be expected to increase 

phagic drive, while removal of this inhibitory signal would be expected to increase HVAN firing 

and reduce food intake. In lean mice, which have low levels of hepatic GABA release, GABA-T 

knockdown did not alter food intake. Thus, hepatocyte released GABA represents a novel 

orexigenic signal enhanced in obesity. Although chronic electrical vagal stimulation decreases food 

intake and body weight in obesity (Gil, Bugajski, & Thor, 2011), the responsiveness of vagal 

afferents to endogenous excitatory stimuli is decreased by HFD feeding (Daly, Park, Valinsky, & 

Beyak, 2011; de Lartigue, Barbier de la Serre, Espero, Lee, & Raybould, 2011; S. Kentish et al., 

2012). In turn, limiting GABA inhibition of HVAN activity may prove a more effective strategy to 

decrease phagic drive than increasing excitatory signals to which the obese animal is resistant.  

Hepatic metabolism and hepatocyte membrane potential have been implicated in regulating 

food intake through the HVAN (Scharrer, 1999). Russek first proposed that hepatocyte 

depolarization induces hunger signaling through the HVAN, while hepatocyte hyperpolarization 

induces a satiation signal (Russek, 1981). Hepatic oxidation of lipids is thought to elicit a signal to 

terminate feeding. In fact, palmitate hyperpolarizes hepatocytes and reduces food intake, while 

inhibitors of β-oxidation or the Na+/K+ ATPase pump prevent this response (Rossi, Geronimi, 

Gloor, Seebacher, & Scharrer, 1995; Rossi & Scharrer, 1995). Rossi and Scharrer hypothesized 

that increased flux through β-oxidation stimulates Na+/K+ ATPase pump activity to hyperpolarize 

hepatocytes and depress food intake. We propose that ion dependent hepatic GABA release 

(Chapter 2 Fig. 4K) explains these findings and connects hepatocyte membrane potential and 
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GABA release with regulation of food intake. An increase in Na+/K+ ATPase pump activity would 

decrease intracellular positive ion content, decreasing the electrochemical drive for sodium and 

GABA export mediated by the hepatic GABA transporters BGT1 or GAT2 (Eskandari et al., 2017). 

In support, sequestration of hepatic phosphate to decrease hepatic ATP content, which would be 

expected to decrease Na+/K+ ATPase pump activity and depolarize hepatocytes, stimulates food 

intake (Rawson, Blum, Osbakken, & Friedman, 1994). Our work provides new context to interpret 

these results and identifies hepatic GABA and as an appetite modulating signal whose release is 

stimulated by hepatocyte depolarization and reduced by hepatocyte hyperpolarization. 

 In addition to lipid oxidation, hepatic glycogen stores have been proposed to regulate food 

intake (Lopez-Soldado et al., 2015). Hepatic overexpression of protein targeting to glycogen 

(PtgOE) increases hepatic glycogen accumulation and reduces food intake in diet-induced obese 

mice through a hepatic vagal nerve dependent mechanism (Lopez-Soldado et al., 2017). PtgOE mice 

display elevated hepatic ATP concentrations, which we would expect to maintain membrane 

potential and decrease hepatic GABA release, providing a mechanism for how an increase in 

hepatic glycogen content may suppress food intake. A decline in liver glycogen signals a transition 

from the fed to fasted state. In fact, Russek correlates the emergence of vagal hunger signals with 

the decline in hepatic glycogen (Russek, 1981). As hepatic glycogen stores are depleted, hepatic 

gluconeogenic flux increases to maintain hepatic glucose output (X. Chen, Iqbal, & Boden, 1999; 

Geisler et al., 2016b). The induction of gluconeogenesis may be equally important as the reduction 

of glycogen to stimulate food intake, especially in the context of obesity as high fat diet feeding 

increases hepatic glycogen levels (Lu et al., 2014). 

Diet-induced obesity dysregulates the diurnal pattern of food intake. Mice on a chow diet 

eat ~20% of their daily food intake during the light cycle while this increases to ~30% with HFD 

feeding (Kohsaka et al., 2007). In healthy mice, vagal afferent receptor populations are regulated 

by nutritional state, expressing an orexigenic profile during fasting and an anorexigenic profile 

upon refeeding (Dockray, 2014). In turn, in chow fed mice, anorexigenic mechanostimuli are more 
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effective at stimulating gastric vagal afferent nerve activity during the light cycle (S. J. Kentish, 

Frisby, Kennaway, Wittert, & Page, 2013). These circadian patterns are lost with diet induced 

obesity, as vagal afferent nerves express an orexigenic receptor population regardless of nutritional 

status and fail to increase mechanosensitivity during daytime feeding (Dockray, 2014; S. J. Kentish, 

Vincent, Kennaway, Wittert, & Page, 2016). Together these changes promote increased food intake 

during the light cycle and support that the dysregulation of feeding behavior in obesity is partially 

mediated by aberrant vagal signaling. 

In lean mice, hepatic vagotomy shifts the diurnal feeding pattern to increase light cycle 

food intake (Hepler, Foy, Higgins, & Renquist, 2016; Louis-Sylvestre, 1978), potentially mediated 

by the loss of peripheral light cycle anorexigenic stimuli. Although it has previously been reported 

that hepatic vagotomy does not alter daily food intake in HFD fed mice (Lopez-Soldado et al., 

2017), diurnal feeding behaviors were not investigated. We report that diet induced obese hepatic 

vagotomized mice eat less during the light cycle than sham operated controls, suggesting that 

hepatic vagotomy protects against the obesity induced increase in daytime feeding. In fact, over 40 

years ago it was shown that truncal vagotomies in obese individuals effectively decrease food 

intake, body weight, hyperinsulinemia, and improve glucose tolerance (Kral, 1979, 1980). We 

hypothesize that preventing the GABA mediated depression of HVAN activity from reaching the 

hindbrain not only improves glycemic control (Chapter 2 Fig. 1) but decreases light cycle food 

intake, explaining the decreased weight gain with HFD feeding in hepatic vagotomized mice 

(Chapter 2 Fig. 1B). Further supporting a role of hepatic GABA in HFD induced weight gain, we 

previously observed that inducing hepatic Kir2.1 expression, limited hepatic GABA release and 

HFD induced weight gain (Chapter 2 Fig. 3C).  

 Over two thirds of the adult U.S. population are overweight or obese, and obesity is a major 

risk factor in the development of type 2 diabetes, cardiovascular disease, cancer, and death 

(Prevention., 2017b). Although effective at combatting obesity associated co-morbidities, weight 

loss is often difficult to achieve and maintain. Dysregulated satiety signaling and energy 
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homeostasis largely impair the effectiveness of weight loss strategies. Pharmacologic interventions 

to restore normal satiation and hunger stimuli have the potential to improve management of the 

obesity epidemic and in turn mitigate the many obesity associated health complications. This work 

identifies hepatic GABA production as a therapeutic target which independently improves systemic 

glucose homeostasis and decreases food intake in obesity.  
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Summary 

 Hepatic lipid accumulation is a hallmark of type 2 diabetes (T2D) and associated with 

hyperinsulinemia, systemic insulin resistance, and hyperphagia. Hepatic synthesis of GABA, 

catalyzed by GABA-transaminase (GABA-T), is upregulated in high fat diet fed mice. To assess 

the role of hepatic GABA production in obesity-induced hyperinsulinemia, insulin resistance, and 

dysregulated energy homeostasis, we treated diet-induced obese mice with an antisense 

oligonucleotide (ASO) targeted against GABA-T or a scramble control ASO (12.5 mg/kg 

intraperitoneal twice weekly). One week of GABA-T ASO injections decreased hepatic GABA-T 

mRNA expression by 98% and obesity-induced liver slice GABA release by 61% compared to 

controls. Acute (1 week) and chronic (4 weeks) hepatic GABA-T knockdown decreased basal 

hyperinsulinemia and hyperglycemia and improved oral glucose tolerance and insulin sensitivity 

in obese mice. Hepatic GABA-T knockdown also decreased food intake and induced weight loss 

without altering energy expenditure in diet induced obese mice. These effects are dependent on an 

intact hepatic vagal nerve as GABA-T ASO injections did not affect basal serum insulin, insulin 

sensitivity, food intake, or body weight in hepatic vagotomized mice. In lean mice, hepatic GABA-

T knockdown did not affect glucose homeostasis or food intake. Hepatic lipid accumulation 

induced hepatocyte GABA production is key to the dysfunctional glucoregulation and feeding 

behavior associated with obesity. We show that inhibiting hepatic GABA production, release, or 

signaling onto the hepatic vagal nerve is a novel therapeutic strategy to treat both the dysregulated 

glucose metabolism and phagic drive in obesity.   
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Figure Legends 

Figure 1. Acute hepatic GABA-Transaminase knockdown improves obesity induced metabolic 

dysfunction. GABA-T mRNA expression in liver, whole brain, and pancreas after 1 week of 

injections with a GABA-T targeted or scramble control antisense oligonucleotide (ASO; 12.5mg/kg 

IP twice weekly) in high fat diet induced obese mice (A). Release of GABA (µmol/mg DNA) from 

hepatic slices (B). Body weight during treatment (C). Basal serum insulin (D), glucose (E), and 

glucose:insulin ratio (F). Oral glucose tolerance (OGTT; G), OGTT area under the curve (AUC; 

H), oral glucose stimulated serum insulin (I), insulin tolerance (ITT; J), and ITT AUC (K). Number 

below bar denotes n per group. NS = non-significant. All data are presented as mean ± SEM.  

 

Figure 2. Chronic hepatic GABA-Transaminase knockdown improves obesity induced metabolic 

dysfunction. High fat diet induced obese mice were treated for 4 weeks with a GABA-T targeted 

or scramble control antisense oligonucleotide (ASO; 12.5mg/kg IP twice weekly). Release of 

GABA (µmol/mg DNA) from hepatic slices (A). Body weight during treatment (B). Basal serum 

insulin (C), glucose (D), and glucose:insulin ratio (E) pre-treatment and after 4 weeks of treatment. 

Serum glucagon (F), oral glucose tolerance (OGTT; G), OGTT area under the curve (AUC; H), 

oral glucose stimulated serum insulin (I), insulin tolerance (ITT; J), and ITT AUC (K) after 4 weeks 

of treatment. Number below bar denotes n per group. NS = non-significant. All data are presented 

as mean ± SEM. 

 

Figure 3. Glucose homeostasis in lean mice treated with the scramble control antisense 

oligonucleotide (ASO), or 1 of 2 GABA-Transaminase (GABA-T) targeted ASO sequences 

(GABA-T or GABA-T 2; 12.5mg/kg IP twice weekly) for 4 weeks. Hepatic GABA-T mRNA 

expression after 1, 2, and 4 weeks of ASO injections (A). GABA-T mRNA expression in liver, 

whole-brain, and pancreas after 4 weeks of ASO injections (B). Body weight during treatment (C). 

Basal serum insulin (D), glucose (E), and glucose:insulin ratio (F) pre-treatment and after 1, 2, 3, 

and 4 weeks of treatment. Oral glucose tolerance (OGTT; G), OGTT area under the curve (AUC; 

H), oral glucose stimulated serum insulin (I), insulin tolerance (ITT; J), and ITT AUC (K). a,b,c Bars 

that do not share a common letter differ significantly (P < 0.05). Number below bar denotes n per 

group. NS = non-significant. All data are presented as mean ± SEM. 

 

Figure 4. Hepatic GABA-Transaminase knockdown mediated improvements in glucose 

homeostasis are dependent on an intact hepatic vagal nerve. Diet induced obese hepatic 

vagotomized and sham operated mice were treated with a GABA-T targeted antisense 

oligonucleotide (ASO; 12.5mg/kg IP twice weekly) for 4 weeks. Body weight during treatment 

(A). Basal serum insulin (B), glucose (C), and glucose:insulin ratio (D) pre-treatment and after 4 

weeks of treatment. Serum glucagon (E), oral glucose tolerance (OGTT; F), OGTT area under the 

curve (AUC; G), oral glucose stimulated serum insulin (H), insulin tolerance (ITT; I), and ITT 

AUC (J) after 4 weeks of treatment. Number below bar denotes n per group. NS = non-significant. 

All data are presented as mean ± SEM. 

 

Figure 5. Hepatic GABA production and hepatic gluconeogenesis from succinate are linked in 

obesity. Data from lean and diet induced obese mice treated with a GABA-T targeted or scramble 

control antisense oligonucleotide injections (ASO; 12.5mg/kg IP twice weekly) for 4 weeks. 

Succinate tolerance test (STT; A), STT area under the curve (AUC; B), pyruvate tolerance test 

(PTT; C), and PTT AUC (D) in obese mice. STT (E), STT AUC (F), PTT (G), and PTT AUC (H) 

in lean mice. Hepatic NADH (I), NAD+ (J), and the NADH:NAD+ (K) ratio. Hepatic β-OH butyrate 

concentrations after a 16 hour fast (L). Number below bar denotes n per group. NS = non-

significant. All data are presented as mean ± SEM. 
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Figure 6. Obesity induced hepatic GABA production increases phagic drive. Cumulative food 

intake and body weight during the first 2 weeks of GABA-T targeted or scramble control antisense 

oligonucleotide injections (ASO; 12.5mg/kg IP twice weekly) in lean (A-D) and diet induced obese 

(E-H) mice. Cumulative light cycle (A and E), dark cycle (B and F), and daily (C and G) food 

intake. Cumulative body weight change (D and H). * = P<0.05, ** = P<0.01, *** = P<0.0001. All 

data are presented as mean ± SEM. 

 

Figure 7. Hepatic vagotomy decreases light cycle food intake on HFD, while GABA-Transaminase 

knockdown normalizes sham mice food intake to vagotomy mice. Cumulative food intake and body 

weight in diet induced obese sham operated and hepatic vagotomized mice during 1 week of 

baseline feeding (A-D) and during 2 weeks of GABA-T targeted antisense oligonucleotide 

injections (ASO; 12.5mg/kg IP twice weekly; E-H). Cumulative light cycle (A and E), dark cycle 

(B and F), and daily (C and G) food intake. Cumulative body weight change (D and H). * = P<0.05. 

All data are presented as mean ± SEM. 

 

Figure 8. GABA-T knockdown decreases weekly food intake and body weight. Data from obese 

GABA-T or control antisense oligonucleotide (ASO) treated mice (A-D), and from obese sham and 

vagotomized GABA-T ASO treated mice (E-H). Weekly food intake (A), weekly cumulative food 

intake (B), weekly body weight change (C), and weekly cumulative body weight change (D) in 

wildtype diet induced obese mice over 4 weeks of GABA-T targeted or scramble control ASO 

treatment (12.5mg/kg IP twice weekly). Weekly food intake (E), weekly cumulative food intake 

(F), weekly body weight change (G), and weekly cumulative body weight change (H) in diet 

induced obese sham operated and hepatic vagotomized mice over 4 weeks of GABA-T targeted 

ASO treatment (12.5mg/kg IP twice weekly). Week 4 food intake comparing all groups (I). a,b Bars 

that do not share a common letter differ significantly (P < 0.05; number below bar denotes n per 

group). NS = non-significant. All data are presented as mean ± SEM. 

 

Figure 9. Hepatic GABA-T knockdown does not alter energy expenditure in obesity. Energy 

expenditure, respiratory exchange ratio, and activity level assessed by Comprehensive Lab Animal 

Monitoring System (CLAMS) at the UCDavis Mouse Metabolic Phenotyping Center in diet 

induced obese mice after weeks 1 and 4 of GABA-T targeted or scramble control antisense 

oligonucleotide treatment (ASO; 12.5mg/kg IP twice weekly). Energy expenditure during the light 

cycle (A), dark cycle (B), and over 24 hours (C). Respiratory exchange ratio (RER) during the light 

cycle (D), dark cycle (E), and during a 12 hour dark cycle fast on day 15 of ASO treatment (F). 24 

hour activity along the horizontal X axis (XTOT; G), vertical Z axis (ZTOT; H), and total 

ambulatory movement (XAMB; I). NS = non-significant. All data are presented as mean ± SEM. 
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Supplemental Figure Legends 

Supplemental Figure 1. Hepatic GABA-Transaminase knockdown does not affect fast induced 

refeeding or leptin sensitivity. Refeeding after a 16 hour fast in chow fed lean (A) and diet induced 

obese (B) mice after 4 weeks of GABA-T targeted or scramble control ASO injections (12.5mg/kg 

IP twice weekly). Food intake (C) and body weight change (D) in obese control and GABA-T 

knockdown mice in response to leptin (2mg/kg IP single injection at 6am) and saline. All 

comparisons were made within a timepoint. a,b bars that do not share a common letter differ 

significantly (P < 0.05). NS = non-significant. All data are presented as mean ± SEM.  
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Supplemental Figures 

 
Supplemental Figure 1. 
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Chapter 4 – Peripheral Muscarinic 3 Receptor Signaling is Involved in Obesity-induced 

Insulin Resistance but Not Hyperinsulinemia 

Introduction 

 Non-alcoholic fatty liver disease (NAFLD) is the most prevalent liver disease in developed 

countries and over 100 million Americans are projected to have NAFLD by 2030 (Estes et al., 

2018; Zhu et al., 2015). NAFLD is a stronger risk factor for the development of type 2 diabetes 

(T2D) than obesity (Sinn et al., 2019), and the extent of hepatic lipid accumulation in NAFLD 

patients is highly associated with the severity of hyperinsulinemia and insulin resistance (Chang et 

al., 2013; Chon et al., 2016; Kotronen et al., 2008). In fact, hyperinsulinemia and insulin resistance 

are universal in both lean and obese individuals with NAFLD(Chitturi et al., 2002; Manchanayake 

et al., 2011).  

Hepatic vagotomy protects against hyperinsulinemia and insulin resistance in diet-induced 

obese mice, proposing that HVAN signaling in obesity promotes insulin secretion and decreases 

insulin sensitivity (Chapter 2 Fig. 1C and 1K). We previously established that obesity increases 

hepatocyte release of the inhibitory neurotransmitter, GABA.  We propose that hepatocyte released 

GABA acts on hyperpolarizing GABAA receptors to depress hepatic vagal afferent nerve (HVAN) 

activity, resulting in downstream effects on the efferent parasympathetic nervous system that 

induce hyperinsulinemia and insulin resistance (Chapter 2 Fig. 7).  

Electrical stimulation of the hepatic vagal nerve decreases insulin concentrations while 

acute sectioning of the hepatic vagal nerve, mimicking a loss of firing activity, increases plasma 

insulin (K. C. Lee & Miller, 1985). Thus, increased HVAN activity inhibits insulin release while 

decreased HVAN firing increases insulin release. A decrease in HVAN tone increases β-cell insulin 

release by stimulating pancreatic parasympathetic efferent nerve activity (K. C. Lee & Miller, 1985; 

Nagase et al., 1993). Cholinergic blockade decreases serum insulin concentrations in obese but not 

lean mice, suggesting that muscarinic signaling at the β-cell is chronically elevated in obesity 
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(Ahren & Lundquist, 1982). Accordingly, truncal vagotomy, which will eliminate parasympathetic 

efferent signaling, limits hyperinsulinemia in obese rats by reducing cholinergic action on β-cells 

(Balbo et al., 2016). β-cell muscarinic receptor activation stimulates Gq-type G protein signaling 

cascades which amplifies insulin secretion (Garcia, Hermans, & Henquin, 1988; Gilon & Henquin, 

2001; Rolland, Henquin, & Gilon, 2002).  The β-cell insulin secretory response to acetylcholine 

depends on circulating glucose concentrations. Acetylcholine signaling stimulates insulin release 

when the β-cell is simultaneously depolarized by glucose (Hermans, Schmeer, & Henquin, 1987). 

Yet, when circulating glucose concentrations are under ~200 mg/dl, acetylcholine release at the β-

cell instead increases the readily releasable pool of insulin (Duttaroy et al., 2004; Niwa et al., 1998; 

Scott, Atwater, & Rojas, 1981). The increased pancreatic parasympathetic efferent tone in obesity 

serves to chronically increase the readily releasable pool of insulin vesicles.  β-cell muscarinic 3 

receptor (M3R) is proposed to mediate the stimulatory effect of acetylcholine on insulin release 

(Duttaroy et al., 2004; Zawalich et al., 2004).  

 The HVAN also regulates insulin sensitivity. Hepatic vagotomy protects against the 

development of glucocorticoid induced (Bernal-Mizrachi et al., 2007) and diet-induced insulin 

resistance (Chapter 2 Fig. 1K), suggesting that basal HVAN activity in obesity promotes insulin 

resistance. Vagal nerve electrical stimulation in obese mini-pigs increases skeletal muscle glucose 

uptake (Malbert, Picq, Divoux, Henry, & Horowitz, 2017). Conversely, portal glucose delivery 

decreases HVAN firing and skeletal muscle glucose clearance  (Galassetti, Shiota, Zinker, 

Wasserman, & Cherrington, 1998; Niijima, 1982).  An oral glucose challenge, which by providing 

portal glucose would be expected to decrease HVAN activity, impairs muscle microvasculature 

blood flow (Russell et al., 2018).  This change in blood flow may explain the decreased skeletal 

muscle glucose clearance in response to portal glucose, since blood perfusion of the muscle 

microvasculature is a key regulator of glucose uptake (Vincent et al., 2003; Vincent et al., 2004).  

Acetylcholine stimulates microvasculature vasodilation, potentially by acting at 

endothelial cell M3R (Gericke et al., 2011). Muscarinic receptor signaling stimulates endothelial 
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nitric oxide synthase (eNOS) phosphorylation and nitric oxide (NO) synthesis, resulting in smooth 

muscle cGMP production and vasodilation (Archer et al., 1994b; Zecchin et al., 2007). 

Acetylcholine and insulin stimulated vasodilation, eNOS expression and activity, and peripheral 

parasympathetic nervous system activity are all reduced in obesity and implicated in the 

pathogenesis of insulin resistance (Cleland et al., 1999; Indumathy et al., 2015; Kubota et al., 2011; 

Miller et al., 1999; Van Guilder et al., 2006; Zecchin et al., 2007). We previously established that 

inhibiting hepatic GABA production increased soleus muscle cGMP concentrations and glucose 

uptake and improved systemic insulin sensitivity in obese mice (Chapter 2 Figs. 5I-5L).  

To establish the role M3R signaling in obesity-induced hyperinsulinemia and insulin 

resistance we generated β-cell, skeletal muscle, and endothelial cell specific M3R knockout mice. 

Additionally, we developed a viral vector to induce expression of a constitutively active M3R in 

endothelial cells and better understand how enhanced cholinergic signaling regulates insulin 

sensitivity. We hypothesized that β-cell M3R knockout would protect against obesity-induced 

hyperinsulinemia. Conversely in endothelial cells, we hypothesized that diet-induced insulin 

resistance would be exacerbated by M3R knockout and improved by constitutive M3R activity. 
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Materials and Methods 

Animals 

 In all cases studies in lean chow fed mice (7013 NIH-31, Teklad WI, 3.1 kcal/g, 18% kcal 

from fat, 59% kcal from carbohydrate, 23% kcal from protein) were conducted at 12-16 weeks of 

age. All diet-induced obese mice were fed a high fat diet (TD 06414, Teklad WI, 5.1 kcal/g, 60.3% 

kcal from fat, 21.3% kcal from carbohydrate, 18.4% kcal from protein). β-cell muscarinic 3 receptor 

(M3R) knockout mice were generated by crossing β-cell cre-recombinase expressing mice 

(B6(Cg)-Ins1tm1.1(cre)Thor/J; JAX # 026801) with M3R floxed mice (kindly donated by Dr. Jurgen 

Wess, NIDDK). Breeding of male Ins1cre/+ M3R flox/wildtype mice with female Ins1+/+ M3R 

flox/wildtype mice resulted in experimental flox control (Ins1+/+, M3R flox/flox), cre control 

(Ins1cre/+, M3R wildtype/wildtype), wildtype control (Ins1+/+, M3R wildtype/wildtype), and β-

cell M3R knockout (Ins1cre/+, M3R flox/flox; βM3RKO) mice. All studies were conducted in lean 

mice and again after 8-10 weeks on the HFD (20-26 weeks of age). Skeletal muscle M3R knockout 

mice were generated by crossing skeletal muscle cre-recombinase expressing mice (Myl1tm1(cre)Sjb/J; 

JAX # 024713) with M3R floxed mice (kindly donated by Dr. Jurgen Wess, NIDDK). Breeding of 

male Myl1cre/+ M3R flox/wildtype mice with female Myl1+/+ M3R flox/wildtype mice resulted 

in experimental flox control (Myl1+/+, M3R flox/flox), cre control (Myl1cre/+, M3R 

wildtype/wildtype), wildtype control (Myl1+/+, M3R wildtype/wildtype), and skeletal muscle 

M3R knockout (Myl1cre/+, M3R flox/flox; SkM3RKO) mice. All studies were conducted in lean 

mice. Endothelial cell M3R knockout mice were generated by crossing endothelial cell cre-

recombinase expressing mice (B6.Gg-Tg(Tie2-cre)1Ywa/J; JAX # 008863) with M3R floxed mice 

(kindly donated by Dr. Jurgen Wess, NIDDK). Breeding of male Tie2cre/+ M3R flox/wildtype 

mice with female Tie2+/+ M3R flox/wildtype mice resulted in experimental flox control (Tie2+/+, 

M3R flox/flox), cre control (Tie2cre/+, M3R wildtype/wildtype), wildtype control (Tie2+/+, M3R 

wildtype/wildtype), and endothelial cell M3R knockout (Tie2cre/+, M3R flox/flox; ECM3RKO) 
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mice. All studies were conducted in lean mice and again after 3 weeks on the HFD (15-19 weeks 

of age). Endothelial cell cre-recombinase expressing mice (Tie2cre/+; ECcre) and wildtype mice 

(Tie2+/+) that received the Q490L mutant M3R AAV1 were generated by in house breeding of 

male Tie2cre/+ mice with female wildtype mice. A pre-virus OGTT and ITT were performed after 

6 weeks on the HFD (18-22 weeks of age). The following week, a post-virus OGTT and ITT were 

performed on days 5 and 7, respectively, following virus injection. All mice were kept on a 14-

hour light/10-hour dark schedule and housed 3-5 mice per cage until 1 week prior to study initiation, 

at which point animals were individually housed. Unless fasted, mice had ad libitum access to food 

and water. All studies were approved by the University of Arizona Institutional Animal Care and 

Use Committee. 

  

Viral Induced Q490L M3R Expression 

 The constitutively active Q490L (Gln490 → Leu) point mutation in the C-terminus of the 

muscarinic 3 receptor (M3R) was first identified in a random mutation screening in yeast 

expressing a modified version of the rat M3R lacking a central portion of the i3 loop (Ala274–Lys469) 

(Schmidt et al., 2003). This loop deletion allows for a robust increase in receptor density due to the 

removal of a sequence targeting M3R for degradation in yeast (Erlenbach et al., 2001). Penn Vector 

Core synthesized an adeno associated virus serotype 1 (AAV1) viral vector containing the Q490L 

mutant M3R sequence flanked with loxP sequences whose expression is driven by a globally 

expressed CAG promoter. LoxP sites limit Q490L M3R expression to cre-recombinase expressing 

tissue, and tail vein injection of 5X1010 viral genome copies induces endothelial cell expression in 

Tie2cre/+ (ECcre) but not Tie2+/+ (wildtype) mice.  

 

Carbachol Stimulated Insulin 

 Intraperitoneal carbachol (carbamoylcholine chloride; 0.53μmol/kg; 0.1mL/10g body 

weight; Sigma Aldrich, St. Louis, MO) was given to 4 hour fasted individually housed mice. All 
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studies began at 1 pm and carbachol was injected 10 minutes after delivering an oral glucose gavage 

(2.5g/kg). Fifteen minutes after glucose gavage, we collected blood from the tail vein for measuring 

serum insulin and glucose concentrations. To determine the effect of carbachol in the absence of a 

glucose gavage, tail vein blood was collected 5 minutes after IP carbachol injection under identical 

conditions. 

  

Scopolamine N-Butyl Bromide Injection 

 Scopolamine N-butyl bromide (0.5 mg/kg; 0.1mL/10g body weight; Sigma Aldrich, St. 

Louis, MO) was intraperitoneally injected into 4 hour fasted individually housed mice. All studies 

began at 1 pm. Blood for serum insulin and glucose determination was collected from the tail vein 

30 minutes following injection. 

 

Glucose Tolerance Test 

 Oral glucose (2.5 g/kg; 0.1mL/10g body weight; Chem-Impex Int’l Inc., Wood Dale, IL) 

was given to 4 hour fasted individually housed mice. All glucose tolerance tests began at 1 PM and 

glucose was measured in whole blood, collected from the tail vein, by glucometer (Manufacture # 

D2ASCCONKIT, Bayer, Leverkusen, Germany) at 0, 15, 30, 60, 90, and 120 minutes after glucose 

gavage. Blood for serum insulin (oral glucose stimulated insulin secretion) and glucose 

determination was collected from the tail vein 15 minutes following glucose administration. 

 

Insulin Tolerance Test 

 Intraperitoneal insulin (0.5 U/kg; 0.1mL/10g body weight; Sigma Aldrich, St. Louis, MO) 

was given to 4 hour fasted individually housed mice. All insulin tolerance tests began at 1 PM and 

glucose was measured in whole blood, collected from the tail vein, by glucometer (Manufacture # 

D2ASCCONKIT, Bayer, Leverkusen, Germany) at 0, 30, 60, 90, and 120 minutes after insulin 

injection. 
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Serum Assays 

 Within 2 hours of collection on ice, blood was left to clot at room temperature for 20 

minutes.  Thereafter the blood was centrifuged at 3,000xg for 30 minutes at 4°C and serum was 

collected. Serum was stored at -80°C until metabolite and hormone analyses. Serum glucose was 

analyzed by colorimetric assay (Cat. # G7519, Pointe Scientific Inc., Canton MI). Serum insulin 

was analyzed by enzyme-linked immunosorbent assay (ELISA; Cat. # 80-INSMSU-E01,E10, 

Alpco, Salem, NH). 

 

Statistics 

 We analyzed the data in SAS Enterprise Guide 7.1 (SAS Inst., Cary, NC), using a mixed 

model ANOVA for all analyses. When comparisons between all means were required, we used a 

Tukey’s adjustment for multiple comparisons.  When comparisons of means were limited (e.g. only 

within a timepoint or treatment), we used a bonferonni correction for multiple comparisons.  For 

the analysis of ITT, OGTT, and scopolamine response repeated measures ANOVA were performed 

by including time point or injection type in the analysis. When applicable analyses were conducted 

separately for chow and HFD fed mice.  For β-cell, skeletal muscle, and endothelial cell M3R 

knockout studies, the main effect was genotype (flox control, cre control, wildtype control, or M3R 

knockout). For Q490L M3R expressing studies, the main effect was genotype (Tie2cre/+ or 

Tie2+/+) and virus status (pre- or post-virus). All graphs were generated using GraphPad Prism 

7.03 (GraphPad Software Inc., La Jolla, CA).  
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Results 

β-Cell Muscarinic 3 Receptor Knockout Does Not Prevent Obesity-induced 

Hyperinsulinemia 

 To directly test the involvement of β-cell M3R signaling in obesity-induced 

hyperinsulinemia we generated β-cell specific M3R knockout (βM3RKO) mice by crossing M3R 

floxed mice with mice expressing Ins1 promoter driven cre-recombinase in the β-cells. In chow fed 

lean mice, β-cell M3R knockout did not affect basal serum insulin, glucose, or the glucose:insulin 

ratio (Figs. 1A-1C). β-cell M3R knockout did not affect oral glucose clearance or oral glucose 

stimulated insulin (Figs. 1D-1F). Surprisingly, β-cell M3R knockout did not eliminate the insulin 

secretory response to carbachol (Figs. 1G-1H). 

 As expected in lean mice, which have low basal acetylcholine release onto β-cells (Ahren 

& Lundquist, 1982), muscarinic antagonism did not alter basal serum insulin values (Fig. 1I).  β-

cell M3R knockout did not affect insulin sensitivity (Figs. 1J-1K). The lack of an effect of β-cell 

M3R knockout to disrupt basal insulin, glucose stimulated insulin, or carbachol stimulated insulin 

suggests that β-cell M3R is not essential for regulating insulin release in the lean state. Furthermore, 

the ability of the pan-muscarinic receptor agonist, carbachol, to increase serum insulin in βM3RKO 

mice suggests that other muscarinic receptors play a role in the insulin secretory response to 

parasympathetic signaling.   

 We have hypothesized that by decreasing HVAN activity obesity increases 

parasympathetic signaling at the β-cell. Thus, we assessed the role of β-cell M3R in the 

hyperinsulinemia and insulin resistance in diet-induced obese mice. Weight gain on the HFD was 

affected by genotype (Fig. 2A). β-cell M3R knockout did not affect basal serum insulin, glucose, 

or the glucose:insulin ratio (Figs. 2B-2D). Oral glucose tolerance and oral glucose stimulated 

insulin was similar between all genotypes (Figs. 2E-2G). β-cell M3R knockout did not affect the 

insulin response to carbachol following an oral glucose gavage (Fig. 2H). Serum insulin 

concentrations following an intraperitoneal carbachol injection in the absence of glucose 
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administration were lower in βCM3RKO mice compared to cre and wildtype control mice (Fig. 

2I). However, this response to carbachol was similar to that observed in the flox control mice.  

Although the insulin response to carbachol was blunted in βCM3RKO mice, carbachol injection 

still increased serum insulin 284% above basal concentrations, showing that βCM3RKO mice are 

still sensitive to muscarinic agonism. Muscarinic antagonism decreased basal serum insulin 

independent of genotype (P = 0.0004), but this was only significant within flox control mice (Fig. 

2J). We had hypothesized that β-cell M3R deletion might improve insulin sensitivity by eliminating 

hyperinsulinemia. However, since β-cell M3R knockout did not eliminate obesity-induced 

hyperinsulinemia, it is not surprising that β-cell M3R knockout did not affect insulin sensitivity in 

obesity (Figs. 2K-2L). Thus, β-cell M3R deletion does not protect against diet-induced 

hyperinsulinemia or insulin resistance. 

Skeletal Muscle Muscarinic 3 Receptor Knockout Does Not Alter Glucose Homeostasis 

 We next turned our attention to the role of the parasympathetic nervous system and M3R 

signaling in the regulation of insulin sensitivity. We hypothesize that depressed HVAN activity 

decreases acetylcholine release at skeletal muscle to induce insulin resistance (Chapter 2 Fig. 7). 

Although we propose that this effect is mediated by diminished endothelial cell M3R signaling, we 

investigated a potential role of direct skeletal muscle M3R signaling in systemic glucose clearance. 

In fact, skeletal muscle M3R activation has been shown to enhance muscle glucose clearance 

through a CaMKK-AMPK dependent mechanism (Merlin et al., 2010). Skeletal muscle M3R 

knockout (SkM3RKO) mice were generated by crossing M3R floxed mice with mice expressing 

cre-recombinase under the skeletal muscle specific myosin light polypeptide 1 (Myl1) promoter. 

We hypothesized that any deficit in glucose clearance resulting from skeletal muscle M3R deletion 

would be evident in the lean state. Skeletal muscle M3R knockout did not affect basal serum insulin 

or glucose concentrations, while the glucose:insulin ratio was lower in SkM3RKO mice compared 

to wildtype but not flox or cre controls (Fig. 3A-3C). Skeletal muscle M3R knockout had no effect 
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on oral glucose tolerance, oral glucose stimulated serum insulin, or insulin sensitivity (Fig. 3D-

3H).  

Endothelial Cell Muscarinic 3 Receptor Knockout Accentuates 3 Week High Fat Diet-

induced Insulin Resistance 

 Endothelial cell specific M3R knockout (ECM3RKO) mice were generated by crossing 

M3R floxed mice with mice expressing cre-recombinase under the endothelial specific receptor 

tyrosine kinase (Tie2) promoter. Endothelial cell M3R knockout did not affect basal serum insulin, 

glucose, the glucose:insulin ratio, oral glucose tolerance, oral glucose stimulated serum insulin, or 

insulin sensitivity in lean mice (Fig. 4A-4H).  

Observing no phenotype in the lean state, we conducted studies after 3 weeks on a HFD. 

This timepoint ensured that control mice had not developed severe insulin resistance and allowed 

us to detect an exacerbation of insulin resistance. Endothelial cell M3R knockout did not affect 

weight gain, basal serum insulin, glucose, or the glucose:insulin ratio (Figs. 5A-5D). ECM3RKO 

mice had elevated blood glucose concentration 30 minutes following an oral glucose gavage 

compared to all control genotypes (Fig. 5E). In fact, ECM3RKO mice were the only genotype 

whose blood glucose continued to rise between 15-30 minutes during the OGTT. Still, OGTT AUC 

was not significantly different between genotypes (Fig. 5F). Endothelial cell M3R KO did not affect 

the rise in serum insulin in response to oral glucose (Fig. 5G). ECM3RKO mice were more insulin 

resistance, having higher blood glucose during an insulin tolerance test (ITT) compared to all 

controls after 60 minutes, and compared to cre and flox control mice after 90 and 120 minutes, 

respectfully (Fig. 5H). The ITT AUC was elevated in ECM3RKO mice relative to flox and cre 

controls and tended to be relative to wildtype controls (P = 0.08; Fig. 5I).  

Because there were no significant differences between the control genotypes on any 

measure of glucose homeostasis, we combined the controls and compared them against ECM3RKO 

mice. Endothelial cell M3R knockout limited glucose clearance at 30 and 60 minutes following an 

oral glucose gavage and increased the OGTT AUC (P = 0.017; Supplemental Fig. 1A-1B). 
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Surprisingly, oral glucose stimulated serum insulin was found to be lower in ECM3RKO mice (P 

= 0.022; Supplemental Fig. 1C). Finally, insulin resistance was more severe in ECM3RKO mice 

relative to all controls and the ITT AUC was higher in ECM3RKO mice (P = 0.0007; Supplemental 

Fig. 1D-1E). These results suggest that while endothelial cell M3R signaling does not critically 

regulate systemic glucose clearance in the healthy lean state, it has a protective role against the 

development of insulin resistance in early diet-induced obesity.  

Constitutively Active Endothelial Cell Muscarinic 3 Receptor Signaling Rescues Obesity-

induced Insulin Resistance 

 The increased severity of insulin resistance in ECM3RKO mice suggested that increased 

endothelial cell M3R signaling may improve insulin sensitivity in obesity. To test this hypothesis, 

we intravenously injected obese HFD fed Tie2cre/+ (ECcre) and Tie2+/+ (wildtype) mice with an 

adeno-associated virus serotype 1 (AAV1) that encoded for a floxed constitutively active Q490L 

mutant M3R  (Gautam et al., 2010). Recombinant AAV1s readily transduce endothelial cells (S. 

Chen et al., 2005). HFD induced weight gain was similar between genotypes (Fig. 6A). Pre-virus 

studies were conducted after 6 weeks on the HFD and post-virus studies were initiated 5 days 

following virus delivery. Q490L M3R viral delivery did not affect basal serum insulin or the 

glucose:insulin ratio but decreased basal serum glucose concentrations in ECcre mice, while having 

no effect in wildtype mice (Figs. 6B-6D). Post-virus oral glucose tolerance was the same in 

wildtype mice but improved in ECcre mice compared to pre-virus (Figs. 6E-6G). Oral glucose 

stimulated serum insulin was unaffected following virus injection in both genotypes (Fig. 6H). 

Virus delivery improved insulin sensitivity in ECcre mice while having no effect in wildtype mice 

(Figs. 6I-6K). Thus, increased endothelial cell M3R signaling increases glucose clearance and 

insulin sensitivity in obesity. 
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Discussion 

 We set out to investigate the role of M3R signaling in obesity-induced hyperinsulinemia 

and insulin resistance. Contrary to our initial hypothesis, we found that β-cell M3R signaling was 

not essential for the development of diet-induced hyperinsulinemia. In fact, contrary to previous 

findings, mice lacking M3R in β-cells still respond to muscarinic agonism (Gautam et al., 2007). 

We did establish that a lack of endothelial cell M3R signaling worsens insulin resistance and 

glucose intolerance on a HFD, while enhanced endothelial cell M3R signaling improves oral 

glucose clearance and limits diet-induced insulin resistance. 

β-Cell Muscarinic Signaling and Hyperinsulinemia 

Heightened acetylcholine signaling at β-cells is well implicated in obesity-induced 

hyperinsulinemia (Balbo et al., 2016; Gilon & Henquin, 2001; Lundquist, 1982; Rohner-

Jeanrenaud, 1995). Muscarinic receptor agonism increases while muscarinic antagonism decreases 

serum insulin and in mice obesity accentuates both the responses to agonists and antagonists (Ahren 

& Lundquist, 1982; Ahren et al., 1997). Acetylcholine regulates insulin release similarly in humans 

as muscarinic antagonism decreases, while muscarinic agonism increases glucose stimulated 

insulin release (Coiro et al., 1986; Maccario et al., 1997). The contribution of acetylcholine to 

insulin secretion is also enhanced in human obesity, as insulin release is more robustly increased 

by acetylcholinesterase inhibition and decreased by muscarinic antagonism in obese than lean 

individuals (Del Rio et al., 1997; Teff & Townsend, 1999). Thus, β-cell muscarinic signaling is an 

attractive target to manage obesity-induced hyperinsulinemia. 

Early pharmacology studies identified M3R as the dominant muscarinic receptor subtype 

expressed in rodent islets (Henquin & Nenquin, 1988; Verspohl, Tacke, Mutschler, & Lambrecht, 

1990). However, ligands with a high degree of specificity to the muscarinic receptor subtypes (M1-

M5) are not available. Thus, pharmacological agents cannot be used to specify the role of individual 

muscarinic receptors. Global knockouts of the different muscarinic receptors do provide better 

models to understand the role of each receptor  (Gautam, Duttaroy, et al., 2006; Wess et al., 2003). 
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Lean whole-body M3R knockout mice have decreased body weight, basal glucose and insulin, 

improved glucose clearance, and do not have an insulin response to muscarinic agonism ex vivo 

(Duttaroy et al., 2004; Zawalich et al., 2004).  To specifically implicate β-cell M3R in this glucose 

dysregulation, β-cell M3R knockout mice were generated using the rat insulin promoter to drive 

cre-recombinase expression (RIP-cre) (Gautam, Han, et al., 2006). β-cell M3R KO did not affect 

basal glucose or insulin but did diminish glucose stimulated serum insulin concentrations and result 

in glucose intolerance (Gautam, Han, et al., 2006). This is in direct contrast to our findings that β-

cell M3R knockout, generated using Ins1 promoter driven cre-recombinase expression, had no 

effect on glucose stimulated serum insulin or oral glucose tolerance in either chow fed or diet-

induced obese mice (Figs. 1D, 1F, 2E, and 2G). The discrepancy between these results could be in 

part due to the promoter driving β-cell cre-recombinase expression.  RIP-cre expression alone 

impairs insulin secretion and glucose tolerance (J. Y. Lee et al., 2006).  Unfortunately, the pooled 

controls make it impossible to segregate potential effects of cre-recombinase or inserted loxp sites 

alone  (Gautam, Han, et al., 2006).  

The absence of blunted insulin release in response to the muscarinic agonist, carbachol, 

either alone or in conjunction with oral glucose in lean βM3RKO mice (Figs. 1G-1H) and to 

carbachol plus oral glucose in obese βM3RKO mice (Fig. 2H) suggests that M3R is not the sole 

mediator of acetylcholine stimulated insulin secretion. We hypothesize that the muscarinic 1 

receptor (M1R) may also mediate acetylcholine stimulated insulin release. Not only are M1R and 

M3R expression levels similar in rat islets, but expression of both receptors is increased in response 

to monosodium glutamate induced obesity (Miranda et al., 2014). Moreover, the non-specific 

muscarinic antagonist, atropine, blocks carbachol stimulated insulin release and the M1R specific 

antagonist, pirenzepine, accounts for approximately half of this reduction (Renuka, Robinson, & 

Paulose, 2006). Together these reports proposing a key role for M1R and our data in βM3RKO 

mice suggest that β-cell M1R and M3R may both mediate acetylcholine induced amplification of 

glucose stimulated insulin secretion. Since M1R and M3R signal through the same intracellular 
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signaling cascades, knockout of one may be insufficient to blunt the response to agonist or may 

result in compensatory over-expression of the alternative receptor. Assessment of insulin 

homeostasis in M1R/M3R double knockout mice will be essential to understanding the role of β-

cell muscarinic receptor signaling in obesity-induced hyperinsulinemia.  

A lack of concrete evidence establishing the existence of parasympathetic innervation of 

human islets has limited enthusiasm for manipulating peripheral nervous system activity at the islet 

to alter insulin release.  Although some immunohistochemical studies report a close neuronal 

association to human endocrine islets (Gregg et al., 2012), others report sparse parasympathetic or 

sympathetic human islet innervation (Rodriguez-Diaz, Abdulreda, et al., 2011). In fact, some have 

proposed that rather than nervous regulation of parasympathetic tone, islet α-cells synthesize and 

release acetylcholine (Rodriguez-Diaz, Dando, et al., 2011).  

 Physiological investigations avoid many of the complications associated with 

immunohistochemistry.  Studies investigating cephalic phase insulin release (CPIR) support a role 

for parasympathetic nervous system stimulated insulin secretion in humans. Oral sucrose stimuli 

without ingestion or 4 minutes post-ingestion of a mixed meal significantly increases circulating 

insulin (Just, Pau, Engel, & Hummel, 2008; Teff, Mattes, & Engelman, 1991). CPIR is neuron 

dependent, as administration of the ganglionic antagonist, trimethaphan, reduced pre-absorptive 

insulin release by 73% in humans (Ahren & Holst, 2001). Atropine alone reduced pre-absorptive 

insulin secretion by 20%, suggesting that both cholinergic and noncholinergic neurotransmission 

contribute to CPIR (Ahren & Holst, 2001). The neuropeptide vasoactive intestinal peptide (VIP) 

could represent the noncholinergic portion of CPIR as VIP positive parasympathetic nerve fibers 

abundantly innervate rodent and human pancreas and VIP stimulates insulin secretion (Bishop, 

Polak, Green, Bryant, & Bloom, 1980; Fahrenkrug et al., 1987).   Absolute CPIR is enhanced in 

obese hyperinsulinemic individuals, although when expressed as a percentage of baseline CPIR is  

diminished compared to lean individuals (Teff, Mattes, Engelman, & Mattern, 1993). One 

interpretation of these results is that obesity increases basal parasympathetic tone to the pancreas, 
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and therefore further parasympathetic recruitment in response to feeding is blunted. The strongest 

evidence for neuronal mediation of CPIR comes from studies in individuals in which pancreatic 

nerve supply has been disrupted. Truncal vagotomy which denervates the GI tract, liver, and 

pancreas, but not selective denervation of the stomach decreases oral glucose but not intravenous 

glucose stimulated insulin (Humphrey, Dykes, & Johnston, 1975a, 1975b). Only oral glucose 

administration recruits CPIR, suggesting that CPIR is diminished by truncal vagotomy. CPIR is 

eliminated in pancreas transplant subjects, further supporting that pancreatic innervation is essential 

for pre-absorptive insulin release (Secchi et al., 1995).  

Endothelial Cell Muscarinic Signaling and Insulin Resistance 

There is a strong association between skeletal muscle microvascular perfusion and insulin 

stimulated glucose uptake in healthy humans (Cleland et al., 1999; Petrie, Ueda, Webb, Elliott, & 

Connell, 1996). Endothelial dysfunction is central to dysregulated vascular and metabolic health in 

obesity. An abundance of evidence in humans and rodents show that obesity increases vascular 

resistance and impairs insulin and acetylcholine stimulated vasodilation, skeletal muscle blood flow 

and glucose clearance (Baron & Brechtel, 1993; Laakso, Edelman, Brechtel, & Baron, 1990; 

Steinberg et al., 1996; Van Guilder et al., 2006; Zecchin et al., 2007). While there is an inverse 

correlation between body fat and acetylcholine stimulated blood flow (Steinberg et al., 1996), 

healthy obese individuals who are not insulin resistant do not show endothelial dysfunction (El 

Assar et al., 2013). Both acetylcholine and insulin stimulate endothelial NO synthesis through 

eNOS activation, and both responses are impaired in obesity (Zecchin et al., 2007). Obesity 

decreases skeletal muscle microvascular eNOS expression and phosphorylation, and restoration of 

eNOS phosphorylation reverses diet-induced insulin resistance (Kubota et al., 2011; Reynolds et 

al., 2017; Santure et al., 2002; Zecchin et al., 2007). Moreover, pharmacologic eNOS inhibition or 

eNOS knockout in mice is sufficient to induce insulin resistance (Bradley, Richards, Keske, & 

Rattigan, 2013; Cook et al., 2004; Duplain et al., 2001; Vincent et al., 2003), and eNOS gene variant 
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mutation are associated with insulin resistance and T2D (Monti et al., 2003). Thus, insufficient 

eNOS activity is prominent in causing endothelial dysfunction.  

 Muscle capillary microvasculature possess the greatest endothelial surface area in the body 

(Barrett, Wang, Upchurch, & Liu, 2011). M3R is the most highly expressed muscarinic receptor in 

muscle vasculature and M3R knockout almost completely abolishes the vasodilatory response to 

acetylcholine (Gericke et al., 2011; Khurana et al., 2004; Rhoden et al., 2019). Despite this 

importance in regulating vascular tone, vascular resistance and cardiovascular function are 

unaltered in lean endothelial specific M3R knockout mice (Rhoden et al., 2019). This aligns with 

our results that endothelial cell M3R knockout does not affect insulin resistance or glucose 

tolerance in lean mice (Figs. 4D and 4G). However, we report that after only 3 weeks on a HFD, 

exacerbated insulin resistance and glucose intolerance emerges in ECM3RKO mice (Figs. 5E and 

5H). We hypothesize that in the lean state the parasympathetic and sympathetic nervous systems 

are relatively inactive, and therefore removing parasympathetic signaling from endothelial cells 

does not increase vascular resistance. However, human and rodent obesity not only decreases 

peripheral parasympathetic tone but increases peripheral sympathetic tone (Indumathy et al., 2015; 

Landsberg, 1996; Santure et al., 2002). Accordingly, in the absence of endothelial parasympathetic 

signaling, norepinephrine mediated vasoconstriction is dominant, resulting in decreased muscle 

microvasculature perfusion. We show that restoring the balance between the autonomic nervous 

system branches by increasing endothelial cell M3R activity improves insulin sensitivity, oral 

glucose tolerance, and decreases basal serum glucose in diet-induced obese mice (Figs. 6C, 6F, and 

6J). 

 Targeting the parasympathetic nervous system has promising therapeutic potential to 

improve insulin homeostasis in obesity. We aimed to understand the role of M3R in regulating 

insulin secretion and sensitivity. Our results suggest that β-cell M3R is not essential for obesity-

induced hyperinsulinemia. However, this research implicates diminished endothelial cell M3R 

signaling in the development of obesity-induced insulin resistance. In turn, enhancing endothelial 
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cell muscarinic signaling and eNOS activation represent underappreciated therapeutic targets by 

which to improve insulin sensitivity.   
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Summary 

 Obesity dysregulates peripheral parasympathetic nervous system activity. Muscarinic 3 

receptor (M3R) signaling on pancreatic β-cells amplifies glucose dependent insulin secretion while 

endothelial cell M3R signaling induces muscle microvasculature vasodilation to enhance glucose 

clearance. We hypothesize that obesity increases parasympathetic efferent acetylcholine release at 

β-cells to drive hyperinsulinemia and decreases parasympathetic efferent tone at skeletal muscle to 

promote insulin resistance. To investigate the role of M3R signaling in obesity-induced 

hyperinsulinemia and insulin resistance we generated β-cell, skeletal muscle, and endothelial cell 

M3R knockout mice. β-cell M3R knockout did not abrogate hyperinsulinemia in diet-induced 

obese mice. In fact, β-cell M3R knockout did not affect the insulin secretory response to muscarinic 

receptor agonism, suggesting that another muscarinic receptor may also mediate acetylcholine 

stimulated insulin release. Endothelial cell M3R knockout augmented glucose intolerance and 

insulin resistance in 3-week high fat diet fed mice. To determine if increased endothelial cell M3R 

signaling could limit insulin resistance in obesity, we virally induced expression of a constitutively 

active M3R in endothelial cells of diet-induced obese mice. Enhanced endothelial cell M3R 

signaling improved insulin sensitivity and oral glucose clearance. These findings establish that β-

cell M3R is not essential for obesity-induced hyperinsulinemia, but that decreased acetylcholine 

signaling onto endothelial cell M3R can exacerbate insulin resistance. 
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Figure Legends 

Figure 1. β-cell muscarinic 3 receptor (M3R) knockout does not alter glucose homeostasis in lean 

mice. Effect of β-cell M3R knockout on basal serum insulin (A), glucose (B: a,b bars that do not 

share a common letter differ significantly; P < 0.05), the glucose:insulin ratio (C), oral glucose 

tolerance (OGTT; D), OGTT area under the curve (AUC; E), oral glucose stimulated serum insulin 

(F), oral glucose and carbachol (0.53 μmol/kg IP) stimulated serum insulin (G). The basal serum 

insulin response to muscarinic agonism (carbachol; 0.53 μmol/kg IP; H), and muscarinic blockade 

(scopolamine butylbromide; 0.05 mg/kg IP; I). Insulin tolerance (TT; J), and ITT AUC (K). NS = 

non-significant. Number below bar denotes n per group. All data are presented as mean ± SEM. 

Figure 2. β-cell muscarinic 3 receptor (M3R) knockout does not prevent obesity-induced 

hyperinsulinemia. All studies were conducted after 8-10 weeks on a high fat diet (HFD). Effect of 

β-cell M3R knockout on HFD induced weight gain (A), basal serum insulin (B), glucose (C), the 

glucose:insulin ratio (D), oral glucose tolerance (OGTT; E), OGTT area under the curve (AUC; F), 

oral glucose stimulated serum insulin (G), oral glucose and carbachol (0.53 μmol/kg IP) stimulated 

serum insulin (H). The basal serum insulin response to muscarinic agonism (carbachol; 0.53 

μmol/kg IP; I: a,b bars that do not share a common letter differ significantly; P < 0.05), and 

muscarinic blockade (scopolamine butylbromide; 0.05 mg/kg IP; J). Insulin tolerance (TT; K), and 

ITT AUC (L). NS = non-significant. Number below bar denotes n per group. All data are presented 

as mean ± SEM. 

Figure 3. Skeletal muscle muscarinic 3 receptor (M3R) knockout does not alter glucose 

homeostasis in lean mice. Effect of skeletal muscle M3R knockout on basal serum insulin (A), 

glucose (B), the glucose:insulin ratio (C; a,b bars that do not share a common letter differ 

significantly; P < 0.05), oral glucose tolerance (OGTT; D), OGTT area under the curve (AUC; D), 

oral glucose stimulated serum insulin (F), insulin tolerance (ITT; G), and ITT AUC (H). NS = non-

significant. Number below bar denotes n per group. All data are presented as mean ± SEM. 

Figure 4. Endothelial cell muscarinic 3 receptor (M3R) knockout does not alter glucose 

homeostasis in lean mice. Effect of endothelial cell M3R knockout on basal serum insulin (A), 

glucose (B), the glucose:insulin ratio (C), oral glucose tolerance (OGTT; D), OGTT area under the 

curve (AUC; D), oral glucose stimulated serum insulin (F), insulin tolerance (ITT; G), and ITT 

AUC (H). NS = non-significant. Number below bar denotes n per group. All data are presented as 

mean ± SEM. 

Figure 5. Endothelial cell muscarinic 3 receptor (M3R) knockout accentuates 3 week high fat diet 

(HFD) induced insulin resistance. All studies were conducted after 3 weeks on a HFD. Effect of 

endothelial cell M3R knockout on HFD induced weight gain (A), basal serum insulin (B), glucose 

(C), the glucose:insulin ratio (D), oral glucose tolerance (OGTT; E), OGTT area under the curve 

(AUC; F), oral glucose stimulated serum insulin (G), insulin tolerance (ITT; H), and ITT AUC (I; 
a,b bars that do not share a common letter differ significantly; P < 0.05). NS = non-significant. 

Number below bar denotes n per group. All data are presented as mean ± SEM. 

Figure 6. Constitutively active endothelial cell muscarinic 3 receptor (M3R) signaling rescues 

obesity-induced insulin resistance. Studies were performed in Tie2+/+ (wildtype) and Tie2Cre/+ 

(ECcre) mice. Pre-virus studies were conducted after 6 weeks of high fat diet (HFD) feeding and 

post-virus studies began 5 days following tail vein injection of an AAV1 which induces cre-

dependent expression of a Q490L mutant constitutively active M3R selectively in endothelial cells 

in ECcre mice. Weight gain on a HFD (A). Effect of virus deliver on basal serum insulin (B), 
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glucose (C), the glucose:insulin ratio (D), oral glucose tolerance (OGTT) in wildtype mice (E), 

OGTT in ECcre mice (F), OGTT area under the curve (AUC; G), oral glucose stimulated serum 

insulin (H), insulin tolerance (ITT) in wildtype mice (I), ITT in ECcre mice (J), ITT AUC (K). NS 

= non-significant. Number below bar denotes n per group. All data are presented as mean ± SEM. 
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Supplemental Figure Legends 

 

Supplemental Figure 1. Endothelial cell muscarinic 3 receptor (M3R) knockout accentuates 3 

week high fat diet (HFD) induced insulin resistance controls together. All studies were conducted 

after 3 weeks on a HFD. Effect of endothelial cell M3R knockout on oral glucose tolerance (OGTT; 

A), OGTT area under the curve (AUC; B), oral glucose stimulated serum insulin (C), insulin 

tolerance (ITT; D), and ITT AUC (E). NS = non-significant. Number below bar denotes n per 

group. All data are presented as mean ± SEM. 
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Supplemental Figures 

 

Supplemental Figure 1. 
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Conclusion 

 This research proposes a model explaining the associative link between hepatic lipid 

accumulation and obesity-induced hyperinsulinemia, insulin resistance, and hyperphagia. We 

provide evidence that obesity-induced hepatocyte GABA signaling onto the hepatic vagal afferent 

nerve (HVAN) induces glucoregulatory and body weight dysregulation. We have established that 

obesity increases hepatocyte GABA production by upregulating expression of the GABA 

synthesizing enzyme GABA-Transaminase (GABA-T) and by increasing GABA-T substrate 

availability. In addition, obesity depolarizes hepatocytes and the accumulation of intracellular 

cations stimulates transport mediated hepatocyte GABA release. We further showed that limiting 

hepatocyte GABA release by hyperpolarizing hepatocytes, inhibiting hepatocyte GABA 

production by pharmacologically inhibiting or antisense oligonucleotide (ASO) mediated 

knockdown of GABA-T, or interrupting hepatocyte-vagal communication by hepatic branch 

vagotomy all decrease basal serum insulin and improve whole-body insulin sensitivity in obesity. 

Additionally, GABA-T knockdown decreases food intake and induces body weight loss on a high 

fat diet. This work suggests that therapeutic strategies focused on limiting hepatocyte GABA 

production, release, or signaling at the HVAN will improve metabolic function and cause weight 

loss in obese and type 2 diabetic patients.  Future studies should use hepatocyte specific GABA-T 

knockout mice to ensure that the glucoregulatory effects we observed with the ASO are a result of 

hepatic GABA-T inhibition.  

We hypothesize that a decrease in HVAN activity alters parasympathetic efferent activity, 

increasing release of acetylcholine onto β-cells to drive hyperinsulinemia and decreasing 

parasympathetic efferent tone to skeletal muscle microvasculature endothelial cells, limiting 

muscle blood perfusion and glucose clearance to induce insulin resistance.  To evaluate the role of 

the muscarinic 3 receptor (M3R) in obesity-induced hyperinsulinemia and insulin resistance we 

created β-cell and endothelial cell M3R knockout mice. β-cell M3R knockout did not protect 

against the development of hyperinsulinemia on a high fat diet or eliminate the stimulatory insulin 



142 
 

response to muscarinic agonism. Endothelial cell M3R knockout did worsen diet-induced glucose 

intolerance and insulin resistance while viral-induced expression of a constitutively active M3R in 

endothelial cells improved glucose tolerance and insulin sensitivity on a high fat diet. These studies 

implicate a role of endothelial cell M3R in obesity-induced metabolic dysfunction. The lack of 

response to β-cell M3R knockout may be due to compensatory signaling through muscarinic 1 

receptor (M1R), as both M3R and M1R stimulate the same intracellular signaling cascades and 

often serve complimentary physiological roles within a tissue. To test this idea, we propose to 

assess glucose homeostasis in chow fed and high fat diet-induced obese β-cell M1R/M3R knockout 

mice. We hypothesize that β-cell M1R/M3R knockout will eliminate the insulin stimulatory effect 

of muscarinic agonism and limit diet-induced hyperinsulinemia. Although endothelial cell M3R 

knockout decreased insulin sensitivity, we further hypothesize that endothelial cell M1R/M3R 

knockout will result in more severe insulin resistance. A decrease in inhibitory sympathetic tone at 

β-cells or vasoconstrictive sympathetic signaling at endothelial cells could also be involved in the 

improved hyperinsulinemia and insulin resistance downstream of limiting obesity-induced hepatic 

GABA production. This possibility warrants further investigation. 

Future studies with tissue specific M1R/M3R double knockout mice will establish the role 

of peripheral M1R/M3R signaling in regulating insulin secretion and sensitivity, but they do not 

directly implicate hepatic GABA signaling in dysregulating efferent parasympathetic nerve 

activity. To establish causality, we propose to combine genetic models manipulating hepatic 

GABA-T and peripheral M1R/M3R expression. We hypothesize that inducing β-cell cre expression 

to knockout β-cell M1R/M3R will not affect serum insulin in obese hepatic GABA-T knockout 

mice but will decrease obesity-induced hyperinsulinemia in GABA-T expressing mice. We further 

hypothesize that inducing endothelial cell cre expression to knockout endothelial M1R/M3R will 

worsen insulin resistance in hepatic GABA-T expressing but not GABA-T knockout obese mice. 

Alternatively, we hypothesize that ASO mediated GABA-T knockdown will not decrease basal 

insulin concentrations in obese normo-insulinemic β-cell M1R/M3R knockout mice or improve 
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insulin sensitivity in obese insulin resistant endothelial cell M1R/M3R knockout mice. These 

combined models will strengthen our hypothesis that the improvements in insulin secretion and 

sensitivity from limiting obesity-induced hepatocyte GABA production are a result of altering 

parasympathetic nervous system signaling at β-cells and endothelial cells.  

 This research is the foundation of a clinical trial in which we hypothesize GABA-T 

inhibition will decrease basal hyperinsulinemia and improve glucose tolerance in type 2 diabetics. 

This clinical trial highlights the translational impact of this research and represents the beginning 

of studies which we hope will validate hepatocyte GABA signaling as a viable anti-diabetic target 

in humans. 
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Appendix 1 – Hepatic Lipid Accumulation: Cause and Consequence of Dysregulated 

Glucoregulatory Hormones 

Abstract 

 

Fatty liver can be diet, endocrine, genetic, viral, or drug induced. Independent of cause, hepatic 

lipid accumulation promotes systemic metabolic dysfunction. By acting as peroxisome proliferator 

activated receptor (PPAR) ligands, hepatic non-esterified fatty acids upregulate expression of 

gluconeogenic, beta-oxidative, lipogenic, and ketogenic genes, promoting hyperglycemia, 

hyperlipidemia, and ketosis. The typical hormonal environment in fatty liver disease consists of 

hyperinsulinemia, hyperglucagonemia, hypercortisolemia, growth hormone deficiency, and 

elevated sympathetic tone.  These endocrine and metabolic changes further encourage hepatic 

steatosis by regulating adipose tissue lipolysis, liver lipid uptake, de novo lipogenesis (DNL), beta-

oxidation, ketogenesis, and lipid export. Hepatic lipid accumulation may be induced through 4 

separate mechanisms: 1) increased hepatic uptake of circulating fatty acids, 2) increased hepatic de 

novo fatty acid synthesis, 3) decreased hepatic beta-oxidation, and 4) decreased hepatic lipid export. 

This review will discuss the hormonal regulation of each mechanism comparing multiple 

physiological models of hepatic lipid accumulation. Nonalcoholic fatty liver disease (NAFLD) is 

typified by increased hepatic lipid uptake, synthesis, oxidation, and export. Chronic hepatic lipid 

signaling through PPARgamma results in gene expression changes that allow concurrent activity 

of DNL and beta-oxidation. The importance of hepatic steatosis in driving systemic metabolic 

dysfunction is highlighted by the common endocrine and metabolic disturbances across many 

conditions that result in fatty liver. Understanding the mechanisms underlying the metabolic 

dysfunction that develops as a consequence of hepatic lipid accumulation is critical to identifying 

points of intervention in this increasingly prevalent disease state. 
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Introduction 

Fatty liver is common to a wide range of human conditions. Non-alcoholic fatty liver 

disease (NAFLD) is the most frequent chronic liver disease in developed countries and its increased 

prevalence parallels the rise in obesity, type 2 diabetes, and metabolic syndrome in recent decades 

(Tuyama & Chang, 2012; Yki-Jarvinen, 2016).   NAFLD encompasses hepatic steatosis driven by 

factors other than excessive alcohol consumption and is estimated to affect 25% of the global 

population (Zhu et al., 2015). While NAFLD most commonly refers to fatty liver resulting from 

over-nutrition and consumption of a western diet, NAFLD may also be induced by endocrine 

disorders, viral infections, or side effects of pharmacological therapies.  

The prevalence of alcoholic fatty liver disease (AFLD) in the general population is 

approximately 8% (H. J. Kim, Kim, Choe, Kwon, & Lee, 2014; Kotronen et al., 2010).  Like 

NAFLD, the prevalence of AFLD is expected to rise (Toshikuni, Tsutsumi, & Arisawa, 2014). 

While both AFLD and NAFLD have similar histology and disease progression, AFLD also induces 

molecular and clinical changes that are attributed to high alcohol consumption, and not as a result 

of hepatic lipid accumulation (Rasineni et al., 2016; Toshikuni et al., 2014). Interestingly, both 

AFLD and NAFLD are strongly associated with metabolic syndrome and type 2 diabetes (Kotronen 

et al., 2010), suggesting that fatty liver, independent of origin, promotes systemic metabolic 

dysfunction. 

The severity of fatty liver disease is directly related to classic components of the metabolic 

syndrome including central obesity, insulin resistance, hyperinsulinemia, hypertriglyceridemia, and 

hyperglycemia (Bedogni et al., 2005; Wainwright & Byrne, 2016). In fact, 60-70% of type 2 

diabetics and 65-85% of obese patients (BMI ≥ 30) are comorbid with NAFLD (Chon et al., 2016; 

Fabbrini et al., 2010; Schindhelm et al., 2007).  Postprandial hyperinsulinemia is present in 100% 

of NAFLD cases independent of diabetes status (Manchanayake et al., 2011). Furthermore, 

sympathetic nervous system activity and circulating norepinephrine concentrations are commonly 

elevated in obesity and fatty liver disease (Pratley, Coon, Rogus, & Goldberg, 1995; Thorp & 
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Schlaich, 2015). Nearly all nonalcoholic steatohepatitis (NASH) patients display insulin resistance 

independent of body weight (Chitturi et al., 2002). In fact, peripheral insulin resistance is now 

considered a better predictor of hepatic injury in NAFLD than visceral adiposity or the commonly 

used fibrosis scoring system (Ercin et al., 2015; Rosso et al., 2016).  

Dysregulated glucagon secretion and signaling is also associated with fatty liver disease. 

NAFLD patients both with and without type 2 diabetes display fasting hyperglucagonemia 

(Bernsmeier et al., 2014; Junker, Gluud, Holst, Knop, & Vilsboll, 2016). Additionally, the 

suppression of plasma glucagon in response to hyperglycemia is dramatically impaired in pre-

diabetic and diabetic individuals (Foghsgaard et al., 2016; Rohrer et al., 2012; Unger, Madison, & 

Muller, 1972). Glucose mediated inhibition of glucagon secretion from pancreatic alpha-cells 

occurs indirectly and relies on paracrine signaling from insulin secreting beta-cells (Le Marchand 

& Piston, 2010). Loss of this paracrine inhibition in diabetes promotes hypersecretion of glucagon, 

and the hyperglycemia and hyperketonemia of diabetes classically thought to be a consequence of 

blunted insulin signaling are mediated, in part, by excess glucagon (Brand, Jorgensen, Svendsen, 

& Holst, 1996; Y. Lee, Wang, Du, Charron, & Unger, 2011; Unger & Cherrington, 2012). 

Therefore, abnormal alpha-cell function and an increased glucagon:insulin ratio are central to the 

pathology of fatty liver disease.  

Hepatic lipid accumulation occurs transiently as a metabolic adaptation to fasting. In this 

review, fasting is defined by an increase in circulating ketone bodies and hepatic glucose output 

attributed to continuous food deprivation. In mice, this occurs between 4-8 hours of food 

deprivation, while in humans this corresponds to 12-24 hours without food intake (Browning, 

Baxter, Satapati, & Burgess, 2012; Geisler, Hepler, Higgins, & Renquist, 2016a; Katz & Tayek, 

1998). Early in a fast, hepatic glucose output is derived both from gluconeogenesis and 

glycogenolysis. Upon depletion of hepatic glycogen stores, which occurs by 12 and 40 hours of 

fasting in mice and humans, respectively (Geisler et al., 2016a; Rothman, Magnusson, Katz, 

Shulman, & Shulman, 1991), total hepatic glucose output declines as gluconeogenic flux remains 
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constant (Katz & Tayek, 1998).  In order to meet the systemic energy demands during a fast, 

hormonal signals stimulate adipose tissue to release non-esterified fatty acids (NEFA) into 

circulation at a rate which exceeds clearance by non-hepatic tissues (Djurhuus et al., 2004; Patel, 

Coppack, Goldstein, Miles, & Eisenhofer, 2002).  Additionally, exhaustion of hepatic glycogen 

stores during fasting further stimulates adipose tissue lipolysis, indicating that in addition to 

external hormonal signals, internal liver derived signals regulate systemic energy metabolism and 

promote lipid mobilization (Izumida et al., 2013). To better clear circulating fatty acids, the liver 

upregulates expression of the hepatic fatty acid transporter Cd36 (J. Xu, Donepudi, Moscovitz, & 

Slitt, 2013). In the mouse, significant accumulation of hepatic NEFAs and triglycerides occurs 

within 4  and 12 hours fasting, respectively (Geisler et al., 2016a). These hepatic lipids spare the 

oxidation of gluconeogenic amino acids and serve as substrates to generate ketones. Prolonged  

(>50 hours) fasting in humans also results in insulin resistance, which develops after the 

accumulation of hepatic lipids and prevents glucose clearance by non-glucose obligate tissues 

(Browning et al., 2012; Hanssen et al., 2015; Hoeks et al., 2010). Thus, fasting shares a metabolic 

profilecommon to hepatic lipid accumulation including systemic insulin resistance and activation 

of hepatic gluconeogenesis and ketogenesis. 

Given that hormonal signals are integral to hepatic lipid accumulation during fasting, it 

may be expected that endocrine disorders commonly result in NAFLD.  Hypogonadism, polycystic 

ovarian syndrome, hypothyroidism, growth hormone deficiency, hypercortisolemia, 

hyperaldosteronism, and hyperprolactemia all are associated with a higher prevalence of NAFLD 

and insulin resistance (Hazlehurst & Tomlinson, 2013; Marino & Jornayvaz, 2015).  In one cohort 

of growth hormone deficient patients, 77% presented with NAFLD (H. Nishizawa et al., 2012). 

Conversely, individuals with NAFLD were found to have significantly lower growth hormone 

levels than controls (L. Xu et al., 2012). Cushing’s syndrome is present in 0.00025% of the general 

population, yet exists in 1.4% of type 2 diabetics with 3.4% displaying hypercortisolemia 

(Steffensen, Pereira, Dekkers, & Jorgensen, 2016). Daily hydrocortisone dose is positively 
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associated with hepatic lipid accumulation in humans and exogenous corticosterone treatment in 

rats induces hepatic steatosis (Auer, Stalla, & Stieg, 2016; D'Souza A et al., 2012). Furthermore, 

NAFLD patients have chronic hypothalamo-pituitary-adrenal (HPA) axis hyperactivity and 

subclinical hypercortisolemia (Targher et al., 2006). Dysfunction of a number of hormonal systems 

can contribute to NAFLD pathogenesis, as correction of underlying endocrine disorders alleviates 

hepatic steatosis (Marino & Jornayvaz, 2015). 

Hepatic steatosis in humans can also be virus or drug induced. Hepatitis B, C, and HIV 

infection are all mechanistically linked to hepatic lipid accumulation, and hepatic steatosis occurs 

in 40-50% of HIV infected patients (Lemoine et al., 2006; Macias et al., 2014; Matthews et al., 

2015; Y. L. Wu et al., 2016). The common HIV therapeutic, highly active antiretroviral therapy 

(HAART), encourages lipodystrophy and can itself induce hepatic steatosis (Vallet-Pichard, 

Mallet, & Pol, 2012). Cancer therapeutics including tamoxifen, irinotecan, and cisplatin are 

additionally known to promote fatty liver (H. J. Pan, Chang, & Lee, 2016; Satapathy, Kuwajima, 

Nadelson, Atiq, & Sanyal, 2015). 

In this review, we aim to compare multiple models of hepatic lipid accumulation (diet, 

drug, genetic, and hormone induced) to better isolate the specific phenotypes that accompany 

hepatic steatosis.   Accordingly, we will discuss how hepatic lipids function as signaling molecules 

and regulators of hepatic metabolic activity to potentiate systemic metabolic dysfunction.  Finally, 

we will compare the metabolic adaptation in models with hepatic lipid accumulation resulting from 

1) increased mobilization of adipose tissue lipid stores and accumulation in the liver, 2) increased 

hepatic de novo lipogenesis (DNL), 3) decreased hepatic beta-oxidation and ketogenesis, or (4) 

decreased export of lipids from the liver in very low density lipoproteins (VLDL).  

Hepatic Lipids as Signaling Molecules 

Hepatic fatty acids act as endogenous ligands that activate peroxisome proliferator receptor 

alpha (PPARa) regulated pathways to produce metabolic products required to meet whole body 

nutritional demands while fasting (Kersten et al., 1999). Fatty acid binding to nuclear PPARa 
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allows for PPARa activation and binding to the PPAR response element (PPRE) in the promoter of 

many genes (Elholm et al., 2001; Ellinghaus, Wolfrum, Assmann, Spener, & Seedorf, 1999).  

During a fast, PPARa expression is increased in response to glucagon signaling and by fatty acid 

induced PPARa mediated self-upregulation (Berglund et al., 2010; Pineda Torra, Jamshidi, Flavell, 

Fruchart, & Staels, 2002). This increased expression ensures that PPARa availability is not limiting 

to the signal generated by hepatic lipid accumulation.   

PPARa signaling increases transcription of target genes in gluconeogenesis 

(phosphoenolpyruvate carboxykinase; PEPCK, glucose 6-phosphatase; G6Pase), beta-oxidation 

(carnitine palmitoyltransferase 1; CPT1), and ketogenesis (hydroxy-3-methyl glutaryl CoA 

synthase 2; HMGCS2) (Im et al., 2011; Napal, Marrero, & Haro, 2005; Pineda Torra et al., 2002; 

Rodriguez, Gil-Gomez, Hegardt, & Haro, 1994; Tachibana et al., 2005).  PPARa transcriptional 

activity is further enhanced by the coactivator peroxisome proliferator activated receptor gamma 

coactivator 1alpha (PGC-1a) (Song et al., 2010; Vega, Huss, & Kelly, 2000). As evidence for the 

central role of PPARa in coordinating the hepatic adaptation to fasting, fasted PPARa null mice are 

hypoglycemic and fail to become ketotic (Kersten et al., 1999; Leone, Weinheimer, & Kelly, 1999). 

Additionally, PPARa null mice exhibit impaired gluconeogenesis from lactate, pyruvate, and 

glycerol (Le May et al., 2000; Patsouris et al., 2004; J. Xu et al., 2002). Furthermore, blunted 

G6Pase upregulation in fasted PPARa null mice directs glucose 6-phosphate towards glycogen 

synthesis rather than hepatic export (Bandsma et al., 2004). PPARa mediated upregulation of lipid 

oxidative genes also encourages maximal hepatic glucose output during fasting, since acetyl-CoA 

serves as an ample source of carbons for oxidation in the TCA cycle which allows for flux of 

gluconeogenic substrates toward gluconeogenesis and away from TCA cycle oxidation (Chow, 

Planck-Meyer, & Jesse, 1990; Gonzalez-Manchon, Martin-Requero, Ayuso, & Parrilla, 1992; 

Pettit, Pelley, & Reed, 1975; Tutwiler & Dellevigne, 1979). In response to a fast, PPARa null mice 

also develop more severe hepatic steatosis than controls.  By encouraging flux through beta-

oxidation and ketogenesis, PPARa signaling limits the hepatic accumulation of lipids (Aoyama et 
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al., 1998; Hashimoto et al., 2000).  This prevents hepatic oxidative stress that results from the 

generation of reactive oxygen species and lipid peroxidation products in response to excess hepatic 

lipid accumulation (Pawlak, Bauge, Lalloyer, Lefebvre, & Staels, 2015). Thus, under periods of 

food deprivation, PPARa promotes hepatic glucose and ketone production and prevents 

lipotoxicity. 

Gluconeogenic gene expression is upregulated in response to elevated circulating NEFA 

(Massillon, Barzilai, Hawkins, Prus-Wertheimer, & Rossetti, 1997). Like in fasting, the elevation 

of gluconeogenic enzyme expression in NAFLD is dependent upon PPARa (Im et al., 2011). 

Hepatic PPARa expression and transcriptional activity are induced by high fat diet feeding (S. Kim 

et al., 2004; Patsouris, Reddy, Muller, & Kersten, 2006), and elevated hepatic glucose output in 

diabetes is a dominant factor underlying abnormal glucose homeostasis (Consoli, 1992). However, 

diet induced obesity does not increase hepatic glucose production or result in hyperglycemia in 

mice that lack PPARa (Cha et al., 2007; Guerre-Millo et al., 2001). Interestingly, the PPARa agonist 

mediated increase in G6Pase and PEPCK mRNA expression is exacerbated by dexamethasone 

(Bernal-Mizrachi et al., 2007; Lemberger et al., 1996) suggesting that the hypercortisolemia 

observed in both obesity and fasting is important in enhancing the response to PPARa signaling 

generated from hepatic lipid accumulation. Glucagon and glucocorticoids upregulate expression of 

PGC-1a, the PPARa coactivator, and glucocorticoid induced gluconeogenesis is dependent upon 

PPARa signaling (Bernal-Mizrachi et al., 2007; Yoon et al., 2001). In fact, decreased local 

glucocorticoid production impairs the hepatic induction of PEPCK and G6Pase during fasting and 

prevents diet induced hyperglycemia (Kotelevtsev et al., 1997). Because of reduced hepatic glucose 

production, mice that lack PPARa maintain glucose tolerance and insulin sensitivity when 

challenged with high fat diet (Cha et al., 2007; Guerre-Millo et al., 2001).  

PPARa is also essential for the upregulation in flux through beta-oxidation and ketogenesis 

in response to diet induced hepatic lipid accumulation. PPARa knockout reduces fasting stimulated  

hepatic beta-oxidation and HMGCS2 upregulation (Le May et al., 2000). Glucagon and 
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glucocorticoids induce HMGCS2 expression (Hegardt, 1999), possibly dependent upon PPARa 

signaling. The PPARa target and major stimulator of ketone production in mice, fibroblast growth 

factor 21 (FGF21), is required for the increase in beta-oxidation and ketone synthesis common to 

fatty liver disease (Badman et al., 2007; Fisher et al., 2014; J. Xu et al., 2009). Thus, like in fasting, 

PPARa signaling in fatty liver disease promotes lipid catabolism and ketone production. 

Interestingly, PPARa signaling also upregulates expression of UCP2 (Kelly et al., 1998).  UCP2 

separates electron transport chain activity from ATP synthesis, leading to the decline in hepatic 

ATP in fatty livers. Under conditions of abundant substrate availability (e.g. hepatic lipid 

accumulation), this uncoupling allows for continued oxidation of fatty acids beyond that required 

to meet cellular energy requirements (Chavin et al., 1999).  In fact, despite increased TCA cycle 

activity, hepatic ATP depletion is a consistent finding in hepatic steatosis (Chavin et al., 1999; 

Koliaki & Roden, 2013; Patterson et al., 2016). In fatty liver disease, hepatic lipid accumulation, 

hyperglucagonemia, and hypercortisolemia synergistically increase PPARa activity and upregulate 

gluconeogenic, beta-oxidative, and ketogenic gene expression. By increasing the potential for 

hepatic glucose output, lipid catabolism, and ketone production, PPARa induced changes in gene 

expression limit the lipotoxicity of hepatic lipid accumulation.  In both alcohol and methionine 

choline deficient models of hepatic lipid accumulation, elimination of PPARa signaling increases 

the resulting hepatic lipid accumulation (Ip et al., 2003; H. H. Li et al., 2014). Accordingly, PPARa 

agonist treatment in fatty liver models consistently decreases hepatic steatosis (Barbosa-da-Silva 

et al., 2015; Ide, Tsunoda, Mochizuki, & Murakami, 2004; Larter et al., 2012; Souza-Mello, 2015).   

Several models of fatty liver disease have reported increased expression of both PPARa 

and peroxisome proliferator activated receptor gamma (PPARg) (Lopez-Soldado et al., 2015; 

Memon et al., 2000).  PPARg expression is mainly limited to the adipocyte, but under conditions 

of chronic hepatic lipid accumulation, the liver expresses considerable amounts PPARg (Barbosa-

da-Silva et al., 2015; Pettinelli & Videla, 2011; Schultz, Neil, Aguila, & Mandarim-de-Lacerda, 

2013; Vidal-Puig et al., 1996).  Both PPARa and PPARg recognize the same fatty acids and 
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eicosanoids ligands (H. E. Xu et al., 1999). In fact, liver fatty acid binding protein (L-FABP), which 

is upregulated in diabetes and obesity, transports fatty acids into the nucleus for both PPARa and 

PPARy activation (Atshaves et al., 2010; Wolfrum, Borrmann, Borchers, & Spener, 2001). 

However, the metabolic influences of each differ dramatically.  PPARa is integral to limiting 

hepatic lipid accumulation by upregulating pathways that allow for fatty acid oxidation, 

ketogenesis, and fatty acid export (Rakhshandehroo et al., 2007), while PPARg encourages fatty 

acid storage by upregulating lipogenic genes including fatty acid transporters and enzymes in fatty 

acid and triglyceride synthesis (Schadinger, Bucher, Schreiber, & Farmer, 2005). However, in fatty 

liver disease, PPARg can also upregulate traditionally PPARa target genes (Moran-Salvador et al., 

2011; Patsouris et al., 2006). Hepatic specific PPARg knockout protects high fat diet fed mice from 

hepatic lipid accumulation, improves glucose tolerance, and prevents upregulation of lipogenic, 

beta-oxidative, and gluconeogenic genes (Moran-Salvador et al., 2011). Thus, induction of both 

PPARg and PPARa by hepatic lipid accumulation directs hepatic metabolic flux toward hepatic 

glucose and ketone production.   

PPARg is a master transcriptional regulator of adipogenesis and is required for adipocyte 

differentiation (Hamza et al., 2009; Takahashi, Ohoka, Hayashi, & Sato, 2008).  High fat diet 

feeding elevates hepatic expression of many classically adipocyte specific genes, making fatty 

livers more functionally and histologically similar to adipose tissue (X. Pan et al., 2015). Therefore, 

upregulated PPARg signaling in hepatic steatosis may promote expression of an adipogenic gene 

profile. This suggests that while hepatocytes adapt to chronic lipid accumulation by increasing lipid 

oxidation and ketogenesis, hepatocytes additionally adapt by promoting long term storage of lipids 

in a manner similar to adipocytes.  

Mechanisms of Hepatic Steatosis – Influence of Glucoregulatory Hormones 

 An increase in hepatic lipid content can be generated through de novo fatty acid synthesis 

or influx of diet or adipose tissue derived fatty acids, while beta-oxidation and lipoprotein secretion 

decrease hepatic lipid content.  The typical hormonal environment in fatty liver disease is 



185 
 

characterized by hyperinsulinemia, hyperglucagonemia, elevated sympathetic tone, 

hypercortisolemia, and growth hormone deficiency. This hormonal milieu alters whole body lipid 

metabolism and can promote the progression of more severe hepatic steatosis.   

Adipose Tissue Lipolysis and Hepatic Lipid Uptake 

 When energy demand exceeds metabolic energy from the diet, NEFAs are mobilized from 

white adipose tissue (WAT). Insulin and catecholamines are the dominant inhibitory and 

stimulatory regulators, respectively, of adipose lipolysis (Figure 1). During fasting and exercise, 

insulin levels are low, allowing norepinephrine, cortisol, and growth hormone to synergistically 

stimulate lipolysis and increase systemic fatty acid availability (Djurhuus et al., 2004; Marcus, 

Bolme, Micha-Johansson, Margery, & Bronnegard, 1994). Similarly, hepatic lipid accumulation 

induces endocrine changes that dysregulate adipose tissue lipolysis, including insulin resistance, 

increased sympathetic tone, and HPA axis activity (Armstrong et al., 2014; Pratley et al., 1995; 

Targher et al., 2006; Thorp & Schlaich, 2015; Ward et al., 1996). The lipolytic hormone profile 

along with increased adipose tissue mass results in more adipose tissue derived fatty acids entering 

circulation in obese than in normal weight individuals (Howe et al., 2011; Mittendorfer, Magkos, 

Fabbrini, Mohammed, & Klein, 2009).   

Hormonally regulated lipolysis depends on activity of the lipolytic enzyme hormone 

sensitive lipase (HSL) (Large et al., 1998). Insulin and catecholamines modulate HSL activity by 

decreasing and increasing adipocyte cAMP concentrations, respectively (Meijssen et al., 2001; 

Nishino, Tamori, & Kasuga, 2007; Watt et al., 2006). Sympathetic nervous system activity also 

stimulates cortisol release (Pacak, Palkovits, Kopin, & Goldstein, 1995), and may underlie the 

hypercortisolemia common in NAFLD. Cortisol differentially regulates adipose tissue metabolism 

dependent on insulin signaling.  When insulin is low, as would occur during a fast, cortisol 

stimulates lipolysis and inhibits lipogenesis in WAT (Djurhuus et al., 2004; Gathercole et al., 2011). 

Yet, in the presence of elevated insulin, cortisol synergistically stimulates lipogenesis (Figure 1) 

(Ottosson, Vikman-Adolfsson, Enerback, Olivecrona, & Bjorntorp, 1994; Y. Wang et al., 2004).   
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The metabolic response of adipose tissue to glucocorticoids also depends on the duration of 

exposure. There is not an acute lipolytic response to glucocorticoids, yet, chronically elevated 

glucocorticoids stimulate lipolysis in adipocytes (C. Xu et al., 2009). This chronic induction of 

lipolysis is transcriptionally regulated, as glucocorticoids upregulate HSL expression and 

downregulate phosphodiesterase 3B expression, which increases HSL activity by limiting cAMP 

degradation (C. Xu et al., 2009). Glucocorticoids also increase catecholamine induced cAMP 

signaling by enhancing beta-adrenergic receptor expression, resulting in a more robust elevation in 

adenylyl cyclase and PKA activity (Lacasa, Agli, & Giudicelli, 1988; Lamberts, Timmermans, 

Kramer-Blankestijn, & Birkenhager, 1975).   In line with the catabolic response to glucocorticoid 

exposure, hypercortisolemia decreases insulin induced adipose tissue glucose clearance (Hasni 

Ebou et al., 2016). Moreover, chronic hypercortisolemia, obesity, and NAFLD increase adipose 

tissue expression of 11beta-hydroxysteroid dehydrogenase type 1 (11beta-HSD1), an enzyme that 

catalyzes the production of cortisol from cortisone (Candia et al., 2012; Y. Wang et al., 2015). In 

fact, transgenic overexpression of adipose specific 11beta-HSD1 in lean mice results in visceral 

obesity and insulin resistant diabetes (Masuzaki et al., 2001). Thereby, enhanced local cortisol 

synthesis at adipose tissue in obesity promotes adipose tissue insulin resistance.   

Excessive lipolysis and adipose tissue fatty acid release into circulation results in ectopic 

accumulation of lipids. Hepatic lipid accumulation is limited in mice that lack HSL and thus have 

muted adipose tissue lipolytic capacity.  These HSL null mice have improved insulin sensitivity 

and systemic glucose clearance (Girousse et al., 2013; L. Wang, Zhang, Huang, Liu, & Xie, 2016).  

Fasting and NAFLD are characterized by a rise in sympathetic activity and adipose tissue lipolysis 

(Grassi et al., 2005; Migliorini, Garofalo, & Kettelhut, 1997; Thorp & Schlaich, 2015).  Similarly, 

alcohol induced fatty liver elevates adipose lipolysis and systemic catecholamine release in mice 

through a hepatic fibroblast growth factor 21 (FGF21) mediated mechanism (C. Zhao et al., 2015). 

FGF21 increases sympathetic nervous system activity and lipolysis at adipose tissue, dependent on 

expression of the FGF21 co-receptor (Owen et al., 2014). In immortalized human adipocyte culture, 
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acute FGF21 treatment yields no lipolytic response, supporting a role for the sympathetic nervous 

system in mediating the acute lipolytic response.  In contrast, chronic FGF21 inhibits 

norepinephrine stimulated lipolysis in adipocytes (Arner et al., 2008).   In both mice and 

humans, conditions with increased lipolysis including exercise, fasting, obesity, and NAFLD 

upregulate hepatic FGF21 production in a PPARa dependent manner (Dushay et al., 2010; Fazeli 

et al., 2015; Galman et al., 2008; K. H. Kim et al., 2013; Mraz et al., 2009). The difference in the 

acute and chronic response to FGF21, recommends that FGF21 encourages adipose tissue lipolysis 

in fasting and exercise, while in response to chronic obesity the elevated FGF21 is acting to mute 

lipolysis by decreasing sensitivity to catecholamines.  Accordingly, treatment of obese rodents, 

monkeys, and humans with recombinant FGF21 or FGF21 mimetics improves insulin resistance, 

hyperglycemia, dyslipidemia, and hepatic steatosis (Foltz et al., 2012; Gaich et al., 2013; Liu et al., 

2016; Sarruf et al., 2010; J. Xu et al., 2009). 

The lipolytic response to obesity depends on the adipose tissue depot, with decreased 

lipolytic capacity in subcutaneous adipose tissue and increased lipolysis from visceral adipose 

tissue (Busetto, Digito, Dalla Monta, Carraro, & Enzi, 1993; Jensen, Haymond, Rizza, Cryer, & 

Miles, 1989). Adipose triglyceride lipase (ATGL) primarily mediates basal lipolysis, while HSL 

mediates catecholamine stimulated lipolysis, and the lipolytic capacity of subcutaneous adipose 

tissue is largely determined by HSL expression (Langin et al., 2005; Large et al., 1998). In 

subcutaneous adipose tissue, obesity decreases HSL expression, limiting sensitivity to adrenergic 

stimulation (Jocken et al., 2007; Langin et al., 2005). Yet, in the more metabolically active visceral 

adipose tissue depots, sensitivity to beta3-adrenoceptor induced lipolysis is increased in obesity 

(Hoffstedt, Wahrenberg, Thorne, & Lonnqvist, 1996).  Thus, catecholamine stimulated lipolysis 

depends on the regional adipose tissue depot.   

Despite increased adipose tissue lipolysis, skeletal muscle lipid clearance is decreased in 

obese, type 2 diabetics (Blaak, 2003; Blaak et al., 2000; Goossens et al., 2016; Kelley & Simoneau, 

1994; Turpeinen et al., 1999). The combination of increased fatty acid release from adipose tissue 
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and decreased clearance by skeletal muscle results in hyperlipidemia and increased reliance on the 

liver to clear fatty acids (Janssens et al., 2015; Jonkers, van Loon, Nicolay, & Prompers, 2013; 

Lewis, Carpentier, Adeli, & Giacca, 2002). Hepatic expression of Cd36, a fatty acid transporter, is 

increased with alcohol or high fat feeding in mice and in NAFLD (Clugston et al., 2014; Miquilena-

Colina et al., 2011). Hyperinsulinemia alone can stimulate hepatic Cd36 expression, and is 

suggested as a primary mechanism driving hepatic lipid accumulation (Steneberg et al., 2015). 

Hepatic specific knockout of Cd36 protects mice from high fat diet induced fatty liver and insulin 

resistance, supporting the hypothesis that increased hepatic lipid uptake is critical for the 

development of hepatic triglyceride accumulation (Wilson et al., 2016). Hepatic lipoprotein lipase 

(LPL) expression and activity are also increased in high fat diet fed mice and obese individuals, 

offering another mechanisms for increased hepatic lipid uptake in fatty liver disease (Ahn, Lee, 

Chung, & Ha, 2011; Pardina et al., 2009).  These data support that dysregulated adipose tissue 

lipolysis and hepatic clearance are integral for the development of fatty liver in obesity.   

Lipodystrophy disorders, characterized by impaired adipocyte triglyceride storage, also 

result in hepatic steatosis and insulin resistance (Rochford, 2014). Genetic mouse models of 

lipodystrophy develop markedly depleted adipose stores, severe fatty liver disease, and systemic 

insulin resistance (Saha, Kojima, Martinez-Botas, Sunehag, & Chan, 2004; Softic et al., 2016). Due 

to limited adipose tissue lipid storage, patients with lipodystrophy frequently develop NAFLD and 

are at an increased risk for developing hypertriglyceridemia and diabetes (Akinci et al., 2015; Safar 

Zadeh et al., 2013). Antiretroviral therapy (HAART) for HIV infection commonly results in 

lipodystrophy.   This is a consequence of adipocyte apoptosis, impaired adipogenesis, and increased 

lipolysis, leading to hepatic lipid accumulation and insulin resistance (Giralt et al., 2010; 

Goulbourne & Vaux, 2010; Kumar et al., 2015; Mandal, Mukherjee, Lakshmy, Kabra, & Lodha, 

2016; Nerurkar, Shikuma, & Nerurkar, 2001). Common phenotypes between NAFLD, fasting and 

alcohol induced fatty liver, and lipodystrophy patients point to the importance of hepatic lipid 

accumulation in driving metabolic dysregulation.  
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Through the multiple models of increased adipose tissue lipolysis that result in hepatic lipid 

accumulation (i.e. fasting, diet-induced obesity, chronic alcohol consumption, and lipodystrophies) 

it is evident that increased fatty acid availability can drive hepatic lipid accumulation, insulin 

resistance, and impaired glucose clearance.  Moreover, hepatic lipid accumulation appears to feed 

forward to further increase adipose tissue lipolysis by limiting insulin sensitivity, increasing HPA 

axis activity, and increasing catecholaminergic tone.   

De Novo Lipogenesis 

 Although an influx of fatty acids from adipose tissue robustly and quickly increases hepatic 

lipid content, hepatic steatosis may also occur as a result of increased de novo fatty acid synthesis. 

Under normal physiological conditions, an elevation in circulating glucose upregulates lipogenic 

enzyme expression to encourage hepatic glucose clearance and storage of the carbons as fatty acids 

and triglycerides.  Blood glucose enhances de novo lipogenesis (DNL) through two signaling 

pathways.  First, by increasing circulating insulin, glucose stimulates sterol response element 

binding protein 1c (SREBP1c) signaling.  Second, glucose can directly activate the carbohydrate 

response element binding protein (ChREBP) (Iizuka, Bruick, Liang, Horton, & Uyeda, 2004). Both 

SREBP1c and ChREBP upregulate lipogenic enzymes such as acetyl-CoA carboxylase 1 (ACC1) 

and fatty acid synthase (FAS). Hyperinsulinemia increases SREBP1c and ChREBP expression and 

further promotes hepatic DNL by inhibiting FoxO1, which normally downregulates SREBP1c 

expression and promotes ChREBP degradation (Deng et al., 2012; Ido-Kitamura et al., 2012; W. 

Zhang et al., 2006).  This coordinated response stimulates storage of excess dietary energy as 

triglycerides for future oxidation under energy deplete conditions. However, chronic 

overconsumption of carbohydrates, a diet high in fructose, hepatic PPARg signaling, alcohol, and 

hypercortisolemia all activate the lipogenic pathways resulting in hepatic lipid accumulation.    

 While a single exposure to fructose has minimal effects of hepatic lipid metabolism, a diet 

rich in fructose can increase flux through de novo lipogenesis by increasing lipogenic substrate and 

by promoting lipogenic gene expression.  The importance of fructose as a lipogenic substrate results 
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from the outsized role of the liver in fructose clearance.  In the first pass through the liver sequesters 

71% of dietary fructose, while only clearing 13% of dietary glucose (Muratoglu, Kuyumjian, & 

Kalant, 1986).  In addition to providing the carbons necessary for fatty acid synthesis, fructose also 

induces signaling pathways that encourage lipogenesis.  Fructose potentiates glucose stimulated 

insulin secretion (Kyriazis, Soundarapandian, & Tyrberg, 2012), increasing insulin mediated 

SREBP1c signaling in the hepatocyte.  Fructose also increases SREBP1c expression and activity 

independent of insulin.  In liver specific insulin receptor null mice, fructose stimulates SREBP1c 

expression, nuclear localization, and the expression of target lipogenic enzymes (Haas et al., 2012).  

Without altering ChREBP nuclear localization, a diet rich in fructose increases ChREBP binding 

to DNA nearly 4 fold (Koo, Miyashita, Cho, & Nakamura, 2009).  Interestingly, dietary fructose 

more robustly induces DNL in patients with fatty liver disease (Lambert, Ramos-Roman, 

Browning, & Parks, 2014). Thus, dietary fructose contributes to the development of NAFLD 

through increased de novo lipogenesis and NAFLD feeds forward to increase de novo lipogenesis 

from fructose. 

 Increased DNL is also a key factor in alcohol induced fatty liver. Acute ethanol 

consumption only modestly stimulates DNL with 5% of consumed alcohol entering lipogenesis 

(Siler, Neese, & Hellerstein, 1999).  However, ethanol induces transcriptional changes that 

encourage de novo lipogenesis.  Ethanol inhibits hepatic 5’ adenosine monophosphate activated 

protein kinase (AMPK), simultaneously inhibiting beta-oxidation and activating fatty acid 

synthesis.  This decrease in AMPK is integral to the increased SREBP1c and ACC activity induced 

by ethanol (You, Matsumoto, Pacold, Cho, & Crabb, 2004).  The SREBP1c induced increase in 

ACC activity directly increases fatty acid synthesis, while suppressing fatty acid oxidation.  

SREBP1c also upregulates lipin-1 expression and localization to the cytosol (Hu et al., 2012).  

Within the cytosol, lipin-1 acts as a phosphatidate phosphatase, enzymatically converting 

phosphatidate to diacylglycerol and promoting triglyceride synthesis.  In the nucleus, lipin-1 acts 

as a PPARa coactivator and facilitates the upregulation of beta-oxidative genes while suppressing 
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lipogenic gene expression (Finck et al., 2006).  By increasing lipin-1 expression and cytosolic 

localization, while reducing nuclear lipin-1 localization, ethanol simultaneously enhances 

triglyceride synthesis while limiting the nuclear action of lipin-1 to stimulate beta-oxidation (Bi, 

Jiang, & Zhou, 2015).  Chronic alcohol consumption induces hepatic steatosis and robustly elevates 

expression of PPARg, inducing the adipocyte-like gene expression profile commonly observed in 

NAFLD  (W. Zhang, Sun, Zhong, Sun, & Zhou, 2016).  

 Abnormal glucocorticoid signaling is implicated in the pathology of numerous metabolic 

disorders and hepatic glucocorticoid signaling stimulates hepatic lipogenesis (Krausz, Bar-On, & 

Shafrir, 1981).   Glucocorticoids directly upregulate lipin-1 expression (Manmontri et al., 2008), 

representing an intriguing mechanism driving hepatic steatosis by simultaneously decreasing lipid 

oxidation and increasing DNL and triglyceride esterification.  By removing hairy enhancer of split 

1 (Hes1), a negative regulator of PPARg expression, hepatic glucocorticoid signaling enhances 

PPARg expression (Revollo et al., 2013; C. Wu et al., 2015).  In obese db/db mice, transgenic 

overexpression of Hes1 prevents PPARg upregulation and corrects fatty liver (Lemke et al., 2008). 

Although systemic glucocorticoid concentrations are often normal in NAFLD patients, elevated 

adipocyte expression of 11beta-HSD1 and cortisol production induced either by obesity or genetic 

overexpression results in hypercortisolemia in the hepatic portal circulation, exposing the liver to 

excess glucocorticoids (Candia et al., 2012; Masuzaki et al., 2001).  Similar to adipose tissue, 

hepatic expression of 11beta-HSD1 and local cortisol synthesis may more metabolically relevant 

than circulating cortisol levels. Interestingly, obesity is initially characterized by a decrease in 

hepatic 11beta-HSD1 expression in mice and humans (Ahmed et al., 2012; Candia et al., 2012). 

This may serve as a protective mechanism to limit local glucocorticoid production in the face of 

increased hepatic glucocorticoid delivery. However, progression of hepatic steatosis to NASH is 

accompanied by increased hepatic 11beta-HSD1 mRNA expression and activity (Ahmed et al., 

2012). Hepatic 11beta-HSD1 expression has clear systemic metabolic consequences as mice that 

overexpress 11beta-HSD1 have excess local hepatic glucocorticoid production, increased hepatic 
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triglyceride accumulation, and overexpress FAS (Paterson et al., 2004).  Despite no change in body 

weight or adipose tissue mass, these mice are hyperinsulinemic and insulin resistant. Conversely, 

hepatic specific knockdown of 11beta-HSD1 in mice protects against western type diet induced 

hepatic steatosis by reducing hepatic lipogenesis and increasing fatty acid oxidation (G. Li, 

Hernandez-Ono, Crooke, Graham, & Ginsberg, 2011). Similarly, pharmacological 11beta-HSD1 

inhibition in NAFLD patients decreases hepatic lipid accumulation (Stefan et al., 2014). Thus, the 

elevated glucocorticoid signaling, common in fatty liver, encourages hepatic DNL.   

Unlike cortisol and insulin, glucagon, norepinephrine, and growth hormone inhibit hepatic 

DNL (Figure 1) (Cordoba-Chacon et al., 2015; Stark & Keller, 1987; H. Wang et al., 2016). Growth 

hormone deficiency in NAFLD may contribute to hepatic steatosis by removing GH mediated 

suppression of DNL. In liver specific growth hormone knockout mice, increased hepatic DNL is 

driven by enhanced glycolytic flux, supplying more substrate to enter the lipogenic pathway 

(Cordoba-Chacon et al., 2015). Although liver PPARg is upregulated in this model, PPARg is a 

consequence, not a cause, of steatosis, as knockout  of hepatic PPARg does not prevent 

development of hepatic steatosis in the absence of growth hormone signaling (Kineman, Majumdar, 

Subbaiah, & Cordoba-Chacon, 2016).  

Insulin resistant NAFLD patients have markedly upregulated hepatic lipogenic gene 

expression and DNL flux (Eissing et al., 2013; Schwarz, Linfoot, Dare, & Aghajanian, 2003). In 

fact, hyperinsulinemic obese subjects have higher rates of hepatic DNL following a high fat meal 

than normoinsulinemic obese or lean subjects (Schwarz et al., 2003).  Increased de novo lipogenesis 

represents an important mechanism driving hepatic triglyceride accumulation in fatty liver disease.  

Beta-oxidation and Ketogenesis 

 In fatty liver disease, hepatic beta oxidation and ketogenesis are upregulated (Mannisto et 

al., 2015; Sunny et al., 2010). Hepatic beta-oxidation in response to lipid accumulation prevents 

lipotoxicity and supports gluconeogenesis and ketogenesis.  Mice that are unable to normally 

upregulate lipid oxidative genes during fasting have severe hepatic steatosis, do not display ketosis, 
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and are hypoglycemic (Kersten et al., 1999; Leone et al., 1999). Similarly, individuals with 

mitochondrial fatty acid oxidation disorders (MFAOD), conditions that affect ~1 in 10,000 people, 

are sensitive to fasting and high fat diets and present with hypoketotic hypoglycemic episodes 

(Pollitt, 1995; Rector, Payne, & Ibdah, 2008).  

Hepatitis C infection impairs hepatic lipid oxidation by decreasing expression of the 

mitochondrial trifunctional protein (MTP), an enzyme which catalyzes the last 3 steps in 

mitochondrial beta-oxidation (Amako et al., 2015). Mouse models with genetically or 

pharmacologically induced deficits in beta-oxidation develop fatty liver disease. Mice 

heterozygous for MTP (MTP+/-) have a 50% reduction in hepatic beta-oxidation, hepatic steatosis, 

and systemic insulin resistance (Ibdah et al., 2005; Rector et al., 2013). Hepatic microRNA-107, 

upregulated in metabolic syndrome, inhibits expression of the MTP alpha subunit.  Exogenous 

miR-107 induces hepatic lipid accumulation, hyperglycemia, and decreases glucose tolerance 

(Bhatia, Pattnaik, & Datta, 2016). Further, hepatic carnitine deficiency limits entry of fatty acids 

into the mitochondria, impairing beta-oxidative flux and inducing a more robust hepatic triglyceride 

accumulation as a result of high fat diet (Du et al., 2013).  Together these models establish that 

limiting beta-oxidation severely exacerbates hepatic lipid accumulation.  Moreover, they propose 

that the PPARα mediated increase in beta-oxidative gene expression is key to muting hepatic lipid 

accumulation during a fast.  

Interestingly, the hepatic lipid accumulation resulting from dietary fructose also involves 

PPARa signaling.  Chronic (> 2 weeks) fructose feeding downregulates hepatic PPARa expression 

and activity, reducing expression of PPARa targeted beta-oxidative enzymes.  Of note, PPARa 

agonists limit hepatic steatosis and improve systemic insulin sensitivity by stimulating beta-

oxidation in this fructose consumption model (Nagai et al., 2002; Roglans et al., 2007).  Although 

enhanced DNL is commonly blamed for the steatosis resulting from dietary fructose, the inhibition 

of beta-oxidation may be equally important. Fructose acutely inhibits CPT1 activity and beta 
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oxidation through a resulting increase in malonyl-CoA synthesis and chronically downregulates 

the expression of beta-oxidative genes.  

Increased hepatic uptake of either diet or adipose derived fatty acids stimulates hepatic 

beta-oxidation (Reed, Tordoff, & Friedman, 1991). Like fasting induced hepatic lipid 

accumulation, high fat diet feeding elevates hepatic CPT1 activity and beta-oxidative capacity 

(Geisler et al., 2016a; Stefanovic-Racic et al., 2008; Sunny et al., 2010; T. Zhang et al., 2014). The 

acetyl-CoA derived through beta-oxidation can either be oxidized through the TCA cycle or enter 

ketogenesis.  Accordingly, diet induced obesity increases HMGCS2 mRNA expression, increasing 

flux through ketogenesis (Darkhal, Gao, Ma, & Liu, 2015; Guo et al., 2013).   Finally, to regenerate 

NAD+ and maintain maximal beta-oxidation, obesity increases expression of UCP2 (Chavin et al., 

1999).  Rodents with hepatic steatosis from diets rich in fructose or sucrose also aberrantly 

overexpress hepatic UCP2 mRNA (Ruiz-Ramirez et al., 2011; Schultz, Barbosa-da-Silva, Aguila, 

& Mandarim-de-Lacerda, 2015). These data recommend that transcriptional changes are central to 

the upregulation of beta-oxidation and ketogenesis in the adaptation to hepatic lipid accumulation. 

The increased ketogenesis in obesity depends on increased flux through beta-oxidation 

which results in increased substrate (acetyl-CoA) availability. Activity of HMGCS2, the enzyme 

regulating flux through ketogenesis, is decreased by acetylation and succinylation, and increased 

by phosphorylation (Grimsrud et al., 2012; Quant, Tubbs, & Brand, 1990; Shimazu et al., 2010). 

HMGCS2 is phosphorylated by PKA, a downstream glucagon signaling molecule, and 

hyperphosphorylation of HMGCS2 occurs in obese rodents (Grimsrud et al., 2012). Therefore, 

hyperglucagonemia in fatty liver increases HMGCS2 activity and ketone production.   Although 

increased hepatic ketone synthesis is integral to the development of ketosis in obesity, insulin 

resistance also decreases clearance of beta-OH butyrate (Nosadini et al., 1985). In turn, beta-OH 

butyrate has been shown to decrease peripheral insulin stimulated glucose uptake, and may 

contribute to the development of insulin resistance in fatty liver disease (Tardif et al., 2001; 

Yamada, Zhang, Westerblad, & Katz, 2010).  As evidenced, the individual metabolic and hormonal 
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perturbations common to hepatic lipid accumulation are intertwined, making it difficult to isolate 

the response to changes in a single pathway.  

The Interplay of DNL and Beta-oxidation 

Diminished beta-oxidative capacity resulting from genetic disorders or viral infections 

establish the central role of beta-oxidative flux in limiting steatosis.  Accordingly, fasting and 

hypercaloric diets that increase hepatic lipid accumulation induce changes in gene expression that 

encourage fatty acid oxidation and ketone production.  However, despite enhanced lipid catabolism 

and ketogenic capacity resulting from increased enzyme expression and hormonal changes that 

promote increased enzyme activity, each of these models still develop hepatic steatosis and insulin 

resistance.  Hepatic DNL contributes directly to the development of steatosis in NAFLD.  However, 

the inhibition of beta-oxidative flux, an indirect response to elevated DNL may more robustly 

encourage steatosis.   

  Fatty acid flux through beta-oxidation is inhibited by hepatic de novo lipogenesis.  The 

production of malonyl-CoA inhibits activity of CPT1, limiting the mitochondrial entry of fatty 

acids for oxidation (Morillas et al., 2002). This interaction prevents newly synthesized fatty acids 

from undergoing oxidation and avoids futile nutrient cycling.  Malonyl-CoA production is 

regulated by ACC1 and ACC2, while degradation is dependent upon the activity of malonyl-CoA 

decarboxylase (MCD). ACC1 expression and activity increases in fatty liver disease, while ACC2 

expression is independent of hepatic lipid accumulation (Kennedy et al., 2007; Kohjima et al., 

2007; Yahagi et al., 2005).  This increase in total ACC activity increases malonyl-CoA synthesis, 

hepatic malonyl-CoA concentration, and flux through fatty acid synthesis (Z. Zhao et al., 2009).  

The increase in hepatic malonyl-CoA would be expected to inhibit CPT1 and beta-oxidative flux.  

However, in fatty liver both fatty acid synthesis and beta-oxidation can be simultaneously increased 

as a result of the subcellular distribution of ACC activity.  ACC1 is located in the cytosol, while 

ACC2 is tethered to the outer mitochondrial membrane (Abu-Elheiga et al., 2000).  Accordingly, 

ACC2 produces malonyl-CoA in close proximity to CPT1 and is therefore the enzyme more 
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responsible for inhibition of beta-oxidation.  In fact, ACC2 deletion prevents hepatic lipid 

accumulation and increases fatty acid oxidation, while simultaneously preventing the diet induced 

insulin resistance and glucose intolerance (Abu-Elheiga, Oh, Kordari, & Wakil, 2003).  The activity 

of ACC2 is inhibited by AMPK, a cellular energy sensor regulated by AMP, glucagon, and insulin 

(Jeon, Chandel, & Hay, 2012).  AMPK activity increases with a decrease in cellular energy.   

Accordingly, insulin inhibits AMPK to increase ACC2 activity and malonyl-CoA production 

(Shaw, 2013; Valentine, Coughlan, Ruderman, & Saha, 2014; Witters, Watts, Daniels, & Evans, 

1988). This increase in malonyl-CoA production limits fatty acid oxidation. In contrast, glucagon 

increases AMPK activity to depress ACC2 activity and malonyl-CoA production, which 

encourages fatty acid oxidation (Berglund et al., 2009; Cyphert, Alonge, Ippagunta, & Hillgartner, 

2014; Geelen, Beynen, Christiansen, Lepreau-Jose, & Gibson, 1978). 

In addition to altering the enzymes involved in malonyl-CoA synthesis, AMPK 

simultaneously alters malonyl-CoA breakdown.  MCD catalyzes the conversion of malonyl-CoA 

to acetyl-CoA, relieving CPT1 inhibition (Dyck et al., 2000). A genetic model of hepatic MCD 

overexpression establishes that decreasing hepatic malonyl-CoA concentrations increases beta-

oxidative flux, improves whole body insulin sensitivity and prevents hyperinsulinemia on a high 

fat diet (An et al., 2004).  Hepatic MCD expression is increased by PPARa agonism, representing 

another mechanism by which hepatic lipid induced PPARa signaling accelerates fatty acid 

oxidation. (G. Y. Lee, Kim, Zhao, Cha, & Kim, 2004).  AMPK activates MCD (Sambandam et al., 

2004). Through modulating AMPK signaling, glucagon increases MCD activity, promoting 

conversion of malonyl-CoA to acetyl-CoA and relieving CPT1 inhibition, while insulin inhibits 

MCD activity and reduces CPT1 activity (Dyck et al., 2000). Thus, as evidenced by the ACC2 

knockout and MCD overexpression models, malonyl-CoA mediated inhibition of CPT1 depresses 

maximal beta-oxidative capacity in fatty liver disease. However, given the subcellular distribution 

and divergent regulation of hepatic lipid accumulation on ACC expression, simultaneous 

stimulation of lipogenic and beta-oxidative flux can occur.  
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This concurrent flux through fatty acid synthesis and oxidation occurs normally in non-

hepatic tissue as an adaptive mechanism to promote substrate utilization and increase cellular 

metabolic rate (Mottillo et al., 2014; O'Sullivan et al., 2014; Solinas et al., 2004). Like in fatty liver, 

this simultaneous induction of lipogenesis and oxidation is proposed to be dependent upon 

diminished ACC2 generated malonyl-CoA and submaximal CPT1 inhibition (Yu, Lewin, Forrest, 

& Adams, 2002). In adipose tissue, PPARg dependent DNL upregulation enhances glucose 

clearance and utilization, allowing adipocytes to act as a glucose sink to maintain euglycemia 

(Marcelino et al., 2013). Increased hepatic DNL in fatty liver disease may similarly serve as a 

mechanism to minimize hyperglycemia, while increased beta-oxidation allows energy dissipation 

and protects against lipotoxicity. The upregulation of PPARg and lipogenic gene expression in 

response to chronic hepatic lipid accumulation drives the increase in DNL in fatty liver disease 

(Matsusue et al., 2003), and supports the simultaneous induction of lipogenesis and beta-oxidation. 

The onset of this nutrient cycling represents another mechanism by which hepatocytes adopt 

metabolic characteristics of adipocytes to accommodate long term lipid accumulation.   

Hepatic Lipid Export and Extra-hepatic Lipid Clearance 

Hepatocytes distribute lipids to peripheral tissues by exporting very low density 

lipoproteins (VLDL). Impaired VLDL export limits hepatic disposal of triglycerides and induces 

hepatic steatosis.   Chronic ethanol consumption decreases VLDL synthesis and secretion, 

enhancing the development of fatty liver (Kharbanda, Todero, Ward, Cannella, & Tuma, 2009; 

Simpson, Venkatesan, Smith, & Peters, 1990). However, since ethanol consumption increases 

DNL, inhibits hepatic beta-oxidation, and increases adipose tissue lipolysis, the isolated response 

to inhibiting VLDL secretion can be better understood in genetic models with inhibited lipoprotein 

synthesis and release.  Inhibited lipoprotein transfer increases steatosis without decreasing insulin 

sensitivity.  Knockout of hepatic microsomal triglyceride transfer protein (MTTP) in mice prevents 

VLDL release and induces hepatic triglyceride accumulation, but does not affect systemic or 

hepatic insulin sensitivity (Minehira et al., 2008).  Similarly in familial hypobetalipoproteinemia 
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(FHBL), an autosomal codominant disorder, heterozygous individuals have a 60-75% reduction in 

VLDL production that commonly results in fatty liver (Elias, Patterson, & Schonfeld, 1999; 

Lonardo et al., 2006). Again, in FHBL individuals there is a dissociation between hepatic steatosis 

and insulin resistance (Della Corte et al., 2013). In BMI matched controls, FHBL patients had the 

same degree of hepatic lipid accumulation as NAFLD patients (~20%) but retained similar hepatic 

insulin sensitivity as subjects with low hepatic triglyceride content (~3%) (Amaro et al., 2010).  

These genetic examples propose that hepatic steatosis resulting from depressed hepatic lipid export 

mechanistically differs from steatosis resulting from decreased beta-oxidation, increased de novo 

lipogenesis, or increased circulating lipid clearance.   

Interestingly, VLDL production and release are typically amplified in patients with 

NAFLD and the metabolic syndrome, contributing to hypertriglyceridemia and extrahepatic lipid 

uptake (Shojaee-Moradie, Ma, Lou, Hovorka, & Umpleby, 2013). Glucagon, cortisol, and growth 

hormone stimulate hepatic VLDL secretion, while norepinephrine inhibits secretion (Figure 1) 

(Bjornsson, Sparks, Sparks, & Gibbons, 1994; de Guia et al., 2015; Elam, Wilcox, Solomon, & 

Heimberg, 1992; Yamauchi, Iwai, Kobayashi, & Shimazu, 1998). The high circulating glucagon 

and cortisol concentrations in fatty liver disease may contribute to hypercholesterolemia by 

enhancing VLDL export. Insulin signaling inhibits hepatic VLDL release (Chirieac, Cianci, 

Collins, Sparks, & Sparks, 2002).  The hepatic transcription factor forkhead box protein O6 

(FoxO6) upregulates MTTP, which catalyzes the rate limiting step in VLDL-triglyceride assembly. 

Insulin signaling inactivates FoxO6, reducing MTTP activity and VLDL production. Hepatic 

insulin resistance therefore prevents FoxO6 inactivation and promotes overactive assembly of 

VLDL particles, while FoxO6 knockdown in obese db/db mice ameliorates VLDL overproduction 

and hypertriglyceridemia (D. H. Kim et al., 2014). Together, hyperglucagonemia, 

hypercortisolemia, and insulin resistance encourage VLDL hypersecretion in fatty liver disease.  

Accordingly, while impaired hepatic VLDL release can cause hepatic steatosis, fatty liver disease 

is more commonly associated with enhanced VLDL secretion (Fujita et al., 2009). The hormonal 
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environment of insulin resistance, hyperglucagonemia, and hypercortisolemia in NAFLD 

encourages hepatic VLDL production and release and contributes to the hyperlipidemia of obesity. 

Thus, although VLDL release from hepatocytes decreases steatosis, the consequent hyperlipidemia 

appears to exacerbate metabolic dysfunction. 

Conclusion 

Hepatic lipid accumulation can result from excessive lipid influx or impaired lipid efflux. 

In response to elevated hepatic lipid uptake, as occurs in response to fasting, high fat diet feeding, 

or lipodystrophies, hepatocytes activate metabolic pathways (beta-oxidation, ketogenesis, and 

VLDL export) to minimize lipotoxicity.  Still, hepatic steatosis develops when lipid influx 

overwhelms these protective mechanisms. In numerous models of hepatic steatosis, including 

overconsumption of fat, fructose, or ethanol, and genetic lipodystrophy and MFAOD conditions, 

fatty liver is accompanied by systemic insulin resistance. Thus, independent of origin, hepatic lipid 

accumulation is associated with peripheral metabolic dysfunction. 

Altered hepatic metabolite flux as a consequence of hepatic lipid accumulation can affect 

systemic insulin signaling. Elevated circulating beta-OH butyrate concentrations, a result 

ofupregulated ketogenesis, interfere with insulin stimulated skeletal muscle glucose uptake, while 

increased hepatic glucose output exacerbates hyperglycemia and further promotes 

hyperinsulinemia. Enhanced VLDL secretion contributes to hypertriglyceridemia and encourages 

extrahepatic lipid uptake, which further impairs insulin stimulated skeletal muscle glucose uptake. 

Thus, metabolic activity induced by hepatic lipid accumulation contributes to the dysregulated 

glucose homeostasis which occurs in fatty liver disease.  

NAFLD and insulin resistance are highly linked comorbidities. Although fatty liver 

develops in response to a wide diversity of physiological perturbations, these perturbations result 

in a similar metabolic phenotype that includes insulin resistance, hyperglucagonemia, 

hypertriglyceridemia, hyperglycemia, and hyperketonemia. Of note, mouse models that lack 

hepatic lipid accumulation retain insulin sensitivity during obesity (H. C. Chen, Stone, Zhou, 
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Buhman, & Farese, 2002; Franckhauser et al., 2002; Haemmerle et al., 2006; Montgomery et al., 

2013). Similarly, metabolically healthy obese humans are insulin sensitive with significantly less 

liver fat accumulation than obese, insulin resistance individuals (Samocha-Bonet, Chisholm, 

Tonks, Campbell, & Greenfield, 2012; Stefan et al., 2008). Thus, understanding the mechanisms 

that result in hepatic lipid accumulation and underlie the metabolic dysfunction resulting from fatty 

liver is critical to identifying points of intervention to treat this increasingly prevalent disease state. 
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Figure Legends 

Figure 1. Effect of glucoregulatory hormones on hepatic lipid metabolism. Glucagon, cortisol, 

growth hormone (GH) and norepinephrine (NE) all act counter-regulatory to insulin to affect 

glucose homeostasis, yet have divergent effects on lipid homeostasis. Hormone signaling can 

induce an increase in hepatic lipid accumulation through increased adipose tissue lipolysis and 

hepatic lipid clearance, increased de novo lipogenesis, decreased beta-oxidation or decreased lipid 

export as VLDL particles. Hormones written in green text activate the indicated pathway, while 

hormones in red text inhibit the pathway. NEFA–Non-esterified fatty acid, TAG–Triglycerol, LPL–

lipoprotein lipase. 
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Figures 

 

Figure 1. 
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Appendix 2 - Inhibiting Hepatic GABA Release or Production Normalizes Obesity Induced 

Hyperinsulinemia by Reducing β-Cell Cholinergic Signaling 

Neuronal inputs to the β-cell both positively and negatively regulate insulin release, with 

sympathetic norepinephrine signaling inhibiting and parasympathetic acetylcholine signaling 

stimulating insulin secretion (Duttaroy et al., 2004; Fagerholm et al., 2004). To definitively 

implicate the parasympathetic nervous system in NAFLD associated hyperinsulinemia, we 

assessed autonomic nervous system regulation of insulin release in diet induced obese controls and 

mice with hepatic expression of the hyperpolarizing channel Kir2.1. Hepatic Kir2.1 expression 

hyperpolarizes hepatocytes, decreases obesity induced liver slice GABA release, and limits high 

fat diet (HFD) induced hyperinsulinemia (Chapter 2 Figs. 3B, 3D, and 4A). Muting the inhibitory 

signals from the sympathetic nervous system with the selective α2 adrenergic receptor antagonist, 

atipamezole (Virtanen, Savola, & Saano, 1989) (1 mg/kg), increased serum insulin, decreased 

serum glucose, and depressed the glucose:insulin ratio independent of Kir2.1 expression (Figs. 2A-

2C). We next assessed sensitivity to the excitatory signal of the parasympathetic nervous system. 

Activation of muscarinic receptors by carbachol injection (0.53 μmol/kg) coincident with 

stimulatory glucose increased serum insulin independent of Kir2.1 expression and decreased the 

glucose:insulin ratio in Kir2.1 expressing mice without affecting the rise in serum glucose 

concentrations after an oral glucose gavage (2.5 g/kg; Figs. 2D-2F). Thus, the limited 

hyperinsulinemia in Kir2.1 expressing mice is not a result of increased β-cell noradrenergic tone or 

decreased muscarinic sensitivity.   

Lastly, we set out to understand the role of hepatic Kir2.1 expression in mediating 

acetylcholine release onto β-cells.  We propose that the elevated cholinergic signaling on β-cells is 

a result of decreased HVAN activity induced by hepatocyte lipid accumulation, depolarization, and 

GABA release. Here, we show that intraperitoneal methylatropine bromide (10 mg/kg), a 

muscarinic receptor antagonist, decreased serum insulin in obese control (eGFP), but not Kir2.1 
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expressing mice (Fig. 2G). Methylatropine injection did not affect serum glucose concentrations or 

the glucose:insulin ratio. (Figs. 2H-2I). Muscarinic blockade with methylatropine also decreased 

basal serum insulin concentrations in control (PBS) but not GABA-T inhibitor (ethanolamine-O-

sulfate (EOS) and vigabatrin) treated mice (Fig. 2J). Moreover, basal serum insulin concentrations 

decreased in response to muscarinic antagonism (scopolamine butylbromide; 0.5 mg/kg) in control 

but not GABA-T antisense oligonucleotide (ASO) treated mice (Fig. 2K). These data implicate 

excessive β-cell cholinergic signaling in the development of obesity induced hyperinsulinemia. 

Furthermore, they support the hypothesis that inhibiting obesity induced hepatic GABA release 

(Kir2.1) or production (EOS, vigabatrin, GABA-T ASO) limits hyperinsulinemia by decreasing 

parasympathetic acetylcholine signaling onto β-cells. 
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Materials and Methods 

Viral Induced Kir2.1 Channel Expression 

 An adeno associated virus serotype 8 (AAV8) viral vector synthesized by the Penn Vector 

Core induced expression of the hyperpolarizing, inward-rectifier K+ channel, Kir2.1, and the 

fluorescent marker tdTomato driven by the hepatic specific thyroxine binding globulin (TBG) 

promoter. Tail vein injection of 1X1011 viral genome copies established hepatocyte specific 

expression (Chapter 2 Fig. 3A). Control mice received tail vein injection of 1X1011 viral genome 

copies of an AAV8 encoding only enhanced green fluorescent protein (eGFP). 

 

GABA Transaminase Inhibitor Studies 

 Wildtype obese mice were randomly divided into treatment groups and injected 

intraperitoneally daily with 8 mg of ethanolamine-O-sulfate (EOS; Sigma-Aldrich, St. Louis, MO), 

vigabatrin (United States Pharmacopeia, Rockville, MD) or PBS. The insulin response to 

muscarinic antagonism with methylatropine bromide was assessed on the 5th day of treatment. 

 

Antisense Oligonucleotide Studies 

Wildtype obese mice were randomly divided into treatment groups and injected intraperitoneally 

twice-weekly (12.5 mg/kg; 0.1mL/10g body weight) with a murine GABA-Transaminase (GABA-

T) targeted antisense oligonucleotides (ASO; IONIS 1160575; 5′- AAGCTATGGACTCGGT-3′) 

or scramble control ASO (IONIS 549144; 5′- GGCCAATACGCCGTCA-3′). The control ASO 

does not have complementarity to known genes and was employed to demonstrate the specificity 

of target reduction.  2´, 4´- constrained 2´-O-ethyl (cEt) ASOs were synthesized at Ionis 

Pharmaceuticals (Carlsbad, CA) as described previously (Seth et al., 2010). The insulin response 

to muscarinic antagonism with scopolamine N-butyl bromide was assessed after 4 weeks of 

treatment. 
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Atipamezole Stimulated Insulin 

 Intraperitoneal atipamezole in 2% DMSO (1 mg/kg; 0.1mL/10g body weight; Cayman 

Chemical Company, Ann Arbor, MI) or vehicle (2% DMSO; 0.1mL/10g body weight) was given 

to individually housed mice. Food was removed from mice 30 minutes prior to study initiation at 9 

am. All mice received both atipamezole and vehicle on separate days within the same week. Blood 

for measurement of serum insulin and glucose concentration was collected from the tail vein 1 hour 

after injection. 

 

Carbachol Stimulated Insulin 

 Intraperitoneal carbachol (carbamoylcholine chloride; 0.53 μmol/kg; 0.1mL/10g body 

weight; Sigma Aldrich, St. Louis, MO) was given to 4 hour fasted individually housed mice. All 

studies began at 1 pm and carbachol was injected 10 minutes after delivering an oral glucose gavage 

(2.5 g/kg; 0.1mL/10g body weight; Chem-Impex Int’l Inc., Wood Dale, IL). Blood for serum 

insulin (carbachol and oral glucose stimulated insulin secretion) and glucose determination was 

collected from the tail vein 15 minutes following glucose administration. 

 

Methylatropine Bromide Injection 

 Methylatropine bromide (10 mg/kg; 0.1mL/10g body weight; Sigma Aldrich, St. Louis, 

MO) was intraperitoneally injected into 4 hour fasted individually housed mice. All studies began 

at 1 pm. Blood for serum insulin and glucose determination was collected from the tail vein 30 

minutes following injection. 

 

Scopolamine N-Butyl Bromide Injection 

 Scopolamine N-butyl bromide (0.5 mg/kg; 0.1mL/10g body weight; Sigma Aldrich, St. 

Louis, MO) was intraperitoneally injected into 4 hour fasted individually housed mice. All studies 
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began at 1 pm. Blood for serum insulin and glucose determination was collected from the tail vein 

30 minutes following injection. 
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Figure Legends 

Figure 2. Pharmacological manipulation of serum insulin in obese Kir2.1 and eGFP control mice 

(A-I), GABA-T inhibitor treated mice (J), and GABA-T knockdown mice (K). Effect of hepatic 

Kir2.1 expression after 9 weeks of HFD feeding on the α2 adrenergic antagonist (atimepazole; 1 

mg/kg IP) induced changes in serum insulin (A), glucose (B), and glucose:insulin ratio (C), the 

muscarinic agonist (carbachol; 0.53 μmol/kg IP) induced changes in serum insulin (D), glucose 

(E), and glucose:insulin ratio (F), and the muscarinic antagonist (methylatropine bromide; 10 

mg/kg IP) induced changes in serum insulin (G), glucose (H), and glucose:insulin ratio (I). The 

basal serum insulin response to muscarinic antagonism (methylatropine bromide; 10 mg/kg IP) on 

day 5 of PBS, ethanolamine-O-sulfate (EOS), or vigabatrin treatment (8 mg/kg/day IP; J). The basal 

serum insulin response to muscarinic antagonism (scopolamine butylbromide; 0.05 mg/kg IP) after 

4 weeks of treatment with a GABA-T targeted or scramble control antisense oligonucleotide (ASO; 

12.5 mg/kg IP twice weekly; K). NS = non-significant. Number below bar denotes n per group. All 

data are presented as mean ± SEM. 
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Figures 

 

Figure 2. 

 


