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Genetic variants mapping to chromosome 8p23.1 have been associated with multiple metabolic traits in
humans, including plasma constituents (glucose, lactate, insulin, HDL and non-HDL cholesterol), and
hepatic steatosis with genome-wide significance. The closest gene of known function, PPP1R3B, (Protein
Phosphatase 1 Regulatory Subunit 3B), encodes a protein (GL) that is known to regulate glycogen
metabolism. We sought to test the hypothesis that hepatic PPP1R3B is the causal gene underlying the
human genetic association with these metabolic attributes and to understand the mechanisms. We
generated two separate mice with liver-specific deletion (Ppp1r3b∆hep) or liver-specific overexpression of
Ppp1r3b. Hepatic deletion of Ppp1r3b significantly reduced glycogen levels and glycogen synthase
activity in the liver, impairing fasting glucose homeostasis, and prompting early onset of noncarbohydrate metabolite utilization to sustain energy under long term fasting. Conversely, mice with
overexpression of hepatic Ppp1r3b maintained augmented glycogen storage capacity, with larger
glycogen pool creating a buffer towards delayed onset of hypoglycemia. Mice harboring deletion of
hepatic Ppp1r3b exhibited glucose intolerance and insulin resistance, with increased hepatic triglyceride
content, leading to hepatic steatosis, under chronic high sucrose feeding. In contrast, mice
overexpressing hepatic Ppp1r3b remained glucose responsive, and insulin sensitive, and were protected
from hepatic steatosis under chronic sucrose diet feeding. These studies implicate a major role of
Ppp1r3b in glycogen and lipid homeostasis in the liver, and provide concrete evidence for its pleiotropic
effect on metabolic state in a mammalian system, consistent with the human GWAS association.
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ABSTRACT

ELUCIDATING THE ROLE OF HEPATIC PPP1R3B GENE IN GLUCOSE AND
LIPID METABOLISM
Minal B. Mehta
Genetic variants mapping to chromosome 8p23.1 have been associated with
multiple metabolic traits in humans, including plasma constituents (glucose,
lactate, insulin, HDL and non-HDL cholesterol), and hepatic steatosis with
genome-wide significance. The closest gene of known function, PPP1R3B,
(Protein Phosphatase 1 Regulatory Subunit 3B), encodes a protein (G L) that is
known to regulate glycogen metabolism. We sought to test the hypothesis that
hepatic PPP1R3B is the causal gene underlying the human genetic association
with these metabolic attributes and to understand the mechanisms. We
generated two separate mice with liver-specific deletion (Ppp1r3b∆hep) or liverspecific overexpression of Ppp1r3b. Hepatic deletion of Ppp1r3b significantly
reduced glycogen levels and glycogen synthase activity in the liver, impairing
fasting glucose homeostasis, and prompting early onset of non-carbohydrate
metabolite utilization to sustain energy under long term fasting. Conversely, mice
with overexpression of hepatic Ppp1r3b maintained augmented glycogen storage
capacity, with larger glycogen pool creating a buffer towards delayed onset of
hypoglycemia. Mice harboring deletion of hepatic Ppp1r3b exhibited glucose
intolerance and insulin resistance, with increased hepatic triglyceride content,
leading to hepatic steatosis, under chronic high sucrose feeding. In contrast,
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mice overexpressing hepatic Ppp1r3b remained glucose responsive, and insulin
sensitive, and were protected from hepatic steatosis under chronic sucrose diet
feeding. These studies implicate a major role of Ppp1r3b in glycogen and lipid
homeostasis in the liver, and provide concrete evidence for its pleiotropic effect
on metabolic state in a mammalian system, consistent with the human GWAS
association.
.
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CHAPTER 1
INTRODUCTION
1.1 Human genome wide association studies (GWAS) can identify novel
genetic loci for disease risk
Driven by recent technological advances, genome wide association studies
(GWAS) have been widely used to identify genetic loci associated with common
traits such as body mass index, plasma metabolic traits, and complex diseases
including obesity, and Type 2 diabetes (1-4). This has led to substantial progress
in the field of human genetics with respect to identifying genetic risk factors for
many metabolic and chronic diseases. These large-scale population-based
genetic studies leverage common variants known as single nucleotide
polymorphisms (SNPs) defined as single base-pair changes in the DNA
sequence that occur with high frequency in the human genome (5) to determine
their statistical association with a given trait or disease. Assessment of the
statistical significance of GWAS SNP signals depend on two factors: 1) Large
sample and effect size 2) allele frequency, and its correlation with the causal
variant (6). The larger the population size interrogated, the greater the statistical
power. Further analysis of initial GWAS-identified SNPs for replication studies in
independent population cohort samples provides further validation of these
disease or trait-variant associations.
Several GWAS conducted for diseases in the recent past have identified
novel genetic associations for complex disease traits. One of the early successful
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examples of GWAS was the identification of the Complement Factor H gene as a
major risk factor for age-related macular degeneration (AMD) (7). Association of
DNA sequence variations in this gene with AMD was further functionally
validated in a knockout mouse model (8) to access its functionality and provide a
biological basis for the phenotype effect that was detected in humans. GWAS for
common, complex phenotype such as obesity unraveled several biologically
important SNPs within various genes, including Zinc Finger Protein 90 (ZFP90)
and Complement C3a receptor 1 (C3AR1) that were substantiated upon
replication in transgenic and knockout mice respectively, and are implicated in
regulating adiposity (9,10). SNPs in another gene, Melonocortin-4 receptor
(MC4R) are associated with body weight and fat distribution in childhood obesity
(11). Similarly, SNPs associated with another common and complex disease,
Type 2 diabetes (T2D), revealed several susceptible gene loci, including KCNQ1,
which encodes a voltage-gated potassium channel, that is important in regulating
insulin secretion by the pancreatic β-cells. Functional analysis of the common
SNPs associated with this gene showed significant correlation with reduced
stimulated second-phase insulin secretion in subjects that underwent
hyperglycemic-glucose clamps, suggesting a plausible biological underpinning of
these variations (12,13). Another significant example includes a large GWAS
meta-analysis of blood lipid traits, which identified SNPs in 95 unique genetic loci
in population of European-descent (14). Of these, three novel genes, GALNT2,
PPP1R3B and TTC39B, which were associated with total and HDL cholesterol
levels, were functionally validated for their biological significance in mice (15).
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These genome-wide association studies in humans have been a valuable
resource to identify novel common genetic variations associated with complex
traits, and to provide insight into the genomic architecture associated with
disease etiology. Further functional biological validations of these loci underlying
the SNP associations would provide a greater understanding of the
pathophysiology of complex diseases and novel opportunities for therapeutic
interventions.
1.2 PPP1R3B: a novel genetic locus associated with multiple metabolic
traits
The focus of this dissertation is PPP1R3B, a genetic locus identified in multiple
GWAS for complex disease-traits (14-22). Variants near this genetic locus are
associated with glycemic traits, including plasma glucose, insulin and lactate
levels in humans (18,19). GWAS meta-analysis also identified lead SNP
(rs9987289) near PPP1R3B gene as linked to plasma lipids, specifically total
plasma cholesterol (TPC), HDL cholesterol (HDL-C) and LDL cholesterol(LDL-C),
(plasma triglycerides (TG) were unaffected) in ~100,000 individuals of European
descent (14,15). Moreover, SNPs near this gene were also subsequently shown
to be associated with hepatic steatosis in various ethnic populations (16,17,20);
and with elevated alkaline phosphatase (ALP) (21) and with C-reactive Protein
(CRP) levels (22), indicating liver inflammation and injury typically associated
with chronic liver diseases. Importantly, using expression quantitative trait locus
(eQTL) mapping, PPP1R3B was identified as a liver eQTL for these associated
metabolic traits, with the minor allele variant correlated with the increased
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expression of PPP1R3B in the liver (15). The PPP1R3B SNPs identified in these
separate GWAS comprise a linkage block with the LD R2 value between 0.8 and
1. Collectively, based on these GWAS, it is logically predicted that expression of
PPP1R3B has a pleiotropic effect on the above metabolic traits, and further
functional validation is an important next step to study the biologic basis of the
significance of these metabolic effects. Table 1 summarizes these GWAS
associations with hepatic PPP1R3B in various population cohorts.
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Table 1a: GWAS SNP near the PPP1R3B genetic locus are associated with multiple metabolic traits
SNP ID

Minor
alleleb
eQTL
A

MAF

Trait

P-Value

0.114

HDL-C

6x10-25

rs9987289
(15)

A

0.114

LDL-C

rs9987289
(15)

A

0.114

rs4841132
(18)

A

rs4841132
(18)
rs4240624
(16)

rs9987289
(15)

Sample
Size

Year of
Study

European

100,000

2010

7.43 ×10-15

European

100,000

2010

Total
Cholesterol

8.98 × 10-

European

100,000

2010

0.093

Fasting
plasma
glucose

7.6 × 10−9

Various
Populations

96,496

2012

A

0.093

Fasting
insulin

1.7x10-10

Various
Populations

83,116

2012

A

0.114

Hepatic
Steatosis

0.03

Various
Populations

2013

A

0.114

3.68x10-18

African
American

4804
(1825
NHW,
1442NHB,
1537 MA)
3124

rs4240624
(20)

Liver
PPP1R3B
mRNA

24

Hepatic
Steatosis
0.114

Trait
Population
Direction

2013
0.025

Mexican
American

839

6

Alkaline
phosphatase

2.1 × 10–10

0.114

C-reactive
Protein

0.114

Plasma
Lactate

rs6984305
(21)

A

0.124

rs9987289
(22)

A

rs9987289
(19)

A

NA

Multiple
Populations

61,089

2011

2.3×10-12

Various
Populations

>100,000

2015

1.6x10-9

European

6901

2016

NA

Table 1: GWAS SNPs near the PPP1R3B locus in different ethnic populations and their association with
metabolic traits. SNPs near PPP1R3B associated with plasma HDL-cholesterol, LDL-cholesterol, total
cholesterol, glucose, insulin, lactate, alkaline phosphatase, and C-reactive protein levels and with accumulation of
hepatic fat and Non-alcoholic fatty liver disease (NAFLD) from multiple GWAS studies. For some GWAS, various
population cohorts were used to compile meta-analyses of SNP associations from previous GWAS. Abbreviations:
MAF- minor allele frequency;. Various: NHW = Non Hispanic Whites; NHB= Non Hispanic Blacks; MA = Mexican
Americans
a
Adapted from Dr. Nicholas Hand (unpublished, personal communication)
b

Liver PPP1R3B is an expression quantitative trait locus (eQTL) for the minor allele
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1.3 PPP1R3B: a liver glycogen targeting subunit that regulates hepatic
glycogen synthesis and storage
PPP1R3B encodes a glycogen targeting subunit, also called GL that is
predominantly expressed in liver in rodents but is also expressed in skeletal
muscle, parathyroid, thyroid, and adrenal glands, in humans (23,24). PPP1R3B
regulates hepatic glycogen synthesis in the postprandial (fed) state, and its
expression is hormonally regulated by insulin(25). It is a scaffolding protein that
recruits a ubiquitously expressed cellular protein phosphatase 1 (PP1) to
glycogen granules, and specifically activates PP1 towards specific glycogen
enzymes such as glycogen synthase (GS) and glycogen phosphorylase (GP).
The PP1-GL complex mediates dephosphorylation and activation of GS (26-28).
A short conserved binding motif (-RVXF-), is a common feature of glycogen
targeting subunits, including GL, which enables their interaction with a small
hydrophobic groove on the surface of PP1(26-28). These glycogen targeting
subunits share conserved structural domains. The N-terminal region contains
the putative RVXF( motif that is required for binding to PP1; the central region is
required for binding to glycogen; and the C-terminal region mediates binding to
other substrates and enzymes including glycogen synthase, and glycogen
phosphorylase, which binds to GL and another targeting subunit, PTG, and
allosterically regulates GL(29-32), and cAMP dependent protein kinase that
regulates the activity of another targeting subunit, GM (33-35). Figure 1 shows the
basic protein structure of these glycogen targeting subunits.
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Figure 1: Protein domain structure of glycogen targeting subunits

N

PP1

Glycogen

RVXF

CBD

GP (PTG/GL)
GS (PTG, GL, GM)
cAMP dependent Protein
Kinase (GM)

SBD

C

Figure 1: General schematic of protein domain structure with substrate and
enzyme binding sites of glycogen targeting subunits. Abbreviations: PP1Protein Phosphatase; RVXF-a short conserved consensus motif that enables
binding to PP1; CBD-carbohydrate binding domain that enables binding to
glycogen granules; SBD-Substrate binding domain which enables binding to
substrates and enzymes. For GL and PTG, Glycogen phosphorylase (GP) binds
at this site. GP mediates allosteric regulation of GL. For GM, cAMP dependent
protein kinase binds at this site and regulates its activity by phosphorylation.
Adapted from Armstrong et al., Biochem J, 1998 (30)
Printen et al., Science, 1997 (32) and
Liu et al., J Biol Chem, 2000 (35)
To date, there are at least seven well-characterized genes that encode
these glycogen targeting subunits. PPP1R3A (GM/RGL; 124kDa) is mainly
expressed in the striated, skeletal muscle and heart and deletion of this gene
leads to reduction of glycogen level in skeletal muscle, accompanied by glucose
intolerance and insulin resistance (33). As mentioned above, PPP1R3B (GL;
33kDa) is the primary glycogen targeting subunit expressed in the rodent liver,
and mice with overexpression of a mutant form of PPP1R3B that had an
impaired binding site for GP displayed improved glucose tolerance (36).
PPP1R3C (GC/R5/PTG; 36kDa) is widely expressed in many tissues including
skeletal and cardiac muscle, adipose tissue, and liver, and mice with
heterozygous deletion of PPP1R3C have reduced glycogen levels in various
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tissues, accompanied by progressive glucose intolerance, hyperinsulinemia, and
insulin resistance with aging (37). PPP1R3D (GD/R6; 33kda) is mainly expressed
in the brain and predicted to play a role in glycogen accumulation in neurons
(38). PPP1R3E (GE; 31kDa) is highly expressed in the liver and heart muscle in
rodents (39); PPP1R3F (GF; 79kDa), is expressed at high levels in the brain and
has been reported to regulate GS in astrocytoma cells (40) and the PPP1R3G
(GG; 38kDa), is expressed at high levels in the rodent liver and regulates GS
activity under fasting-feeding cycle (41).
These glycogen targeting subunits have emerged as important modulators
of glycogen metabolism. Several studies have indicated the role of these proteins
to regulate glycogen homeostasis in tissues. Examples of such studies include
utilization of overexpression of GL, PTG and GM in hepatocytes and adipocytes
which significantly increases the glycogen levels in these cells (23), (42,43).
Three distinct mechanisms contribute to the glycogenic effects of these glycogen
targeting subunits: 1) dephosphorylation of glycogen phosphorylase (inactivation)
and glycogen synthase (activation); 2) enhanced targeting of glycogen synthase
and glycogen phosphorylase to the glycogen particle and 3) stabilization of the
glycogen synthase protein (44). The implication of presence of multiple isoforms
of these proteins in tissues such as liver, and their effect on glycogen regulation
under different metabolic stresses remains to be elucidated. The role of
PPP1R3B (GL) in hepatic glucose metabolism will be further explored in Chapter
2.
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1.4 Interactions between hepatic glucose and lipid metabolism
Glucose and lipid metabolism are interconnected in various ways. One of
the major metabolic processes in a mammalian system that occur is the
synthesis of fat from dietary glucose. The process occurs through entry of
glucose into the glycolysis pathway. The product of glycolysis, pyruvate can
subsequently be converted into acetyl-CoA, a major precursor for fatty acid
synthesis. Glucose is capable of undergoing conversion into fat in a process
known as de novo lipogenesis (45,46). Glucose is able to induce de novo
synthesis of fatty acids from acetyl-CoA through indirect mechanisms by inducing
insulin secretion from pancreatic β cells (47). Insulin stimulates the gene
expression of transcription factor SREBP1(48), while also increases its
processing in the endoplasmic reticulum (ER)(49). This occurs when an
inactive-membrane bound SREBP precursor in the ER binds to SREBPcleavage-activating protein (SCAP), which escorts it to the Golgi apparatus. In
the Golgi, SREBP1 is cleaved by site-1 and 2 serine proteases and the mature
SREBP1 translocates to the nucleus to activate transcription of target genes.
Transcriptional control requires the presence of an octamer sequence termed the
sterol regulatory element, SRE-1 in the promoter/enhancer regions of multiple
target genes. SREBP1 binds to these elements and activates gene expression.
SREBP1 specifically activates the genes encoding the ATP citrate lyase, which
produces acetyl-CoA, acetyl-CoA carboxylase, and fatty acid synthase, which
together produce palmitate and other enzymes in the lipogenic pathway. Figure 2
summarizes the lipogenic enzymes regulated by SREBP1(49).
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Figure 2: Insulin and SREBP1 mediated regulation of fatty-acid synthesis
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Figure 2: Fatty Acid Synthesis regulated by Insulin and SREBP1 in the liver. Upon
entry into hepatocytes, glucose mediates insulin secretion by pancreatic β-cells, and
insulin then induces expression and activation of SREBP1 transcription factor. Activated
SREBP1 then translocates to the nucleus and activates lipogenic genes that include:
ACACA, FASN, ELOVL6, SCD1, GPAT and DGAT. Abbreviations: L-PK- Liver pyruvate
kinase; ACLY-ATP citrate lyase; ACACA- Acetyl-coA carboxylase; FASN- Fatty acid
synthase; ELOVL6- fatty acid elongase-6; SCD1- Stearoyl-coA desaturase; GPATglycerol-3-phosphate acyltransferase; DGAT- diacylglycerol acyltransferase. (+) symbol
denotes activation of the gene/enzyme. Adapted from Horton et al., JCI. 2002 (49).
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Carbohydrate feeding also promotes lipogenesis, independent of insulin, by
activation of another transcription factor, known as carbohydrate responsive
element binding protein (ChREBP) (46,50)((51). ChREBP is induced by high
glucose concentrations. This was shown in primary rat hepatocytes cultured with
high glucose and minimal insulin, where the mRNA levels of major lipogenic
genes were upregulated (45), and in mice lacking SREBP1, high-carbohydrate
feeding still maintained upregulation of these genes (52). In adipose tissue (53)
and liver (54), glucose stimulates the transcription of several genes encoding
glycolytic and lipogenic genes including glucokinase, and liver-pyruvate kinase
(L-PK) for glycolysis, adenosine triphosphate (ATP) citrate lyase (ACLY), acetylCoA carboxylase (ACC), fatty acid synthase (FAS) for lipogenesis, elongase-6
(ELOVL6) and stearoyl-CoA desaturase (SCD1) for catalyzing fatty acid
elongation and desaturation steps; and mitochondrial glycerol-3-phosphate
acyltransferase (GPAT) and diacylglycerol acyltransferase (DGAT) for
triglyceride (TG) synthesis. Transcription of genes such as L-PK for glycolysis
and ACLY, ACC, FAS, SCD1, and ELOVL6 for lipogenesis is also mediated
through the activation of ChREBP (51). Glucose mediates activation of ChREBP
by regulating its entry from the cytosol into the nucleus through
phosphorylation/dephosphorylation mechanisms. More specifically, Xylulose-5phosphate (Xu-5P), an intermediary glucose metabolite is thought to promote
protein phosphatase 2A mediated dephosphorylation and activation of ChREBP
(46,51). Dephosphorylated ChREBP subsequently translocates to the nucleus
and binds a conserved consensus sequence, known as the carbohydrate
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response element (ChoRE), which is required for ChREBP binding and glucose
responsiveness (55). Increased expression of liver-pyruvate kinase provides
increased substrate availability for free fatty acid and TG synthesis. Figure 3
summarizes the glucose-responsive enzymes regulated by ChREBP (51).
In addition, studies have also shown that SREBP1 and ChREBP work
synergistically with each other to induce de novo lipogenesis in the liver (52,5659) . Evidence for this phenomenon is provided by several studies. First it was
noted that in mice lacking hepatic glucokinase (GK) which is a rate limiting
enzyme that converts intracellular glucose into metabolically favorable substrate,
Glucose-6-phospate (G6P), for further glucose metabolism, overexpression of
SREBP1c in the liver did not elicit maximal upregulation glycolytic and lipogenic
genes, including L-PK, ACC and FAS, as the effect of glucose on the induction of
these genes was lost, due to impaired ability of the liver to efficiently metabolize
glucose. It was also shown that the ChREBP gene expression was also
decreased in the livers from these mice (56). Similarly, in another study, it was
shown that SREBP1 activity alone cannot sufficiently stimulate glycolytic and
lipogenic gene expression in response to glucose, since there was only a 50%
reduction in mice harboring SREBP1 deletion (52). Furthermore, the expression
of the key glycolytic enzyme, L-PK is predominantly regulated by ChREBP (57)
and not SREBP1(58). Likewise, the hepatic expression of ELOVL6, which
mediates elongation of saturated and mono-saturated fatty acids, is dependent
on the activation of both transcription factors (59). These studies collectively
support a model in which SREBP1 and glucose metabolism, acting via ChREBP
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are both required for dietary induction of glycolytic and lipogenic genes,
consequently driving fatty acid and TG synthesis in the liver.
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Figure 3: Genes regulated by ChREBP in a glucose responsive manner
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Figure 3: Fatty Acid Synthesis regulated by glucose and ChREBP in the liver. In fed
state or under high glucose concentrations, there is elevation in glucose metabolite,
Xylulose-5 phosphate (Xu-5P) which promotes PP2A mediated dephosphorylation (De-P)
and activation of ChREBP. ChREBP translocates to the nucleus and activates glycolytic
and lipogenic genes that include: L-PK, ACLY, ACACA, FASN, ELOVL6, and SCD1.
Abbreviations: L-PK- Liver pyruvate kinase; ACLY-ATP citrate lyase; ACACA- Acetyl-coA
carboxylase; FASN- Fatty acid synthase; ELOVL6- fatty acid elongase-6; SCD1- StearoylcoA desaturase; GPAT- glycerol-3-phosphate acyltransferase; DGAT- diacylglycerol
acyltransferase. (+) symbol denotes activation of the gene/enzyme. Adapted from Uyeda
et al.,Cell Metabolism 2006 (51).
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1.5 Interactions of glucose and lipid metabolism in Type 2 Diabetes
Mellitus
Type 2 Diabetes Mellitus (Type 2 DM) is the disorder of abnormally high
blood glucose levels (hyperglycemia), with a concurrent rise in plasma insulin
(hyperinsulinemia) that is a driving factor in the development of systemic insulin
resistance. In insulin resistance, impaired insulin response by skeletal muscle
causes decreased glucose uptake, and enhanced glucose production by the liver
as the inhibition of this process by the insulin is attenuated(60). Postprandial
storage of glucose into glycogen in the liver is also reduced, further contributing
to increase in plasma glucose(61). Pancreatic β-cells secrete more insulin,
resulting in hyperinsulinemia, followed by cellular exhaustion leading to
inadequate insulin secretion, promoting a pathological cycle that maintains the
state of hyperglycemia. Diabetes is a major risk factor for cardiovascular
diseases, as approximately 75% of deaths in diabetics are due to coronary artery
disease, and other macrovascular diseases including stroke and peripheral
vascular disease (62-65).
Type 2 Diabetes (Type 2 DM) is a metabolic disease associated with
whole-body insulin resistance. Extensive evidence from studies supports the
notion that multi-organ insulin resistance precedes the development of clinical
Type 2 DM. One of the hallmarks of insulin resistance is the distinct ectopic fat
accumulation in tissues such as liver and skeletal muscle (66-68). Accretion of
fatty acids, specifically in the liver is also referred to as hepatic steatosis and is a
characteristic of Non-alcoholic Fatty Liver disease (NAFLD), which is now
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considered to be the most chronic form of liver disease associated with obesity
and Type 2 diabetes (69,70). In patients with Type 2 DM, the prevalence of
NAFLD has reached to approximately 75%(70), and the escalating increase in
the incidence of obesity and Type 2 DM in the United States and worldwide has
extended NAFLD to emerge as a major health problem.
NAFLD spectrum ranges from benign, simple hepatic neutral lipid
accumulation (steatosis/NAFL) to non-alcoholic steatohepatitis (NASH), which is
characterized by oxidative stress and inflammatory cytokines that are important
contributing factors to the progression of the disease (71,72). A subset of NASH
patients are susceptible to development of fibrosis, which is marked by
deposition of collagen fibers, leading to scarring of the liver, and development to
cirrhosis. A very small percentage of patients with cirrhosis (1-2%) are at
increased risk towards development of hepatocellular carcinoma (HCC) (73).
Although a benign accumulation of neutral lipids in the liver is not harmful, it is
characterized by impaired insulin responses in metabolic tissues, which leads to
the development of overt Type 2 DM. As such, the development of fatty liver is
essentially the manifestation of impaired insulin signaling, that leads to hepatic
steatosis (67). Steatosis is the result of imbalance between fatty acid synthesis
/storage and its secretion from the liver. The major processes that contribute to
fatty acid anabolism and catabolism include: 1) De novo fatty acid and TG
synthesis derived from dietary glucose, 2) Free fatty acids (FFA) derived from
adipose tissue lipolysis contributing to the hepatic FFA uptake and esterification
into TG, 3) Utilization of FFA for energy production through the mitochondrial β-
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oxidation pathway, and 4) Export of FFA in the form of VLDL-triglyceride particles
from the liver. Fatty acid accumulation results when the anabolic pathways
exceed the catabolic processes, causing perturbation in the homeostasis of this
major macronutrient in the liver. Insulin resistance plays a key role in this
pathogenesis, as insulin promotes suppression of lipolysis from adipose tissue in
a normal healthy state, curtailing the flux of FFA towards liver. In insulin resistant
states, this suppression is inhibited, resulting in increased adipose-tissue derived
FFA driving fat accumulation in the liver, which contributes to 59% of the hepatic
fatty acid pool (74). There is also increased recruitment of pro-inflammatory
macrophages into adipocytes, leading to increased secretion of adipocytokines
including IL-6, MCP-1 and TNFα, which can underlie increased plasma FFA pool
in NAFLD. Additionally, increased, accumulation of intramyocellular lipids (IMCL)
in skeletal muscle, due to decreased oxidative capacity, can further impair
glucose uptake in muscle, contributing to systemic glucose intolerance (68,75).
This combination of events leads to peripheral insulin resistance, and
compensatory hyperinsulinemia, resulting in exacerbation of FFA delivery to liver.
Furthermore, insulin insensitivity leads to de-suppression of hepatic glucose
production (HGP)(60), despite elevated insulin levels, which further contributes to
the development of hyperglycemia. As outlined earlier, excessive glucose can
also drive de novo lipogenesis in the liver, contributing to the fatty liver phenotype
with approximately 30% input to the hepatic fatty acid pool (74). Hence, this
pathological cycle results as a consequence of insulin resistance which causes
impaired insulin signaling in multiple tissues, leading to increased lipolysis from
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adipose tissue, which drives FFA uptake and ectopic fat deposition in liver
(hepatic steatosis and NAFLD), combined with de-suppression of hepatic
glucose production, decreased oxidative capacity with accumulation of IMCL,
and decreased glucose uptake in skeletal muscle. Collective dysregulation of
these coordinated metabolic processes among tissues results in the
development of Type 2 diabetes. Figure 4 summarizes the metabolic
perturbations in glucose and fatty acid metabolism in major metabolic tissues in
Type 2 diabetes(76).
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Figure 4: Metabolic dysregulation of glucose and lipid metabolism in
pathophysiology of Diabetes mellitus
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Figure 4: Pathophysiology of Type 2 DM. Development of insulin resistance in tissues
is the primary event that triggers the deregulation in metabolic processes leading to Type
2 DM. 1) Impaired insulin signaling in adipose tissue drives increased FFA to liver
contributing to ectopic hepatic fat accumulation (steatosis/NAFLD). 2) Insulin insensitivity
causes decreased glucose uptake, and impaired oxidative capacity, leading to accretion
of IMCL in skeletal muscle. 3) Impaired response to insulin in the liver causes desuppression of HGP. 4) Increased plasma glucose drives DNL in the liver exacerbating
the fatty acid accumulation, and it also drives overproduction of insulin by pancreatic βcells, leading to their exhaustion and dysfunction. This combinatorial metabolic effect
leads to Type 2 DM. Adapted from Kahn et al., Nature 2006 (76).
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1.6 Outline of the Dissertation
Interactions between glucose and lipid metabolism are important for the
maintenance of energy balance in a mammalian system, and perturbations in
these metabolic pathways lead to many chronic disorders that are widespread in
our global society. Studying the molecular mechanisms underlying these
pathways is critically important to our understanding of the pathophysiology of
these metabolic disorders, and to developing therapeutic strategies to target
these defects.
GWAS have identified various novel genetic loci not previously implicated
in the pathophysiology of carbohydrate and/or lipid metabolic disorders which are
classically defined by known genetic players. These studies reveal new genetic
associations, and provide a basis for further characterizing the functional
validation of the biology behind these novel genes and their implications in
disease etiology.
This dissertation focuses on characterization of one such novel GWASassociated genetic locus, PPP1R3B, which is a glycogen targeting subunit and is
an important activator of glycogen synthesis in the liver. As outlined earlier,
PPP1R3B was also identified to have a pleiotropic effect on multiple other
plasma metabolites (lipids, lactate, glucose, insulin, and liver enzymes), and with
hepatic steatosis (15-22). I sought to study the overarching role of PPP1R3B in
maintenance of systemic energy balance in a mammalian system.
I wanted to characterize the physiological role of PPP1R3B in hepatic
glucose and lipid metabolism, by studying both the loss of function and gain of
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function of this gene utilizing mouse models. To directly study this gene in the
liver, I used the Cre-lox system using a liver-specific promoter to generate mice
with deletion of Ppp1r3b gene restricted to the liver. For gain of function studies, I
used adeno-associated virus (AAV) to drive the expression of this gene in the
liver in wildtype mice on C57BL/6J background and studied the effects on their
metabolic pathways.
I have investigated the role of PPP1R3B at the intersection of glucose and
lipid metabolism, which has not been previously explored in vivo. This led to the
two broader questions related to this dissertation:
1. Does hepatic Ppp1r3b play an important role in hepatic glycogen
metabolism? How does it affect systemic energy homeostasis?
2. Does modulation of hepatic Ppp1r3b alter lipid metabolism, and if so,
how is this pathway regulated?
In our first investigative study described in Chapter 2, I used the
reciprocal liver-specific Ppp1r3b knockout and overexpression mouse models to
specifically study the role of Ppp1r3b in hepatic glycogen metabolism, and the
impact of its modulation on systemic glucose homeostasis and energy balance.
Our hypothesis was that, the loss of hepatic Ppp1r3b would lead to reduced
hepatic glycogen storage in the liver, and consequently would cause adaptive
physiological alterations in energy homeostasis under long-term fasting duration.
In our second research study, which is described in Chapter 3, I further
characterized the role of Ppp1r3b in hepatic lipid metabolism. More specifically, I
have used these two genetic mouse models to test the association of Ppp1r3b
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with hepatic steatosis. As outlined earlier, hepatic steatosis is a result of
imbalance of fatty acid synthesis and storage and its utilization. Our hypothesis
was that in the absence of Ppp1r3b in the liver, carbons from glucose are
shunted towards synthesis into fatty acids and triglycerides, as a consequence of
diminished hepatic glycogen storage capacity, thereby promoting increased
substrate availability for fatty acid metabolism. In the overexpression of Ppp1r3b,
we hypothesize that this mechanism would be attenuated.
Since this genetic locus is also associated with plasma lipids, in the
context of loss of hepatic Ppp1r3b, we hypothesized that the perturbation in fatty
acid and TG storage in the liver resulting from loss of hepatic Ppp1r3b would
prompt changes in the remodeling and secretion of the different lipid subfractions (HDL, non-HDL, PL), resulting in changes in their levels and
composition.
The work presented in this dissertation explores the importance and
significance of Ppp1r3b in maintaining metabolic energy homeostasis, with
providing several mechanistic insights in the complex interactions between
glucose and lipid metabolism with respect to the pathophysiology of common
metabolic derangements including insulin resistance, associated with NAFLD
and Type 2 diabetes. In Chapter 4, I will culminate my discussion by providing
comprehensive conclusions and interpretations of our research and several
future research directions from the findings from this work that would be of
interest to gaining deeper understanding of glucose and lipid metabolic
pathways, for researchers studying this field.
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CHAPTER 2
MATERIALS AND METHODS
Generation of Liver-Specific Ppp1r3b Knockout Mice
Ppp1r3bflox/flox mice were provided by Merck and were produced for Merck by
Taconic. Full details of the design of the Ppp1r3bflox/flox mice may be found at
http://www.taconic.com/10482. Briefly, in the conditional allele, two loxP sites
were introduced flanking Ppp1r3b exon 2, which contains the entire protein
coding sequence of the gene (Fig.5A). Ppp1r3b liver specific knockout mice
(Ppp1r3b∆hep) were generated by crossing Ppp1r3bflox/flox mice on a C57BL/6J
background with transgenic mice expressing Cre recombinase-expressing under
the expression of the hepatocyte specific albumin promoter (C57BL/6-Cg-Tg
(Alb-Cre) 21Mgn/J; Jackson Laboratories). The resultant Ppp1r3bflox/+;Alb-Cre+
progeny were crossed with Ppp1r3bflox/flox mice to obtain tissue-specific knockout
mice (Ppp1r3bflox/flox; Alb-Cre+), termed liver-specific Ppp1r3b knockout mice
(Ppp1r3b∆hep). Mice without the Cre transgene (Ppp1r3bflox/flox) were used as
control mice. Genotyping was confirmed for the expression of Cre transgene and
Ppp1r3bflox/flox alleles prior to the onset of studies. We also developed a liver
specific knockout of Ppp1r3b utilizing AAV-TBG-Cre approach in Ppp1r3bflox/flox
mice. Animals were housed under controlled temperature (23°C) and lighting (12hour light/dark cycle) with free access to water and standard mouse chow diet
(LabDiet, 5010), or High Sucrose Diet (66% Sucrose Content, D11725i,
Research Diets), or High Fat diet (45%kcal fat, D12451i, OpenSource Diets) for
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upto12 weeks. Data from High fat diet is described in Appendix. All animal
experiments were reviewed and approved by Institutional Animal Care and Use
Committees of the University of Pennsylvania, Philadelphia, USA.
For 36-hour fasting experiments, indicated mice were initiated on a fasting
protocol in the morning (8:00AM), which was considered as ad libitum fed state.
Blood glucose measurements were taken at time points indicated. Mice were
continued to fast for 36 hours until the second day evening (8:00PM) at which
point food was returned back to their cages. All Animal experiments were
reviewed and approved by Institutional Animal Care and Use Committees of the
University of Pennsylvania, Philadelphia, USA.
Adeno-Associated (AAV) Viral Vector Preparation
Adeno-associated viral (AAV) vectors, serotype 8, containing either an empty
expression cassette (AAV-Null), Cre recombinase (AAV-Cre), or mouse Ppp1r3b
gene (AAV-Ppp1r3b) were generated by the University of Pennsylvania Vector
Core (Philadelphia, PA, USA). The transgene is selectively expressed in
hepatocytes these vectors from the Thyroxine-binding globulin (TBG/Serpina7)
promoter (Wang et al., 2010). For overexpression experiments utilizing AAVPpp1r3b, C57BL/6J wild type mice were injected with AAV vectors at a dose of
1x1012 genome copies (GC) via intraperitoneal (i.p.) injection and examined at
the indicated time points. For experiments utilizing AAV-TBG-Cre, Ppp1r3bflox/flox
mice were injected with AAV vectors at a dose of 1.5x10 11 genome copies (GC)
via i.p. injection and examined at the stated time points.
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Western Blotting Analysis
Tissues were isolated from mice both in fed and fasted conditions at different
ages and then immediately frozen in liquid nitrogen. Approximated 50mg flash
frozen liver tissue was used to prepare homogenates in RIPA buffer containing
50mM Tris-HCl (pH 7.4), 150mM NaCl, 1mM EDTA, 1% Triton-X-100, 1%
Sodium deoxycholate and 0.1% SDS with 1X protease and phosphatase inhibitor
cocktail (Cat#: 5872, Cell Signaling Technology) using Tissuelyser (Qiagen, Inc).
Homogenates were quantified for protein concentrations using the bicinchoninic
acid assay (BCA) method. Thirty to fifty micrograms of total protein was resolved
on 4-12% SDS-PAGE gels and subjected to Western Blotting.
were

performed

using

the

antibodies

against

the

Immunoblots

following

proteins:

Homogenates were quantified for protein by the BCA method. GS, Phospho-GS
(Ser641) (GS, Cat#3886, Phoshpho-GS, Cat#3891; Cell Signaling Technology),
PP1, GP (PP1,Cat#AB-53315, GP, AB-198268; Abcam) ,GSK3β, PhosphoGSK3β (Ser9), Akt (pan), Phospho-Akt (Ser473), and Fatty Acid Synthase (FAS),
(GSK3β,Cat# 12456, Phospho-GSK3β(Ser9), Cat#5558, Akt (pan), Cat#: 4691,
Phospho-Akt (Ser473), Cat# 9271, and FAS, Cat# 3180, all from Cell Signaling
Technology), and β-actin (SC-81178; Santa Cruz Biotechnology) was used as a
loading control. All primary antibodies were used at a dilution of 1:1000 for
westerns. Primary antibodies were detected using secondary IgG labeled with
Horseradish-peroxidase (HRP), and developed with ECL reagent (Luminata
Crescendo Western Blot HRP Substrate, Millipore, Inc.)

27

RNA Isolation and Quantitative RT-PCR
Tissues were isolated from mice and flash-frozen in liquid nitrogen. Total RNA
was extracted from approximately 50mg flash-frozen liver tissue following
homogenization in Trizol solution (Invitrogen, Inc.) using a Tissuelyser (Qiagen,
Inc.), and then isolated according to the manufacturer’s instructions. The quality
and quantity of the RNA was determined by absorbance at 260/280nm. cDNA
was synthesized from 2.0-2.5µg total RNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) according to the manufacturer’s
protocol. Real-time PCR (qPCR) was performed using SYBR Green Mix (Applied
Biosystems) on an ABI7900 RT-PCR machine. The relative quantity of each
mRNA was calculated using the comparative delta CT method with β-actin and
18S genes used for normalization (77). The sequences for the primer pairs used
in the studies are listed in Tables 2 and 3.
Intraperitoneal Glucose, Insulin and Pyruvate Tolerance Tests
For glucose (GTT) and pyruvate challenge test (PTT), mice were overnight
fasted for 14-16 hours, and then administered 2g/kg of body weight of dextrose
(FisherScientific) or sodium pyruvate (Sigma-Aldrich) by intraperitoneal (i.p.)
injection. Tail blood was used to measure glucose concentrations using a OneTouch Ultra glucometer (Lifescan, Inc.) at the indicated time points. For insulin
tolerance test (ITT), mice were fasted for 6 hours before intraperitoneal (i.p.)
administration of 0.75U/kg body weight of recombinant insulin (Novolin R; Novo
Novodisk A/S). Tail blood was used to measure glucose concentrations using a
One-Touch Ultra glucometer (Lifescan, Inc.) at the indicated time points.
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Metabolic Measurements
Blood glucose, lactate and ketone bodies were measured using a One-Touch
Ultra glucometer (Lifescan, Inc.), Lactate Plus lactate meter (Nova Biomedical)
and Nova Max Plus Ketone meter respectively at indicated nutritional conditions.
Insulin and leptin assays were conducted on blood collected from mice at 4-hour
fasting conditions by tail bleed into heparinized micro-hematocrit capillary tubes
(FisherScientific). Plasma was obtained after centrifugation at 10,000 x g for
10min at 4°C and measurements were conducted using ELISA kits (Insulin:
Cat#90080, Leptin: Cat# 90030, Crystal Chem, Inc). Hepatic triglycerides were
measured from animals sacrificed by isofluorane inhalation and cervical
dislocation, flash frozen in liquid nitrogen and stored at -80°C until processed.
Frozen liver (250mg) were weighed and homogenized in 1xPBS. Liver
homogenates were diluted (0.2-0.5mg) and then incubated with 1% deoxycholate
[Deoxycholic acid (Acros Organics, Inc) dissolved in sterile water] and
triglycerides were measured calorimetrically using Infinity Triglyceride Reagent
(ThermoScientific).
Measurement of Tissue Glycogen Levels
Non-fasting and fasting male mice were sacrificed and tissues were flash frozen
in liquid nitrogen. Frozen tissue samples (~50µg) were homogenized in 300μL
PBS. Homogenates were quantified for protein by the BCA method (Thermo
Scientific). Tissue samples (4µg of total protein for liver and 50ug total protein for
skeletal muscle) were used for detection of glycogen levels by colorimetric assay
protocol according to manufacturer’s instructions (Biovision). Glycogen levels in
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samples were determined from a standard-curve method generated by the
assay.
Incorporation of 2-deoxy-D-[3H] glucose into Liver Glycogen
Incorporation

of

glucose

into

glycogen

was

accessed

as

described

previously(37). As a tracer, 2-deoxy-D-[3H] glucose (PerkinElmer) was combined
with 20% (0.2g/ml) glucose and then administered 2g/kg of body weight at
1mCi/mouse by intraperitoneal injection into 6hr-fasted mice. Tissues (liver,
skeletal muscle, and kidney) were harvested and flash frozen in liquid nitrogen at
30 minutes and 60 minutes after glucose and tracer injection. Plasma glucose
concentrations were measured at these indicated time points. Frozen tissue
samples (100mg) were digested in 750uL of 30% KOH at 100°C for 10 minutes.
Upon digestion, a sample aliquot was used for measurement of protein
concentration by the BCA method (ThermoScientific). Samples were then
neutralized with 200uL 20% Na2SO4 and macromolecules were precipitated with
1mL 100% ethanol overnight at -20°C. Macromolecules were pelleted by
centrifugation at 10,000 x g for 15minutes and washed twice with 70% ethanol.
Sample pellets were air-dried and then glycogen was digested by heat and acid
with 500uL 4N H2SO4 for 10 minutes at 100°C. Pellets were then neutralized with
an equal volume of 4N NaOH and radioactivity was determined by liquid
scintillation counting. 2-deoxy-D-3[H] glucose incorporation into glycogen was
determined by dividing radioactivity of digested samples by glucose specific
activity in plasma (total radioactivity in plasma) over time course and by sample
protein content using protein BCA method.
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Primary Hepatocytes Isolation
Primary hepatocytes were isolated from ad libitum fed male WT and Ppp1r3b∆hep
mice by collagenase perfusion, as described previously(78). Briefly, cells were
suspended in Dulbecco’s modified Eagle’s medium (DMEM, Life technologies,
Inc.), supplemented with 10% fetal bovine serum, 25mM glucose, and antibiotics
(2 units/mL penicillin, 2ug/mL streptomycin) and seeded onto collagen-coated
plates at a cell density of 6x105 cells per well for a standard 6-well plate. After
attachment (4hours at 37°C), hepatocytes were washed and harvested for
isolation of protein immune-blotting.
Gene-expression profiling
RNA was collected from approximately 50mg flash-frozen liver tissue using Trizol
solution (Invitrogen, Inc.) following the manufacturer’s protocol. Total liver RNA
samples (1µg) from mice on high sucrose diet study (12 weeks) were used for
microarray analysis on the Agilent 4 x 44 Whole Mouse Genome Array.
Microarray and data analysis were performed by the Penn Functional Genomics
Core (Philadelphia, PA, USA). Differential expression was determined using a
False Discovery Rate of 10% and a minimum fold change of 1.5.
Plasma Lipid and Lipoprotein Analysis
For plasma lipid measurements, all mice were fasted for 4 hours prior to
collection unless stated otherwise. Retrorbital blood was collected into EDTAcoated tubes (FisherScientific) from 4-hour fasted mice under isoflurane
anesthesia at weeks indicated timepoints. Plasma was separated from red blood
cells by centrifugation at 10,000 x g for 10min at 4°C. Plasma total cholesterol,
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HDL cholesterol, triglycerides, phospholipids, free fatty acids (NEFA), and ALTs
were analyzed on ACE Alfa Wasserman Axcel autoanalyzer using commercially
available colorimetric assay kits/reagents (TG and TC reagents, Alfa
Wasserman; HDL cholesterol, Wako; NEFA-HR Kit, Wako; Phospholipid Kit,
Wako; ALT, Alfa Wasserman respectively). Non-HDL cholesterol was calculated
as the difference between total cholesterol and HDL cholesterol. Additionally,
mouse plasma samples from each group on diet studies were pooled by
combining equal amount of plasma from 5-7 animals per pool (total 150μL) for
fast protein liquid chromatography (FPLC) analysis using two Superose 6
columns (Amhersham Biosciences, Piscataway, NJ) as previously described
(79). Each fraction was collected in 500μl and cholesterol concentrations were
determined using enzymatic assay kit (Wako, Richmond, VA). For estimation of
the component of the plasma cholesterol present in each lipoprotein fraction, the
percentages of cholesterol recovered from the column in the fractions forming the
first peak, the second peak, and the third peak were considered to be VLDL,
intermediate density lipoprotein (IDL)/LDL, and HDL respectively.
Distribution of apolipoproteins in lipoprotein classes
After separating the pooled plasma samples on FPLC, 15μL samples from
fractions 21-35 were subjected to 4-12% SDS-PAGE. Mouse ApoA1, ApoE, and
ApoB (ApoA1, Cat#K23500R, ApoE, Cat#K23100R, ApoB-48/100,
Cat#K23300R, all from Meridian Life Science, Inc., Memphis, TN) were detected
by Western blotting as described above.
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De-Novo Lipogenesis Assay
Conscious, freely moving mice in the fed state or mice were injected
intraperitoneally with 400uL per 20g body weight of each mouse with deuterated
water (D2O) (Sigma-Aldrich). Plasma glucose was measured using glucometer
(OneTouch Ultra Mini, Lifescan) and blood was collected into heparinized tubes
before injection and plasma was obtained by centrifugation at 10,000x g for 10
min at 4°C. Sixty minutes after the injection, the mice were sacrificed and tissues
were perfused with 10mL of cold saline before collection. Liver and
Inguinal/Epididymal fat pads were removed and flash frozen in liquid nitrogen.
About 100mg of liver, 50mg of fat pads, and 50ul plasma were submitted to Dr.
John Millar, of Institute of Diabetes, Obesity and Metabolism (IDOM) Metabolic
Tracer Core at the University of Pennsylvania for analysis of palmitate synthesis
as previously reported (80). Briefly, palmitate was analyzed as its trimethylsilyl
derivative using gas chromatography-electron impact ionization mass
spectrometry. The oven temperature was initially held for 1 min at 150° C, then
increased by 20° C per min to 310° C and maintained for 8 min. The split ratio
was 20:1 with helium flow 1 ml per min. The inlet temperature was set at 270° C
and MS transfer line was set at 310° C. Under these conditions, palmitate elutes
at ~ 5.7 min. The 2H-enrichment was determined by using selective ion
monitoring under electron impact ionization of m/z 313 and 314 (M+0 and M+1),
10 ms dwell time per ion. The concentration of palmitate was determined by
comparing the corrected abundance of m/z 313 to 314 to that of heptadecanoate
(17:0, m/z 327). To account for possible differences in the ionization efficiency of
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each fatty acid, the profile was compared against standards prepared by mixing
known quantities of each fatty acid. Rate of lipid synthesis was determined as the
percent contribution of newly made using the equation: % newly made palmitate
= [total 2H-labeling palmitate / (2H-labeling body water × n)] × 100 where n is the
number of exchangeable hydrogens, assumed to equal 22. The absolute amount
of newly made palmitate was determined by multiplying the % percent (%) newly
made palmitate by the concentration of palmitate. Values are reported as [µg
palmitate synthesis/mg tissue] for the data obtained.
Hepatic VLDL-Triglyceride Secretion
Hepatic VLDL-triglyceride secretion rate was accessed as described
previously(81). Mice were fasted for 4 hours and baseline blood was collected
into heparinized tubes through retro-orbital bleed. Each mouse was administered
400μL of 1mg/g Pluronic P407 detergent (BASF Chemical Company, Inc.)
resuspended in PBS via intraperitoneal (i.p.) injection, to mediate inhibition of
lipolysis. Blood samples (100μL) were collected at 1, 2 and 4 hours after
Pluronic injection. Plasma was obtained after centrifugation at 10,000 x g for
10min at 4°C. Plasma triglyceride concentration from each time point was
measured as described previously using by plate assay using the colorimetric
infinity triglyceride reagent assay kit (Infinity TG reagent, ThermoScientific).
Tissue Staining
The liver and adipose tissue sections were prepared from mice at indicated ages
and fixed in 4% paraformaldehyde overnight. Following paraffin embedding and
sectioning (5-10μm), tissues were stained with hematoxylin and eosin (H&E). To
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detect polysaccharide content in liver, slices of 5-10μm were de-paraffinized,
oxidized with 0.5% periodic acid for 5 minutes, stained with Schiff reagent for 15
minutes, and then counterstained with H&E for 15 minutes (82). To access lipid
droplet formation, frozen sections were also prepared from liver tissues by
embedding in sucrose and OCT compound (Sakura Finetek), frozen in -80°C,
and then sectioned into 10µm cryosections. Sections were then fixed in 4%
formalin and stained with Oil-Red-O solution (Pathology Core Laboratory,
Research Institute at Children’s Hospital of Philadelphia, Philadelphia, PA, USA).
Image Manipulation
All images for the histological sections presented were captured using NISElements-D Version 4.12.01, in a single session under identical settings with a
Nikon Digital Sight DS-U3 camera, attached to a Nikon Eclipse 80i microscope,
using a Plan Fluor 10x objective [0.30 DIC L/N1; 0.17 WD: 16.0]. A 500μm scale
bar was digitally added using NIS Elements-D. Each set of images was
incorporated into a single Adobe Photoshop file; the image flattened, and the
white balance calibrated for the entire field using the lumen of a vein as a
reference. A 1mm scale bar was superimposed in Adobe Illustrator.
Statistical Analyses
All results are presented as mean +S.E. Results were analyzed by the unpaired
two-tailed Student’s t-test using Microsoft Excel or GraphPad Prism Software
(Version 7.0, GraphPad Software, Inc.) as appropriate. Statistical significance
was defined as*p<0.05, **p<0.005, ***p<0.0001.
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CHAPTER 3
Hepatic Protein Phosphatase 1 Regulatory Subunit 3B (PPP1R3B) regulates
liver glycogen and fasting energy homeostasis
ABSTRACT
Genetic variants mapping to chromosome 8p23.1 have been associated with
glycemic traits in humans with genome-wide significance. The closest gene of
known function, PPP1R3B, (Protein Phosphatase 1 Regulatory Subunit 3B),
encodes a protein (GL) that is known to regulate glycogen metabolism. I sought
to test the hypothesis that hepatic PPP1R3B is responsible for the human
genetic association with glycemic traits. I separately generated mice with liverspecific deletion (Ppp1r3b∆hep) or liver-specific overexpression of Ppp1r3b.
Deletion of Ppp1r3b in the liver significantly reduced glycogen synthase protein
abundance, and the remaining protein was predominantly in a phosphorylated,
inactive state. As a consequence, the incorporation of glucose into hepatic
glycogen was significantly impaired, total hepatic glycogen was substantially
decreased, and the mice had lower fasting plasma glucose than controls. Loss of
liver glycogen impaired whole body glucose homeostasis, and increased hepatic
expression of glycolytic enzymes in Ppp1r3b∆hep relative to control livers in the
postprandial state. Eight hours of fasting significantly increased the expression of
critical gluconeogenic enzymes, Phosphoenol-pyruvate Carboxykinase (PEPCK),
and Glucose-6-Phosphatase (G6PC) above the levels in control livers.
Conversely, liver-specific overexpression of hepatic Ppp1r3b enhanced hepatic
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glycogen storage above that of controls, and as a result, delayed the onset of
fasting-induced hypoglycemia. These studies implicate a major role for Ppp1r3b
in regulating hepatic glycogen stores and glucose/energy homeostasis.
INTRODUCTION
The Meta-Analysis of Glucose and Insulin related traits Consortium
(MAGIC) study analyzed datasets from multiple cohorts that contained both
genome-wide genotype data as well as quantitative clinical measurements of
human plasma glycemic traits. Among the twelve loci identified in this study, one
signal mapping to chromosome 8p23.1 was associated both with fasting plasma
glucose and fasting plasma insulin levels. The lead variant, rs4841132, most
strongly associated with fasting plasma glucose mapped to an intergenic region 1
kilobase (kb) from the 5’ end of LOC157273 gene, a long non-coding RNA
transcript of unknown function, and 174kb from the protein-coding PPP1R3B
gene. Despite the 174kb separation from the PPP1R3B gene, rs9987289 has
been identified as an expression quantitative trait locus (eQTL) for PPP1R3B: the
minor allele is associated with higher levels of PPP1R3B mRNA in the liver (and
is also associated with higher fasting glucose and insulin levels). This
observation prompted us to investigate the possibility that the genetic association
with glycemic traits identified by these non-coding variants was due to their
effects on the expression of PPP1R3B.
PPP1R3B (Protein Phosphatase 1 Regulatory Subunit 3B; also historically
known as GL) is a regulator of liver glycogen metabolism. In the liver,
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sequestration of dietary glucose into glycogen is an important and tightly
regulated

component

of

whole-body

glucose

homeostasis,

promoting

maintenance of systemic homeostasis in blood glucose levels through glycogen
storage during the postprandial period and its breakdown during fasting(83), (84),
(85), (86). Dysregulation of this pathway is associated with metabolic disorders
including glycogen storage diseases and diabetes. Glycogen synthase (GS) and
glycogen phosphorylase (GP) promote glycogen synthesis and glycogen
catabolism respectively, and their activities are tightly controlled by endocrine
signaling pathways that are in turn coupled to nutritional status. Glycogentargeting subunits recruit the phosphatases and kinases that post-translationally
regulate the activation of GS and inactivation of GP. Several proteins have been
characterized that target protein phosphatase 1 (PP1) to glycogen (28), (87). In
liver, two major subunits, PPP1R3B (GL) and PPP1R3C (PTG) are expressed at
approximately equivalent levels, and together facilitate the storage of hepatic
glycogen.
Previous in vitro studies of GL and PTG in cell culture have revealed that
overexpression increases glycogen content, due to a redistribution of PP1 and
GS to glycogen particles, and a corresponding increase in GS activity and
glycogen synthesis(23,32,88). Ppp1r3c knockout mice had reduced hepatic
glycogen and were glucose intolerant and insulin resistant(37); conversely,
Ppp1r3c transgenic mice had increased hepatic glycogen and improved glucose
and insulin sensitivity(89). However, mice genetically modified to lack or
overexpress Ppp1r3b have not been reported to date.

38

GL is unique among the glycogen targeting subunits, in that in addition to
promoting the activation of glycogen synthase by PP1 dephosphorylation, G L
also targets PP1 to glycogen phosphorylase (GP), where the dephosphorylation
inactivates GP. Thus, under conditions of abundant cellular glucose (as glucose6-phosphate), the PP1-GL complex simultaneously activates the glycogen
synthetic pathway and inactivates glycogen catabolism. Mice in which this GP
regulatory binding site has been mutated had improved glucose disposal and
hepatic glycogen storage capacity (36).
Inspired by the human genetics suggesting that variation in hepatic
expression of PPP1R3B is an important determinant of glycemic traits, I
generated mice with liver-specific deletion of Ppp1r3b (Ppp1r3b∆hep) or with
hepatic overexpression of Ppp1r3b using adeno-associated virus (AAV). Floxed
Ppp1r3b was inactivated in liver either by a transgenic albumin promoter-driven
Cre recombinase, or by injecting adeno-associated virus expressing Cre (AAVCre). Despite an almost complete lack of hepatic glycogen, Ppp1r3b∆hep mice are
viable but are prone to hypoglycemia upon fasting and utilize non-carbohydrate
precursors to maintain fasted glucose levels. Conversely, liver-specific
overexpression of Ppp1r3b enhanced hepatic glycogen storage, and as a
consequence, AAV-Ppp1r3b mice had a delayed decrease in plasma glucose
upon fasting. These observations are consistent with the fact that natural human
genetic variants associated with higher liver expression of PPP1R3B have higher
fasting plasma glucose.
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RESULTS
Hepatic Ppp1r3b deficiency leads to depletion of hepatic glycogen stores
with significant reduction in incorporation of glucose into hepatic
glycogen.
To investigate the role of Ppp1r3b in the liver, we generated mice lacking
this gene exclusively in the liver (see Chapter 2-Materials and Methods, Fig.
10A). Liver-specific Ppp1r3b knockout mice (Ppp1r3b∆hep) were viable, born at
the expected frequency for Mendelian inheritance, and showed normal fertility. In
all subsequent experiments, mice without the Cre transgene (Ppp1r3bflox/flox) were
used as controls. In Ppp1r3b∆hep mice, transcript levels were negligible in the
liver, with 97% deletion efficiency observed, and there was no compensatory
increase in gene expression of other glycogen targeting subunits— GM (Ppp1r3a)
and PTG (Ppp1r3c) (Fig. 6A). Ppp1r3b∆hep mice showed normal growth rates on
chow diet, with no differences observed in body weights between genotypes up
to 50 weeks of age (Fig. 5B).

Hepatic glycogen content was significantly

reduced in ad libitum fed state in Ppp1r3b∆hep mice, which was rapidly depleted
upon short term four- hour fasting as measured biochemically (Fig. 6B). Periodicacid Schiff (PAS) staining of liver sections showed positive staining for glycogen
in control hepatocytes as indicated by the purple color under these two
conditions (Fig. 6C). The weight of the liver of Ppp1r3b∆hep mice was also
modestly decreased compared to controls (Fig. 5C), likely due to lack of
glycogen stores, which with their associated water content account for 5% of liver
mass (85). I used AAV-Cre in Ppp1r3bflox/flox mice as a second approach to
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generate liver specific knockout of Ppp1r3b, and found comparable effects on
hepatic glycogen and plasma glucose (Fig. 7) to those in the Alb-Cre mice. AlbCre mice were used for the studies presented here, unless otherwise specified.
Glycogen content in skeletal muscle presented no substantial differences among
genotypes under ad libitum fed and four-hour fasted conditions (Fig. 5D). To
investigate the glycogen synthesis rate in these mice, I performed 2-deoxy-D3

[H]glucose incorporation into glycogen in glucose-responsive tissues: liver,

skeletal muscle (gastrocnemius) and kidney, as a measurement of glycogen
synthase (GS) activity. Radioactivity in the glycogen pellet from tissue lysates
were measured at 30 and 60 minutes and quantified as percent of glucose
specific activity of total radioactivity in plasma and of total protein content. In this
experiment, Ppp1r3b∆hep mice exhibited significantly reduced glycogen synthase
activity in the liver, while its activity was not different in skeletal muscle or kidney
(Fig. 6D). Thus, loss of hepatic Ppp1r3b results in a smaller liver with reduced
GS activity and glycogen content in ad libitum fed and four-hour fasted mice.
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Figure 5: Generation of Ppp1r3b∆hep mice and other metabolic parameters
on Chow Diet
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Figure 5: Generation of Ppp1r3b∆hep mice and other metabolic parameters
on Chow Diet (A) Ppp1r3b Exon 2 containing the coding sequence (CDS) is
flanked by floxed sites. Tail DNA was used to genotype mice using PCR
following manufacturer’s instructions from Qiagen DNA extraction kit –Detection
of the Cre recombinase (350bp) (upper panel) and the floxed allele (361bp)
(lower panel). (B) Body weights of Ppp1r3b∆hep mice compared to WT control
mice over 50 weeks (n=7-8/genotype). (C) Liver mass as expressed as percent
of body weight of four-hour fasted Ppp1r3b∆hep mice compared to WT control
mice (n=10-14/genotype). (D)Skeletal Muscle (Gastrocnemius) glycogen content
in ad-libitum fed and four-hour fasted liver lysates from Ppp1r3b∆hep mice
compared to WT control mice (n=5-7/genotype). Results are replicated in at least
two independent experiments. The data are expressed as the means + S.E.
Significance was determined in all panels by unpaired Student’s t-test (*P<0.05,
**P<0.005, ***P<0.0001). (n.s), not significant.

43

Figure 6: Liver-specific deletion of Ppp1r3b results in depletion of hepatic
glycogen content
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Figure 6: Liver-specific deletion of Ppp1r3b results in depletion of hepatic
glycogen content. (A) Hepatic mRNA levels of Ppp1r3a, Ppp1r3b, and Ppp1r3c
measured by SYBR-Green RT-qPCR in control and Ppp1r3b∆hep [Alb-Cre] mice
(n=10-14/genotype). (B) Hepatic glycogen content in ad libitum chow-fed and
four-hour fasted control and Ppp1r3b∆hep mice (n=6/genotype). (C) PAS staining
of paraffin-embedded liver sections from ad lib fed, and four-hour fasted
Ppp1r3b∆hep and control mice shows depletion of glycogen (purple stain). (D) 2deoxy-D-[3H] glucose (2-DOG) incorporation into glycogen was measured after 6hour of fasting in control and Ppp1r3b∆hep mice (n=3-4/genotype). Label
incorporation was measured as counts per minute (CPM) from precipitated
glycogen from tissue lysates and normalized to plasma CPM/mg protein. Results
were replicated in at least two independent experiments. All mice were adults (28 months) and were age-matched within experiments. The data are expressed as
the mean + S.E. Significance was determined in all panels by unpaired Student’s
t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Figure 7: Ppp1r3b gene deletion obtained in adult Ppp1r3b flox/flox mice by
utilizing AAV-TBG- Cre-recombinase delivery approach
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Figure 7: Ppp1r3b gene deletion obtained in adult Ppp1r3b flox/flox mice by
utilizing AAV-TBG- Cre-recombinase delivery approach. (A) Four-hour fasted
liver lysates were used for measurement of transcript levels of Ppp1r3b to
confirm gene deletion from Ppp1r3bflox/flox mice injected with AAV.Null and
AAV.TBG.Cre (n=4-5/group). (B) Hepatic glycogen content in four-hour fasted
liver lysates from mice injected with Ppp1r3bflox/flox mice injected with AAV.Null
and AAV.TBG.Cre (n=4-5/group (C) Protein expression of total GS liver lysates
from four-hour fasted Ppp1r3bflox/flox mice injected with AAV.Null and
AAV.TBG.Cre (n=4-5/group). (D) Blood glucose levels of four-hour fasted
Ppp1r3bflox/flox mice injected with AAV.Null and AAV.TBG.Cre at baseline, 2, 4, 6
and 8 weeks after injection (n=5-7/group). Mice were injected at 10 weeks of age
and liver lysates were analyzed at 8 weeks post viral delivery. Results are
replicated in at least two independent experiments. The data are expressed as
the means + S.E. Significance was determined in all panels by unpaired
Student’s t-test (*P<0.05, **P<0.005, ***P<0.0001). (n.s), not significant.
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Deletion of Ppp1r3b in the liver causes significant reduction in total
glycogen synthase protein and activity state.
Ppp1r3b∆hep mice have significant reduction in glycogen synthase (GS) but
not glycogen phosphorylase (GP) at the protein level, but no differences at the
mRNA levels in both the liver and primary hepatocytes (Fig. 8A, 8B, 8C). The
ratio of GS phosphorylated at Serine position 641 to total GS, which determines
the activity status of GS, is increased, suggesting that GS is phosphorylated and
largely inactivated in Ppp1r3b∆hep mice (Fig. 8C). The reduction in GS protein
likely reflects the lack of glycogen: overnight fasted control mice reached a
similar depletion of glycogen, and protein levels of GS were similar in control and
Ppp1r3b∆hep livers after an overnight fast (Fig. 8D). Thus, loss of hepatic Ppp1r3b
results in a reduced glycogen synthase protein and activity state in the liver,
consistent with the observation of reduced glucose incorporation of into liver
glycogen and overall glycogen depletion.
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Figure 8: Ppp1r3b deficient livers have reduced total GS protein but higher
relative phospho-GS

B
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Figure 8: Ppp1r3b deficient livers have reduced total GS protein but higher
relative phospho-GS. (A) Four-hour fasted liver lysates were used for
measurement of transcript levels of Gys2 and Pygl (n=6-9/genotype). (B) Protein
expression of total GS in primary hepatocytes isolated from ad libitum chow-fed
control and Ppp1r3b∆hep mice. (C) Protein expression of total GS, P-GS (S641),
total GP, and PP1 in liver lysates from four-hour fasted control and Ppp1r3b∆hep
mice. Ratio of total GS to β-actin is decreased and P-GS to total GS is increased
Ppp1r3b∆hep compared to control mice (n=6/genotype). (D) Liver GS protein
expression and PAS staining in ad libitum chow-fed and overnight fasted
Ppp1r3b∆hep mice compared to control mice (n=4-6/genotype). All mice were
adults (2-8 months) and were age-matched within experiments. Results were
replicated in at least two independent experiments. The data are expressed as
the means + S.E. Significance was determined in all panels by unpaired
Student’s t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.

50

Hepatic loss of Ppp1r3b promotes dysregulated glycogen metabolism and
is associated with impaired glucose homeostasis and glucose mobilization.
Postprandial glucose levels in Ppp1r3b∆hep mice are modestly lower and
Ppp1r3b∆hep mice become mildly hypoglycemic after a four-hour fast (Fig. 9A).
Within four to eight hours of fasting, blood glucose in Ppp1r3b∆hep mice dropped
to a significantly lower value than control mice, which reached similarly low blood
glucose only after longer term fasting (Fig. 9B). I hypothesized that alternative
metabolites compensate for the lack of hepatic glycogen stores to substitute for
the maintenance of energy source to peripheral tissues. In the post-prandial
state, plasma lactate levels were increased in Ppp1r3b∆hep mice compared to
controls (Fig. 9C). Upon prolonged fasting (12-hour), total plasma ketone bodies
were significantly increased, and were progressively elevated at 24-hour and 36hour fasting periods in Ppp1r3b∆hep mice, compared to controls (Fig. 9D).
Moreover, after an overnight fast gluconeogenesis was increased in Ppp1r3b∆hep
mice, as evidenced by a challenge with sodium pyruvate in which these mice
were more efficiently able to synthesize glucose from an exogenous pyruvate
load, compared to controls (Fig. 9E). Taken together, these data suggest that
while the Ppp1r3b∆hep mice are more prone to enter into a quasi-fasted state
following short-term food deprivation, they are nonetheless able to maintain
stable long-term fasting plasma glucose levels by compensatory upregulation of
the gluconeogenic pathway from alternative precursors.
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Figure 9: Plasma glucose homeostasis is impaired in Ppp1r3b∆hep mice
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Figure 9: Plasma glucose homeostasis is impaired in Ppp1r3b∆hep mice. (A)
Blood glucose levels of ad libitum chow-fed, and four-hour fasted mice (n=1014/genotype). (B) Blood glucose levels during a 36-hour fasting period in
Ppp1r3b∆hep mice compared to control mice (n=6/genotype). (C) Blood lactate
levels in ad libitum chow-fed and in four-hour fasted control and Ppp1r3b∆hep
mice (n=10-14/genotype). (D) Total ketone bodies in blood measured during ad
libitum ad fed, 12, 24 and 36-hour fasting conditions in Ppp1r3b∆hep mice
compared to control mice (n=6-8/genotype). (E) Pyruvate tolerance test (PTT) in
control and Ppp1r3b∆hep mice (n=6/genotype). PTT was performed in mice by
administering 2g/kg body weight sodium pyruvate by intraperitoneal injection
after overnight (14-16hr) fasting. Values are reported as percentage of basal
glucose levels; area under the curve (AUC) is expressed as arbitrary units. All
mice were adults (2-8 months) and were age-matched within experiments).
Results were replicated in at least two independent experiments. The data are
expressed as the means + S.E. Significance was determined in all panels by
unpaired Student’s t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Hepatic deletion of Ppp1r3b causes upregulation of glycolytic genes in the
postprandial state and upregulation of gluconeogenic genes within 8-hours
of fasting.
In the Ppp1r3b-deficient livers, under ad lib fed conditions, genes that
encode enzymes critical in the glycolytic pathway are upregulated compared to
control livers (Fig. 10A); these included aldolase (Aldob), triose phosphate
isomerase

(Tpi),

glyceraldehyde

phosphate

dehydrogenase

(Gapdh),

phosphoglycerate kinase (Pgk1), phosphoglycerate mutase (Pgam1), enolase
(Eno1), and L-pyruvate kinase (Pklr). Upon an 8-hour fasting period, there was
upregulation of gluconeogenic genes (Pepck and G6pc) in Ppp1r3b∆hep mice (Fig.
10B), suggesting that de-novo synthesis of glucose is initiated much earlier on in
these mice compared with controls. Collectively, these data suggest that with
Ppp1r3b deficiency there is a significant perturbation in nutrient balance which
favors shunting of glucose into the glycolysis pathway in the fed state, and an
early upregulation of the gluconeogenic pathway in response to fasting.
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Figure 10: Ppp1r3b deficient livers undergo rapid switching from glycolysis
to gluconeogenesis

Figure 10: Ppp1r3b deficient livers undergo rapid switching from glycolysis
to gluconeogenesis. (A) Ad libitum chow-fed liver lysates were used for
measurement of transcript levels of glycolytic and gluconeogenic genes (Gck,
Gpi1, Pfk1, Aldob, Tpi1, Gapdh, Pgk1, Pgam1, Eno1, Pklr, Pepck, and G6pc
(n=6-9/genotype). (B) Eight-hour fasted liver lysates were used for measurement
of transcript levels of the above glycolytic and gluconeogenic genes
(n=5/genotype). Results were replicated in at least two independent experiments.
The data are expressed as the means + S.E. Significance was determined in all
panels by unpaired Student’s t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not
significant.
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Overexpression of Ppp1r3b in the liver enhances hepatic glycogen storage.
We generated a reciprocal mouse model to express Ppp1r3b at higher
than wild-type levels, combining the tropism of AAV serotype 8 and the liverspecificity of the TBG/Serpina7 promoter, which has been previously shown to
promote efficient, specific, and persistent gene expression in the liver(90), to
overexpress Ppp1r3b in hepatocytes in vivo. Ppp1r3b was approximately 4-fold
higher compared to control mice receiving a null AAV vector (Fig. 11A). There
were no compensatory changes in the mRNA expression of other glycogen
targeting subunits (Ppp1r3a and Ppp1r3c), glycogen synthase (Gys2), or
glycogen phosphorylase (Pygl), in mice overexpressing Ppp1r3b. Following a
short term four-hour fasting period, mice overexpressing Ppp1r3b had ~4-fold
higher levels of hepatic glycogen content than controls, and this was maintained
at eight hours of fasting (Fig. 11B, 11C). Levels of total GS protein were also
higher in livers from mice overexpressing Ppp1r3b, and the ratio of phospho-GS
to total GS protein was decreased, consistent with increased activation status at
four and eight hour fasting period (Fig. 11D). Blood glucose levels were not
different between the two groups at ad libitum and 12-hour fasting conditions,
indicating that despite the larger reservoir of available glycogen, glucose levels
are maintained, without exceeding the normal physiological range (Fig. 11E).
Between 24 and 48 hours of fasting, AAV-Ppp1r3b mice maintained persistently
higher plasma glucose levels than the control group (Fig. 11E). Upon long term
fasting, AAV-Ppp1r3b were protected from the onset of ketogenesis (Fig. 11F),
suggesting that the enhanced glycogen storage buffered the onset of the fasting-
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induced metabolic shift to lipolysis. Taken together, these data suggest that
enhancement of hepatic glycogen reservoir in mice overexpressing Ppp1r3b
improves the capacity for maintenance of plasma glucose homeostasis and
minimizes the dependence on other energy substrates under longer term fasting
conditions.

57

Figure 11: Overexpression of Ppp1r3b in liver enhances hepatic glycogen
storage and delayed responses to fasting
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Figure 11: Overexpression of Ppp1r3b in liver enhances hepatic glycogen
storage and delayed responses to fasting. (A) Four-hour fasted liver lysates
were used for measurement of transcript levels of Ppp1r3b, Ppp1r3c (PTG),
Ppp1r3a (GM), Gys2, and Pygl from C57BL/6J mice injected with AAV-Null and
AAV-Ppp1r3b (n=4/group). (B) Hepatic glycogen content in four-hour and eighthour fasted liver lysates from C57BL/6J mice injected with AAV-Null and AAVPpp1r3b (n=3-4/group). (C) PAS staining of paraffin-embedded liver sections
from four-hour and eight-hour fasted C57BL/6J mice injected with AAV-Null and
AAV-Ppp1r3b, showing increased amount of glycogen (purple stain) in AAVPpp1r3b overexpressing mice. (D) Protein expression of total GS, P-GS (S641),
total GP, and PP1 in liver lysates from four-hour fasted from C57BL/6J mice
injected with AAV-Null and AAV-Ppp1r3b (n=4/group). Ratio of total GS to β-actin
is increased and P-GS to total GS is decreased in AAV-Ppp1r3b overexpressing
mice compared to the Null group (n=4/genotype). (E) Blood glucose levels during
a 36-hour fasting period in C57BL/6J mice injected with AAV-Null and AAVPpp1r3b (n=7-8/group). (F) Total ketone bodies in blood measured during ad
libitum fed, 12, 24 and 36- hour fasting conditions in C57BL/6J mice injected with
AAV-Null and AAV-Ppp1r3b (n=7-8/group). Mice were injected at 9 weeks of age
and liver lysates were analyzed at 11-12 weeks post injection. Results were
replicated in at least two independent experiments. The data are expressed as
the means + S.E. Significance was determined in all panels by unpaired
Student’s t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Table 2: Chapter 3
Oligonucleotides used for Gene Expression Analysis by RT-PCR
Name

Gene Symbol

Primer Sequence

GM

Ppplr3a

5’-TCTGTCTGATTCTGTGTGTGAGG-3’
5’-GAGGTTGGAGTGTCCAGATACA-3’

GL

Ppp1r3b

5’-AGCCGTACAATGGACCAGAT -3’
5’-AGTAGTAGGGCCCCAGCTTT-3’

PTG

Ppp1r3c

5’-AGGAAGCCAAATCGCAGAGT-3’
5’-AAGTTTTAAGCTGGAGGAGATA-3’

GYS2

Gys2

5’-CGCTCCTTGTCGGTGACATC-3’
5’-CATCGGCTGTCGTTTTGGC-3’

Glycogen
Phosphorylase (GP)

Pygl

5’-GAGAAGCGACGGCAGATCAG-3’
5’-CTTGACCAGAGTGAAGTGCAG-3’

Glucokinase

Gck

5’-CCCTGAGTGGCTTACAGTTC-3’
5’-ACGGATGTGAGTGTTGAAGC-3’

Glucose Phosphate
Isomerase

Gpi1

5’-TCAAGCTGCGCGAACTTTTTG-3’
5’-GGTTCTTGGAGTAGTCCACCAG-3’

Pfk1
Liver
Phosphofructokinase

5’-GGAGGCGAGAACATCAAGCC-3’
5’-CGGCCTTCCCTCGTAGTGA-3’

Aldolase-B

Aldob

5’-GAAACCGCCTGCAAAGGATAA-3’
5’-GAGGGTCTCGTGGAAAAGGAT-3’

Triose Phosphate
Isomerase

Tpi1

5’-CCAGGAAGTTCTTCGTTGGGG-3’
5’-CAAAGTCGATGTAAGCGGTGG-3’

Glyceraldehyde-3Phosphate
Dehydrogenase

Gapdh

5’-AGGTCGGTGTGAACGGATTTG-3’
5’-GGGGTCGTTGATGGCAACA-3’

Phosphoglycerate
kinase

Pgk1

5’-ATGTCGCTTTCCAACAAGCTG-3’
5’-GCTCCATTGTCCAAGCAGAAT-3’

Phosphoglycerate
mutase

Pgam1

5’-TCTGTGCAGAAGAGAGCAATCC-3’
5’-CTGTCAGACCGCCATAGTGT-3’

60

Enolase

Eno1

5’-TGCGTCCACTGGCATCTAC-3’
5’-CAGAGCAGGCGCAATAGTTTTA-3’

Liver Pyruvate
Kinase (L-PK)

Pklr

5’-TCAAGGCAGGGATGAACATTG-3’
5’-CACGGGTCTGTAGCTGAGTG-3’

PEP Carboxykinase
(PEPCK)

Pck1

5’-CTGCATAACGGTCTGGACTTC-3’
5’-CAGCAACTGCCCGTACTCC-3’

Glucose-6Phosphatase

G6pc

5’-CGACTCGCTATCTCCAAGTGA-3’
5’-GGGCGTTGTCCAAACAGAAT-3’

β-actin

Actb

5’-TTGGGTATGGAATCCTGTGG-3’
5’-CTTCTGCATCCTGTCAGCAA-3’

18S

18s

5’-CTTAGAGGGACAAGTGGCG-3’
5’-ACGCTGAGCCAGTCAGTGTA-3’
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DISCUSSION
Variants at chromosomal locus 8p23.1, in an intergenic region 174kb from
the PPP1R3B gene, have recently been associated with human glycemic traits
including fasting plasma insulin and glucose in a large-scale meta-analysis of
genome wide association studies (18). Rs4841132 has two alleles (G or A) in the
1000 Genomes database (Phase 3), of which the minor A allele has an overall
frequency of 0.093. The rs4841132 A allele is associated with increases in both
fasting plasma glucose and insulin (18). Rs4841132 is in high linkage
disequilibrium with another SNP, rs9987289 (linkage disequilibrium R-squared=1;
physical distance, 238 base pairs). The minor allele at rs9987289 was associated
with increased plasma lactate levels in individuals of European ancestry, and this
effect was found to be strongest in diabetics taking metformin (19). The locus
was also identified with other plasma lipid traits (total cholesterol, and both high
and low-density lipoprotein cholesterol (15). Lastly, several subsequent
independent GWAS studies have associated the locus with plasma lactate levels
(19), and with hepatic steatosis (16), (20).
The centrality of the liver in the maintenance of whole-body glucose
homeostasis has been well established, and glycogen metabolism is in turn a
critical mediator of this function, serving as a source of glucose that can be
rapidly mobilized to buffer falling plasma glucose levels, and conversely, as a
reservoir to capture excess glucose. Glycogen Synthase (GS) is a rate-limiting
glycogen synthetic enzyme that is allosterically regulated by glucose-6phosphate (G6P). Binding of G6P induces a conformational shift that promotes
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binding of protein phosphatases that dephosphorylate and activate GS(86), (91).
Phosphorylation at serine at position 641 (S641) inactivates GS: PPP1R3B
promotes dephosphorylation of GS at S641 by juxtaposing Protein phosphatase
1 (PP1) to GS reversing the inactivation. To elucidate the role of Ppp1r3b in vivo,
we generated liver-specific knockout mice, and investigated hepatic glycogen
metabolism and whole-body glucose homeostasis. Liver-specific genetic ablation
of Ppp1r3b gene yielded viable mice in which liver glycogen storage and
glycogen synthase activity were severely impaired. Despite the absence of
Ppp1r3b, there were no compensatory changes in liver mRNA expression of
Ppp1r3a and Ppp1r3c, and muscle glycogen content and incorporation of plasma
glucose into muscle glycogen were unaffected. It has been previously suggested
that liver glycogen is essential for neonatal survival until gluconeogenesis is fully
established in the newborn liver (92). The Alb-Cre has been shown to drive
incomplete deletion at birth, with progressively complete ablation over the first six
weeks of life(93), (94), which is presumably what permitted the survival of the
Ppp1r3b∆hep pups. The residual signal in livers from Ppp1r3b∆hep mice in
biochemical assays and histological stains for glycogen, likely is due to the
combination of the presence of rare hepatocytes that escaped Cre-deletion of
Ppp1r3b, as well as simple glucose polymers in hepatocytes throughout the
lobule.
I sought to study the importance of Ppp1r3b in regulation of systemic
plasma glucose homeostasis. In many regards, the Ppp1r3b∆hep phenotype
resembles that of mice with liver specific knockout of glycogen synthase (95) and
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patients with liver specific glycogen storage disease 0 (GSD0) due to mutation of
the GYS2 gene (96) (97). All three cases are characterized by fasting
hypoglycemia, with elevated lactate in postprandial state. Interestingly, while no
mutations in PPP1R3B have been reported in GSD0 patients to date, our
findings suggest that human genetic deficiency of PPP1R3B would likely
manifest with GSD0. Ad libitum fed Ppp1r3b∆hep mice have modestly reduced
blood glucose levels, compared with controls. In euglycemia, glucose in the liver
can be either stored as glycogen or converted to pyruvate and lactate by
glycolysis. In Ppp1r3b∆hep mice, synthesis of glycogen is blocked, and this is
associated with a reduced ability to dispose of glucose after feeding. Under these
conditions, increased lactate in postprandial state is consistent with an increase
in glucose flux through glycolysis. Since the expression of Ppp1r3b is restricted
mainly to liver in adult mice, the contribution of plasma lactate should presumably
be derived mainly from the liver. The fact that human PPP1R3B is also
expressed in skeletal muscle (24), may explain the lack of observed PPP1R3B
GSD0 patients: the combination of deficiency in both liver and muscle may be
incompatible with life.
In the fasted state, when plasma glucose levels are lower, the Ppp1r3b∆hep
mice are incapable of liver glycogenolysis and they rely on gluconeogenesis. My
understanding, based on the metabolic status of Ppp1r3b∆hep mice, is that even
when fed, they are already conditioned toward fasting physiology, which they
attain more rapidly than control animals. Blood glucose, decreases more rapidly
upon fasting, but is nonetheless maintained through increased gluconeogenesis,
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as evidenced by a greater and earlier upregulation of key gluconeogenic
enzymes. Further supporting this interpretation, our results from the pyruvate
tolerance test also show that Ppp1r3b∆hep mice depend on utilization of pyruvate
as one of the non-carbohydrate precursors to maintain plasma glucose levels.
Decreased levels of plasma lactate by four hours of fasting suggest that liver
begins to utilize non-carbohydrate precursors at an earlier onset of fasting in
these mice. By 12 hours of fasting, blood ketone bodies produced by the liver are
already elevated and are sustained compared with control animals.
In reciprocal experiments to determine the effects of activating the
glycogen synthesis pathway, I overexpressed mouse Ppp1r3b in liver in WT
mice. Many of the phenotypes we observe in the overexpressing mice are
reciprocal to mice lacking hepatic expression of the Ppp1r3b gene. Both the
protein abundance and activation state of GS were increased, mirroring the
effects of the Ppp1r3b∆hep. With respect to blood glucose, there were no
significant differences between AAV-Ppp1r3b mice and controls under fed and
short-term fasted conditions, but the overexpressing mice were resistant to
reduced plasma glucose upon 36 hours of fasting. Reflecting this, the rise in
plasma total ketone bodies was significantly delayed in AAV-Ppp1r3b mice,
suggesting that the requirement for the liver to shift to utilization of fat and protein
for fuel sources was obviated by the larger glycogen reservoir.
Hepatic overexpression of another glycogen targeting protein, PTG,
impaired activation of glycogenolysis by forskolin and glucagon, resulting in a
failure to mobilize glycogen stores even during longer term fasting (98). In
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contrast, mice overexpressing hepatic Ppp1r3b remained responsive to various
nutritional states, and have increased capacity for maintenance of plasma
glucose under long term fasting conditions, perhaps because GL is allosterically
regulated by binding to Glycogen Phosphorylase α (99), rather than by posttranslational modification. Moreover, mice expressing a Ppp1r3b transgene with
a mutated allosteric binding site for glycogen phosphorylase α, had improved
hepatic glycogen synthesis capacity under fed conditions, but impaired
glycogenolysis led to hypoglycemia and weight loss upon longer term (36hr)
fasting (36). Further mechanistic studies will be required to specifically test the
hypothesis that increasing hepatic Ppp1r3b might provide the benefit of improved
glucose disposal, without inappropriate sequestration of glycogen during fasting.
In summary, when combined with the human genetics pointing to the
PPP1R3B locus as compellingly associated with glycemic traits in humans, our
studies in mice genetically deficient in or overexpressing hepatic Ppp1r3b
indicate the central role of this protein in regulating hepatic glycogen stores and
energy homeostasis in the fasting state.
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CHAPTER 4
Carbohydrate overload induces hepatic steatosis, insulin resistance, and
plasma dyslipidemia in Ppp1r3bΔhep mice
ABSTRACT
Nonalcoholic fatty liver disease (NAFLD) is a common co-morbidity in patients
with Type 2 diabetes and obesity caused by hepatic neutral lipid accumulation
(steatosis). If not addressed, relatively benign steatosis can progress to
nonalcoholic steatohepatitis, fibrosis/cirrhosis, and hepatocellular carcinoma in
the absence of excessive alcohol consumption. Increased incidence of NAFLD
due to the epidemic rise in obesity is an emerging world-wide health problem.
Development of NAFLD is highly influenced by genetic variations, and certain
ethnic populations, such as individuals of Hispanic origin are at higher risk.
Recent GWAS have identified several genetic variants associated with hepatic
steatosis and NAFLD in these populations, and of these genetic loci, PPP1R3B
(Protein Phosphatase 1 Regulatory Subunit 3B), which encodes a protein G L;
was identified to be associated with hepatic steatosis and plasma lipids (HDL-C,
LDL-C, and total cholesterol). We sought to test the hypothesis that PPP1R3B,
known to regulate glycogen metabolism, is the causal gene also underlying the
human genetic association with accretion of hepatic fat and plasma lipids. We
used gain and loss of function mice and demonstrated that under chronic high
sucrose diet feeding, liver-specific Ppp1r3b knockout mice (Ppp1r3b∆hep mice)
had increased hepatic triglycerides, developed systemic insulin resistance, and
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had selective plasma dyslipidemia characteristic of metabolic syndrome.
Conversely, liver-specific overexpression of Ppp1r3b was protective against
these phenotypes irrespective of diet. These studies implicate Ppp1r3b in dietinduced hepatic steatosis, dyslipidemia, and metabolic syndrome.
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is a spectrum of chronic liver
diseases associated with excess hepatic fat deposition, independent of alcohol
consumption. NAFLD is the most frequent form of chronic liver disease which is
also commonly linked to other metabolic diseases such as obesity and Type 2
diabetes mellitus (T2DM). In patients with T2DM, the prevalence of NAFLD is
approximately 75% (70). The escalating prevalence of obesity and T2DM in the
United States and worldwide has led to the emergence of NAFLD as a major
health problem (69). Furthermore, recent evidence suggests that NAFLD is an
independent risk factor exacerbating other chronic diseases, including
cardiovascular disease (CVD), coronary artery disease, and chronic kidney
disease (CKD) (70,72,100,101). Patients with NAFLD have increased carotidintima media thickness (CIMT), a characteristic of atherosclerosis and an
important predictor of myocardial infarction (102). In United States alone, the
prevalence of NAFLD is estimated to be 30%, with higher incidence reported in
certain high-risk ethnic populations, including Hispanics with (34-58%), than
European Americans (28-45%), and African Americans (19-35%) (103).
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The clinical presentation of NAFLD ranges from benign, simple hepatic
neutral lipid accumulation (steatosis) to non-alcoholic steatohepatitis (NASH) that
is characterized by presence of inflammation in addition to hepatic fat deposition.
A subset of patients with NASH can subsequently develop fibrosis, which is
characterized by increase in collagen fiber accumulation within liver, and could
lead to cirrhosis, which causes scarring of the tissue. A very small percentage of
patients can also develop hepatocellular carcinoma (HCC)(73). It is now
accepted that the development of hepatic steatosis and NASH is a result of
multiple factors that promote injury to the liver, leading to differences in range of
progression of the disease observed in patients (104). This theory is called the
“multiple-hit hypothesis”, which predicts that the liver undergoes multiple insults
from combination of perturbations in several processes, such as development of
insulin resistance, leading to free fatty acid overflow which can result in ER stress
and mitochondrial dysfunction and activation of inflammatory responses, and
genetic factors that may account for the variations in NAFLD progression.
Hepatic steatosis occurs due to an imbalance in lipid homeostasis in the
liver. Neutral lipid accumulation develops when de novo synthesis of lipids is
excessive and when an increase in free fatty acid (FFA) synthesis and deposition
in the liver exceeds its utilization by mitochondrial β-oxidation and secretion into
the circulation as VLDL-triglycerides. The mechanisms underlying the association
between NAFLD progression and insulin resistance that coincide prior to onset of
diabetes are not fully understood. Studies have shown that NAFLD is a predictor
of the incidence of Type 2 diabetes independently of the traditional risk factors
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such as obesity and peripheral insulin resistance (105), and uncontrolled
diabetes can also promote worsening of hepatic steatosis, thus fueling a
reoccurring pathological cycle that closely links the two conditions together.
Ectopic lipid accumulation in insulin responsive tissues including adipose
tissue, liver, and skeletal muscle, can result from direct impairment in insulin
signaling (insulin resistance). More specifically, an impairment in insulinmediated suppression of lipolysis in adipocytes, promotes increased hydrolysis of
adipocyte TG stores, releasing free fatty acids, resulting in recruitment of proinflammatory macrophages into adipocytes, and leads to increased secretion of
adipocytokines including IL-6, MCP-1, and TNFα (106). Recruitment of these
pro-inflammatory macrophages is likely a result of increased concentrations of
fatty acids driving adipocytokine induction, as previously shown by studies in
which elevation in TNFα was detected upon stimulation with saturated free fatty
acids, such as palmitate (107).

Combination of elevation in these pro-

inflammatory markers and increase in plasma FFA pool, lead to lipid
accumulation in the liver, exacerbated by increased uptake of FFA in the NAFLD
state. In patients with NAFLD, the majority of hepatic fat can be accounted from
the plasma FFA pool (~60%); and the remainder comes from DNL (~30%) which
is increased in NAFLD due to underlying insulin resistant state as shown through
stable isotope studies (74). Additionally, accumulation of intramyocellular lipids
(IMCL) in skeletal muscle, can further impair glucose uptake in the muscle,
contributing to systemic glucose intolerance(75). The combination of defective
insulin signaling in these metabolically-response tissues, and a compensatory
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hyperinsulinemia driven by pancreatic β-cells, can lead to insulin resistance that
both promotes increased delivery of FFA to liver, and the activation of the
transcription factors SREBP1 and ChREBP, which promote de novo lipogenesis
(DNL). This combination leads to the buildup of triacylglycerols (TG) in the liver
from both internal and external sources.
The causal association between the development of hepatic steatosis and
insulin resistance is unclear. Numerous studies in humans and animals have
shown that hepatic steatosis is associated with the onset of insulin resistance;
however the two events are not dependent on each other. Mice challenged with a
high-fat diet (HFD) develop severe insulin resistance and hepatic steatosis (67)
(108,109). Mouse models with altered hepatic lipid storage (110,111),
mobilization (112,113) and oxidation (114), present with significantly increased
hepatic lipid accumulation without accompanying insulin resistance. Conversely,
defects in hepatic insulin signaling are sufficient to induce hepatic steatosis
(115). This dissociation between the two incidents has been a topic of
comprehensive research over the past several years.
There is growing evidence that genetic factors play a key role in the
development of NAFLD. Recent unbiased large scale genome-wide association
studies (GWAS) have identified novel genetic variants associated with NAFLD.
(16,17,103,116). Single nucleotide polymorphisms (SNPs) (rs9987289,
rs4240624, rs4841132, and rs6984305) were identified near the gene PPP1R3B,
and were linked to hepatic steatosis in various populations including European
and Hispanic Americans (16,17,20,103). The SNPs near the PPP1R3B spanned
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a non-coding region approximately 174kilobases from the gene, and were also
associated with serum lipids including HDL, and LDL cholesterol levels and
fasting glucose and plasma lactate (15,17,19). These variants also linked
PPP1R3B with alkaline phosphatase (ALP), one of the key liver enzymes
typically measured as a marker of liver injury (21). And importantly, PPP1R3B
was identified as an expression quantitative trait locus (eQTL) for these variants
(17): the SNPs correlated with the expression level of PPP1R3B, suggesting its
causality to the phenotypes that are observed in these populations. Taken
together, these unbiased genetic studies identified PPP1R3B as a novel genetic
locus associated with pleiotropic effects on metabolic traits in addition to its role
in hepatic glycogen metabolism.
Extensive literature provide evidence that hepatic glycogen synthesis itself
is regulated by insulin, and in insulin resistant states, a major portion of the
resistance stems from impaired ability of insulin to activate Glycogen Synthase
(GS)(117-119). Insulin indirectly activates GS through both allosteric and
dephosphorylation mechanisms. Allosteric activation is primarily mediated by rise
in glucose-6-phoshphate (G6P) levels. In skeletal muscle, insulin raises
intracellular G6P levels mainly by promoting translocation of GLUT4 transporter
to the sarcolemma to increase glucose import and conversion to G6P. In the
liver, glucose transport is not regulated by insulin and remains unrestricted,
equivalent to free diffusion (120,121). Instead, insulin raises G6P levels in the
liver by promoting increased transcription of glucokinase (GCK), which mediates
phosphorylation of incoming glucose to G6P, a biologically favorable metabolite
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used for fuel synthesis that can no longer diffuse out of the cell (120).
Conversely, it decreases transcription of glucose -6-phosphatase (G6PC), which
mediates the opposite dephosphorylation step to allow glucose to leave the
hepatocytes. Insulin activation of GS through dephosphorylation proceeds
through the inhibition of glycogen synthase kinase-3 (GSK3) through the
canonical insulin signaling pathway: insulin receptor phosphorylation and
activation leads to recruitment of Insulin receptor substrate 1/2, resulting in
phosphatidylinositol-3’ kinase (PI3K)-dependent phosphorylation and activation
of protein kinase B (PKB/Akt) (i.e.p-AKT). AKT inhibits phosphorylation and
activation of glycogen synthase kinase-3 (GSK-3), which relieves the repression
of GS activation mediated by GSK3-mediated phosphorylation (122). Moreover,
insulin simultaneously promotes dephosphorylation and activation of GS by
targeting protein phosphatase-1 (PP1) to GS, mediated through important
adaptor proteins (PTG, GL, GM, RGL or R6) that bind GS and PP1 (28,43,88).
In Chapter 2, we had shown that GL (PPP1R3B) plays a critical role in
regulation of the glycogen synthesis pathway, by promoting dephosphorylation
and activation of GS through recruitment of PP1 to Glycogen synthase enzyme
and glycogen storage in the liver, and in the absence of this protein in the liver,
hepatic glycogen metabolism was severely deregulated in mice with
consequences in long-term energy homeostasis, including utilization of noncarbohydrate fuel sources, such as lactate, pyruvate and NEFAs to maintain
sustained vitality.
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This chapter focuses on the functional role of PPP1R3B in hepatic lipid
metabolism. Since PPP1R3B is associated with hepatic steatosis in humans, we
wanted to test this phenotype, using the loss of function and gain of function
mouse models for Ppp1r3b that we generated.
We tested the following major pathways involved in progression of NAFLD to
determine whether Ppp1r3b expression in the liver regulates hepatic lipid
accumulation:


1) Are there changes in de novo lipogenesis/DNL?



2) Are there changes in plasma free fatty acid levels?



3) Are there changes in mitochondrial fatty acid beta oxidation pathway in
liver, leading to decreased utilization of fat for energy production?



4) Are there changes in VLDL-triglyceride secretion by the liver, and



5) Does alteration in hepatic Ppp1r3b expression promote insulin
resistance through a) alterations in hepatic insulin signaling? b) Are there
changes in systemic glucose disposal



6) And if insulin resistance exists, does modulation of Ppp1r3b gene in
mouse liver affect plasma lipids?
We hypothesized that in the absence of liver Ppp1r3b expression, there

would be increased fatty acid synthesis as carbons from glucose would be
shunted towards DNL, as a consequence of diminished hepatic glycogen
storage, leading to hepatic steatosis and promoting insulin resistance. As a
result of dysregulated fatty acid metabolism, the plasma lipids in these mice
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would also be altered. In the overexpression of Ppp1r3b, we hypothesized that
these phenotypes would be attenuated.
For these studies, we first used standard chow diet that contains less than
5% sucrose content, but then subsequently shifted to mice that were challenged
with high sucrose diet (HSD) that contains 66% sucrose content. We reasoned
that since PPP1R3B is a regulator of glycogen and glucose metabolism that
excess dietary carbohydrate would elicit a more pronounced effect on
phenotypes that would highlight the importance of the association of PPP1R3B
with hepatic steatosis and other metabolic traits that were observed in prior
human GWAS.
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RESULTS
Hepatic Ppp1r3b deletion in mice leads to modest elevation in plasma
cholesterol, and fasting non-esterified free fatty acids, with a delayed
impairment in systemic glucose disposal capacity upon chow diet feeding.
Since Ppp1r3b∆hep mice have reduced glycogen synthesis and this genetic
locus was also implicated to impact hepatic fat and plasma lipids from human
GWAS, we wanted to further study the effect of Ppp1r3b deletion on baseline
metabolic parameters in standard chow diet fed mice. After a short-term four
hour fast, plasma lipids including total cholesterol, HDL-cholesterol, and
phospholipids were modestly increased by approximately 28%, ~38%, and 25%
respectively, but no effect on plasma triglycerides and non-HDL-cholesterol was
observed in Ppp1r3b∆hep mice (Fig. 12A). Additionally, plasma free fatty acids
were also significantly increased by 38% in Ppp1r3b∆hep mice (Fig. 12B).
Overnight fasting (14-16hr) blood glucose was not different from the control
group (Fig. 12C); however the rate of clearance of injected glucose in the
glucose tolerance test (GTT) was modestly impaired in overnight fasted mice
(Fig. 12D). These data indicate that deletion of Ppp1r3b in liver promotes
selective impairment in plasma lipids and systemic glucose homeostasis that
were specifically associated with this locus in human GWAS.
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Figure 12: Liver Ppp1r3b deletion promotes elevation in plasma lipids
(cholesterol, HDL-C and phospholipids) and modest impairment in
systemic glucose disposal capacity on standard chow diet
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Figure 12: Liver Ppp1r3b deletion promotes elevation in plasma lipids
(cholesterol, HDL-C and phospholipids) and modest impairment in
systemic glucose disposal capacity on standard chow diet (A) Plasma lipids
(including plasma total cholesterol, HDL-cholesterol, non-HDL-cholesterol,
triglycerides, and phospholipids) were measured in four-hour fasted plasma
collected from control and Ppp1r3b∆hep mice on standard chow diet (n=79/genotype). (B) Non-esterified free fatty acids (NEFA) were measured in fourhour fasted plasma collected from control and Ppp1r3b∆hep mice on standard
chow diet (n=10-12/genotype). (C) Overnight fasted plasma glucose levels were
measured from control and Ppp1r3b∆hep mice (n=10-14/genotype). (D) Glucose
disposal capacity is measured by glucose tolerance test (GTT) in overnight
fasted 4-month old control and Ppp1r3b∆hep mice on standard chow diet (n=68/genotype). Values are reported as glucose levels and area under the curve
(AUC) is expressed as arbitrary units. All mice were adults (2-8 months) and
were age-matched within experiments. The data are expressed as the mean +
S.E. Significance was determined in all panels by unpaired Student’s t-test
(*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Hepatic Ppp1r3b deletion in mice promotes elevation in hepatic
triglycerides with increased expression of lipogenic genes under ad libitum
chow-fed state.
Ppp1r3b∆hep mice had significantly reduced hepatic glycogen content
associated with reduced GS activity under standard chow diet and a modest
elevation in liver triglycerides under ad libitum chow-fed state, in Ppp1r3b∆hep
mice compared to the control group (Fig. 13A). To investigate the pathways that
promote hepatic fat accumulation in this mouse model, we first examined the
lipogenic pathway, which primarily converts into acetyl-coA units into newly
synthesized fatty acids and triglycerides (50) (123). In the fed state, Ppp1r3b∆hep
mice had increased expression of the lipogenic genes, including, Acetyl-CoAcarboxylase alpha (Acaca), Fatty acid synthase (Fasn), Stearoyl-CoA desaturase
(Scd1), and Fatty acid elongase 6 (Elovl6) suggesting that de novo lipogenesis
(DNL) could likely be one of the pathways that is upregulated in these mice, as a
consequence of reduced hepatic glycogenosis (Fig. 13B).
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Figure 13: Ppp1r3b deletion in liver promotes TG accumulation and
upregulation of lipogenic genes in ad libitum chow-fed state

Figure 13: Ppp1r3b deletion in liver promotes TG accumulation and
upregulation of lipogenic genes in ad libitum chow-fed state (A) Liver
triglyceride content in ad libitum chow-fed control and Ppp1r3b∆hep mice (n=68/genotype). (B) Total RNA extracted from liver was used for measurement of
transcript levels of key lipogenic genes in the lipogenic pathway: Acaca, Fasn,
Scd1, and Elovl6 (n=6-8/genotype). All mice were adults (2-8 months) and were
age-matched within experiments. The data are expressed as the mean + S.E.
Significance was determined in all panels by unpaired Student’s t-test (*p<0.05,
**p<0.005, ***p<0.0001). (n.s), not significant.
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Hepatic Ppp1r3b deletion in mice promotes increased liver triglyceride
accumulation under chronic high-sucrose diet
Based on the progressive hepatic TG phenotype in chow fed mice, I
decided use a dietary stress (carbohydrate overload) to exacerbate the
phenotype for mechanistic investigation. I challenged Ppp1r3b∆hep mice on a 12week high sucrose (66%) diet to elicit the metabolic phenotypes that were
modestly affected on chow diet. Even under high sucrose diet feeding conditions,
Ppp1r3b∆hep mice were not able to synthesize and store liver glycogen, and had
diminished activation of glycogen synthase (GS) (Fig. 14A, 14B). The liver
triglyceride content was significantly increased in Ppp1r3b∆hep mice compared to
the control group. Histological analyses of liver sections via H&E staining to
characterize gross morphology of hepatocytes and Oil-Red-O to stain neutral
lipids revealed a visible elevation of microvesicular type lipid droplets in
hepatocytes from Ppp1r3b∆hep mice compared to the control group (Fig. 14C,
14D), suggesting that hepatic triglyceride deposition was pronounced under
chronic high sucrose diet feeding.
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Figure 14: Liver-specific deletion of Ppp1r3b promotes sustained reduction
in liver glycogen stores, with increased liver triglycerides upon chronic 12
weeks of high sucrose diet
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Figure 14: Liver-specific deletion of Ppp1r3b promotes sustained reduction
in liver glycogen stores, with increased liver triglycerides upon chronic 12
weeks of high sucrose diet (A) Liver glycogen content in four-hour fasted
control and Ppp1r3b∆hep mice at 12 weeks on sucrose diet (n=5-7/genotype).
(ND) Not detectable. (B) Protein expression and densitometry analysis of total
GS, and P-GS (S641) in liver lysates from four-hour fasted control and
Ppp1r3b∆hep mice at 12 weeks on sucrose diet(n=5-7/genotype). (C) Liver
triglyceride content in four-hour fasted control and Ppp1r3b∆hep mice at 12 weeks
on sucrose diet (n=5-7/genotype). (D) H&E and Oil-Red-O staining of liver
sections from four-hour fasted control and Ppp1r3b∆hep mice at 12 weeks on
sucrose diet shows increased hepatic TG content (n=5-7/genotype). Four-hour
fasted livers from control and Ppp1r3b∆hep mice at 12 weeks on sucrose diet were
used for these analyses. All mice were adults (2-8 months) and were agematched within experiments. The data are expressed as the mean + S.E.
Significance was determined in all panels by unpaired Student’s t-test (*p<0.05,
**p<0.005, ***p<0.0001). (n.s), not significant.
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Overexpression of Ppp1r3b in liver ameliorates hepatic glycogen storage
and reverses TG accumulation despite chronic sucrose diet feeding.
I generated a reciprocal Ppp1r3b overexpression mouse model to express
Ppp1r3b using Adeno Associated Virus (AAV). Briefly, there was increased
hepatic glycogen synthesis in mice overexpressing hepatic Ppp1r3b, thus
augmenting total hepatic glycogen storage, buffering the plasma glucose levels
under long-term fasting. I further characterized the effect on hepatic triglycerides
in these mice, challenging them with chronic high sucrose diet feeding for 12
weeks and characterizing the effects on plasma and hepatic lipid metabolism.
Under chronic high sucrose diet feeding, mice overexpressing Ppp1r3b
(AAV.Ppp1r3b) had increased activation of glycogen synthase and improved
glycogen synthesis (Fig.15A, 15B). Reciprocally, there was a significant decline
in liver triglyceride content in mice overexpressing Ppp1r3b compared to the null
control group (AAV-Null), suggesting that the shift in energy equivalents into
glycogen storage greatly diminishes hepatic lipid accumulation (Fig. 15C, 15D).
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Figure 15: Mice overexpressing Ppp1r3b have improved glycogen storage
and reduced triglyceride accumulation in the liver despite chronic HSD
feeding
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Figure 15: Mice overexpressing Ppp1r3b have improved glycogen storage
and reduced triglyceride accumulation in the liver despite chronic HSD
feeding (A) Liver glycogen content in four-hour fasted AAV-Null and AAVPpp1r3b mice at 12 weeks on sucrose diet (n=8/group). (B) Protein expression
and densitometry analysis of total GS, and P-GS (S641) in liver lysates from fourhour fasted AAV-Null and AAV-Ppp1r3b mice at 12 weeks on sucrose diet
(n=5/group). (C) Liver triglyceride content in four-hour fasted AAV-Null and AAVPpp1r3b mice at 12 weeks on sucrose diet (n=8/group). (D) Oil-Red-O staining of
liver sections from four-hour fasted AAV-Null and AAV-Ppp1r3b mice at 12
weeks on sucrose diet shows decreased lipid droplet formation (n=3-4/group).
Mice were injected with AAV at 12 weeks of age and were subjected to sucrose
diet and tissue lysates were analyzed at 12 weeks post injection and diet. The
data are expressed as the mean + S.E. Significance was determined in all panels
by unpaired Student’s t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not
significant.
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Hepatic Ppp1r3b deletion in mice promotes increased expression of de
novo lipogenic genes, however does not affect de novo lipogenesis in the
liver under short-term high sucrose diet for 4 weeks.
I wanted to ask how the deficiency in hepatic Ppp1r3b leads to metabolic
perturbations under chronic sucrose diet feeding. I first focused on the de novo
lipogenesis (DNL) pathway, which was previously shown to be upregulated at
transcription level of key lipogenic genes in Ppp1r3b∆hep mice on standard chow
diet. At 12 weeks of high sucrose diet, although the mRNA levels of lipogenic
transcription factors Srebp1 and ChREBP did not change, their target lipogenic
genes were upregulated, including, Acaca, Fasn, Scd1, and Elovl6 in
Ppp1r3b∆hep mice compared to the control group, similar to the effect seen on
chow diet (Fig. 16A, 16B). Supporting the elevation of Fasn mRNA levels, there
was also upregulation of Fatty acid synthase (FAS) protein by almost 2.5 fold
(Fig. 16C), suggesting that there may be an increase in fatty acid synthesis in
Ppp1r3b∆hep mice compared to the control group. Interestingly, however, upon 4
weeks of high sucrose diet feeding, when we directly measured de novo
lipogenesis using stable isotope method (with deuterated water) under both ad
libitum and overnight fasting-refeeding conditions, we did not see an effect on de
novo lipogenesis and the corresponding TG levels in Ppp1r3b∆hep mice compared
to the control group, suggesting that chronic sucrose feeding likely potentiates
the lipogenic capacity in Ppp1r3b∆hep mice, while this pathway is not altered
under shorter period of carbohydrate feeding (Fig. 16D, 16E).
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Figure 16: Liver deletion of Ppp1r3b promotes increased expression of
lipogenic genes under chronic 12-week sucrose diet feeding
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Figure 16: Liver deletion of Ppp1r3b promotes increased expression of
lipogenic genes under chronic 12-week sucrose diet feeding (A) Hepatic
transcript levels of Srebp1, and ChREBP, and (B) their target genes in the
lipogenic pathway: Acaca, Fasn, Scd1, and Elovl6 (n=5-7/genotype). (C) Protein
expression and densitometry analysis of total FAS in liver lysates from four-hour
fasted control and Ppp1r3b∆hep mice at 12 weeks on sucrose diet (n=5/genotype).
Four-hour fasted livers from control and Ppp1r3b∆hep mice at 12 weeks on
sucrose diet were used for these analyses. (D) Newly synthesized palmitate
was measured in liver using stable isotope method and the corresponding TG
was measured from control and Ppp1r3b∆hep mice under ad libitum fed conditions
at 4 weeks on sucrose diet (n=6/genotype). (E) Palmitate synthesis and liver TG
was measured from control and Ppp1r3b∆hep mice under overnight fastingrefeeding for 6 hours at 4 weeks on sucrose diet (n=6/genotype). All mice were
adults (2-8months) and were age-matched within experiments. The data are
expressed as the mean + S.E. Significance was determined in all panels by
unpaired Student’s t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Hepatic Ppp1r3b deletion causes elevation in plasma free fatty acids with
increased expression of hepatic Cd36, a major fatty acid transporter in the
liver.
Next, I wanted to test whether the hepatic accumulation of triglycerides in
Ppp1r3b∆hep mice is a consequence of elevation of free fatty acids. Under chronic
high sucrose feeding, the increase in plasma NEFAs was sustained and even
more significantly elevated in Ppp1r3b∆hep mice compared to the control group
throughout the study (Fig. 17A). There was also a significant upregulation in
hepatic Cd36 mRNA levels (Fig. 17B) which is one of the important fatty acid
transport proteins that mediates fatty acid uptake into the liver (124). Moreover,
it has been shown that hepatic Cd36 mRNA and protein expression is increased
in diet-induced obesity conditions (125), and has been also shown to be
upregulated in patients with NASH (126). Collectively, these data indicate that
elevation in plasma free fatty acids may drive an increase in hepatic triglycerides,
possibly by hepatic fatty transporter facilitated increase in fatty acid uptake in
Ppp1r3b∆hep mice.
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Figure 17: Liver-specific deletion of Ppp1r3b promotes elevation in plasma
free fatty acids, with increased hepatic Cd36 expression, a major fatty acid
transporter in the liver

Figure 17: Liver-specific deletion of Ppp1r3b promotes elevation in plasma
free fatty acids, with increased hepatic Cd36 expression, a major fatty acid
transporter in the liver (A) Non-esterified free fatty acids (NEFA) were
measured in four-hour fasted plasma collected from control and Ppp1r3b∆hep
mice at 12 weeks on sucrose diet (n=5-7/genotype). (B) Hepatic transcript levels
of Cd36 gene which mediates free fatty acid uptake in the liver (n=57/genotype)). Four-hour fasted livers from control and Ppp1r3b∆hep mice at 12
weeks on sucrose diet were used for these analyses. All mice were adults (2-8
months) and were age-matched within experiments. The data are expressed as
the mean + S.E. Significance was determined in all panels by unpaired Student’s
t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Liver-specific Ppp1r3b knockout mice have increased body weight gain,
adiposity with adipocyte hypertrophy, and elevated plasma leptin and
NEFA levels upon chronic high sucrose diet.
Ppp1r3b∆hep mice fed sucrose diet for 12 weeks, had elevated body weight
gain and elevated white adipose tissue mass at 12 weeks on diet (Fig 18A, 18B).
Adipocytes appeared larger in size in Ppp1r3b∆hep mice, compared to the control
group (Fig 18C). Next, I accessed plasma leptin levels as leptin is associated
with increased adipocyte mass (127). Consistent with the morphology, there
was an increase in plasma leptin by about 3 fold in Ppp1r3b∆hep mice compared
to the control group (Fig. 18D). These data indicate that liver specific deletion of
Ppp1r3b likely promotes adipose tissue expansion, elevation in plasma leptin and
subsequently hydrolysis of TG stores to release free fatty acids. These free fatty
acids are then released into the plasma and are subsequently delivered to the
liver.
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Figure 18: Hepatic Ppp1r3b deletion sensitizes mice to chronic
carbohydrate overload
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Figure 18: Hepatic Ppp1r3b deletion sensitizes mice to chronic
carbohydrate overload (A) Body weight and percent of body weight gain in
control and Ppp1r3b∆hep mice at 12 weeks on sucrose diet (n=5/genotype). (B)
Percentage of weight of liver and white adipose tissue relative to body weights in
four-hour fasted control and Ppp1r3b∆hep mice at 12 weeks on sucrose diet
(n=5/genotype). (C) H&E staining of WAT sections from four-hour fasted control
and Ppp1r3b∆hep mice at 12 weeks on sucrose diet shows increased adipocyte
cell size (n=3-4/genotype). Quantification of adipocyte cell area and diameter
was performed using Adiposoft ImageJ software. Values are reported in pixels.
(C) Plasma leptin levels were measured in four-hour fasted plasma from control
and Ppp1r3b∆hep mice at 12 weeks on sucrose diet (n=5-7/genotype). Four-hour
fasted white adipose tissue (WAT) lysates from control and Ppp1r3b∆hep mice at
12 weeks on sucrose diet were used for these analyses. All mice were adults (28 months) and were age-matched within experiments. The data are expressed as
the mean + S.E. Significance was determined in all panels by unpaired Student’s
t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Mice overexpressing Ppp1r3b in liver are resistant to the dietary effects of
chronic carbohydrate overload.
I wanted to determine whether overexpressing Ppp1r3b can protect from
HSD induced metabolic perturbations. There were no difference in body weights
and adipose tissue mass between both AAV-Null and AAV-Ppp1r3b mice (Fig.
19A, 19B). Moreover, the liver mass was increased as a consequence of
increased glycogen storage (128). Adipocytes appeared smaller in size by
morphological analysis (Fig. 19C), and the elevation in plasma free fatty acids
that was associated with deletion of Ppp1r3b in the liver was significantly
reduced in mice overexpressing Ppp1r3b (Fig.19D) . These data show that
enhancing the expression of hepatic Ppp1r3b attenuates the metabolic
impairment in adipose tissue that resulted from the deletion of this gene in the
liver.
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Figure 19: Mice overexpressing Ppp1r3b are protected from metabolic
perturbations in white adipose tissue, resulting in normalization of plasma
free fatty acids in chronic sucrose diet feeding state
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Figure 19: Mice overexpressing Ppp1r3b are protected from metabolic
perturbations in white adipose tissue, resulting in normalization of plasma
free fatty acids in chronic sucrose diet feeding state (A) Body weight and
percent of body weight gain in AAV-Null and AAV-Ppp1r3b mice at 12 weeks on
sucrose diet (n=8/group). (B) Percentage of mass of liver and white adipose
tissue relative to body weights AAV-Null and AAV-Ppp1r3b mice at 12 weeks on
sucrose diet (n=8/group). (C) H&E staining of adipose tissue sections from fourhour fasted AAV-Null and AAV-Ppp1r3b mice at 12 weeks on sucrose diet shows
modest decrease in adipocyte cell size (n=3-4/group). Quantification of adipocyte
cell area and diameter was performed using Adiposoft ImageJ software. Values
are reported in arbitrary units referred to as pixels. (D) Non-esterified free fatty
acids (NEFA) were measured in four-hour fasted plasma collected from AAV-Null
and AAV-Ppp1r3b mice at 12 weeks on sucrose diet (n=8/group). Mice were
injected with AAV at 12 weeks of age and were subjected to sucrose diet and
tissue lysates were analyzed at 12 weeks post injection and diet. The data are
expressed as the mean + S.E. Significance was determined in all panels by
unpaired Student’s t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Deletion of Ppp1r3b in the liver promotes increased fatty acid utilization
under chronic sucrose diet feeding.
Next, I wanted to examine the mitochondrial fatty acid β-oxidation
pathway, which is a primary process that promotes consumption of fatty acids to
generate energy in the form of ATP. In hepatic steatotic states, this pathway is
frequently deregulated (129). Peroxisomal proliferator activated receptor alpha
(PPARα), is a key transcription factor that mediates activation of target genes
involved in the fatty acid oxidation pathway (130) (131), We conducted
microarray analysis from livers isolated from control and Ppp1r3b∆hep mice from
12 weeks high sucrose diet study (Fig. 20A). There was significant upregulation
in expression levels of Pparα target genes. I further validated several of these
candidate genes that were likely altered based on the microarray, by real-time
PCR and found that several genes, including Fgf21, a well-known PPARα target
gene was upregulated (Fig. 20B). Acly and Pklr were also upregulated,
consistent with the increase in glycolytic pathway genes studied in Chapter 3.
Interestingly, several bile acid synthesis genes, such as Cyp7b1 and Cyp27a1
were downregulated. These data suggest that PPARα-dependent fatty acid
oxidation pathway in Ppp1r3b∆hep mice likely remains functional and perhaps may
even be augmented compared to the control group under chronic sucrose
feeding. This is also consistent with the upregulation in ketone bodies detected in
Ppp1r3b∆hep mice under long-term fasting studied in Chapter 3.
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Figure 20: Ppp1r3bΔhep mice have increased transcription of PPARα target
genes as identified by Ingenuity Pathway Analysis

Figure 20: Ppp1r3bΔhep mice have increased transcription of PPARα target
genes as identified by Ingenuity Pathway Analysis A) Ingenuity pathway
analysis (IPA) of the set of differentially regulated genes (>1.5 absolute fold
change in Ppp1r3bΔhep mice compared with Fl/Fl control mice (n=5/group) as
obtained from Agilent microarray analysis of liver total RNA from mice on 12
weeks on high sucrose diet (B) Some of these microarray genes were validated
by real-time quantitative PCR in mice livers from this study. Significance was
determined in all panels by unpaired Student’s t-test (*p<0.05, **p<0.005,
***p<0.0001). (n.s), not significant.
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Hepatic deletion of Ppp1r3b modestly increases VLDL-triglyceride
secretion by the liver under chronic sucrose diet feeding at 4 weeks.
The hepatic VLDL-triglyceride secretion pathway removes excess
triglycerides from the liver in the form of VLDL particles, and this process is often
impaired in hepatic steatotic states (129). This process is sequential; with the
primary stage that requires VLDL -particle assembly of TG with the
apolipoprotein B, mediated by a key enzyme microsomal triglyceride transfer
protein (MTP), encoded by the gene Mttp (132,133). MTP plays a crucial role in
lipidation and proper VLDL particle assembly in the lumen of endoplasmic
reticulum (ER). There was a modest increase in VLDL-TG secretion in
Ppp1r3b∆hep mice compared to the control group at 4-weeks on high sucrose diet,
which was primarily mediated by the increase in plasma triglycerides obtained
from the last time point under the experimental conditions (Fig. 21A). By gene
expression, the levels of Mttp were however not different between the two groups
on 12 weeks on high sucrose diet (Fig. 21B) suggesting that impairment in TG
secretion by the liver does not underlie the phenotype of increased hepatic
triglycerides in Ppp1r3b∆hep mice.
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Figure 21: Liver-specific deletion of Ppp1r3b results in moderately
increased hepatic VLDL-TG secretion under chronic sucrose diet at 4
weeks

Figure 21: Liver-specific deletion of Ppp1r3b results in moderately
increased hepatic VLDL-TG secretion under chronic sucrose diet at 4
weeks (A) VLDL-TG secretion was measured in four-hour fasted control and
Ppp1r3b∆hep mice at 4-weeks on sucrose diet (n=4-6/genotype). Values are
reported as plasma TG levels and area under the curve (AUC) is expressed as
arbitrary units. . (B) Hepatic transcript level of Mttp gene which mediates
hepatic VLDL-TG secretion pathway (n=5-7/genotype). Four-hour fasted livers
from control and Ppp1r3b∆hep mice at 12 weeks on sucrose diet were used for
these analyses. All mice were adults (2-8 months) and were age-matched within
experiments. The data are expressed as the mean + S.E. Significance was
determined in all panels by unpaired Student’s t-test (*p<0.05, **p<0.005,
***p<0.0001). (n.s), not significant.
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Hepatic Ppp1r3b deletion results in hyperinsulinemia, as well as attenuated
insulin signaling in the liver and the mice develop systemic insulin
resistance upon high sucrose diet feeding.
Hepatic accumulation of lipids is a major phenotype associated with
defective hepatic insulin signaling, which leads to hepatic insulin resistance in
mammals. In humans and animal models, this has been extensively studied
(134) (135) (136) (137). In Ppp1r3b∆hep mice, I wanted to determine whether
deletion of Ppp1r3b in the liver promotes defect in hepatic insulin signaling. Since
insulin primarily activates PI3K/AKT and promotes glycogen synthesis by
indirectly inhibiting GSK3 activity through phosphorylation and deactivation, we
investigated this effect in Ppp1r3b∆hep mice. First, I examined protein expression
of AKT and GSK3, with their corresponding phosphorylated states in livers from
6-month old mice on standard chow diet. There was a significant down regulation
of the phosphorylated form of AKT relative to the total AKT levels, suggesting
decreased activity, and a significant down regulation in the AKT-mediated
inhibitory phosphorylation of Serine 9 on GSK3 in Ppp1r3b∆hep mice, indicating
over-activation of GSK3β(Fig. 22A, 22B). These data indicate a defect in insulin
signaling upon deletion of Ppp1r3b in the liver. Next, I validated this finding in
chronic sucrose diet feeding study, and first measured the plasma insulin levels
in these mice. There was a significant elevation in 4-hour fasted plasma insulin
levels in Ppp1r3b∆hep mice compared to the control group at 12 weeks on HSD
diet (Fig. 23A). Plasma insulin was also elevated in Ppp1r3b∆hep mice that were
overnight fasted and refed diet for 6 hours at 4 weeks on HSD diet (Fig. 23B).
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Phosphorylation of Serine 9 on GSK3β was downregulated, suggesting that
GSK3β remains activated as a result of attenuated insulin signaling, consistent
with data on chow diet (Fig. 23C).
I performed an insulin tolerance test (ITT) in mice at 11 weeks on high
sucrose diet, to determine the insulin-stimulated glucose disposal in tissues,
which reflects the systemic response to exogenous insulin supplementation.
There was also a robust impairment in the insulin stimulated glucose clearance in
Ppp1r3b∆hep mice, suggesting that these mice become severely insulin resistant
in response to chronic sucrose feeding compared to the control group (Fig. 23D)
unlike Ppp1r3b∆hep mice fed standard chow diet, which remained insulin-sensitive
at 4 months of age (Fig. 24A, 24B). Perhaps, older chow-fed Ppp1r3b∆hep mice
become insulin resistant over time (not tested), and this phenotype is accelerated
when provided sucrose-rich diet. Taken together, these data indicate that
deficiency of Ppp1r3b in the liver significantly promotes carbohydrate dietinduced impairment in both the hepatic insulin signaling and systemic insulin
response, making them susceptible to development of insulin resistance.
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Figure 22: Ppp1r3b∆hep mice have attenuated hepatic insulin signaling on
standard chow diet at 6 months of age

Figure 22: Ppp1r3b∆hep mice have attenuated hepatic insulin signaling on
standard chow diet at 6 months of age (A) Protein expression of P-AKT, total
AKT, P-GSK3β, total GSK3β and total GS were measured in liver lysates from
ad libitum chow-fed control and Ppp1r3b∆hep mice (n=3-5/genotype). (B)
Densitometry analysis was performed and ratios of P-AKT to total AKT, and PGSK3β to total GSK3β was calculated and reported. Results were replicated in
at least two independent experiments. All mice were adults (2-8 months) and
were age-matched within experiments. The data are expressed as the mean +
S.E. Significance was determined in all panels by unpaired Student’s t-test
(*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Figure 23: Liver-specific deletion of Ppp1r3b promotes impairment in
insulin signaling in the liver, with increased susceptibility to development
of hyperinsulinemia and systemic insulin resistance
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Figure 23: Liver-specific deletion of Ppp1r3b promotes impairment in
insulin signaling in the liver, with increased susceptibility to development
of hyperinsulinemia and systemic insulin resistance (A) Plasma Insulin
levels were measured in four-hour fasted plasma from control and Ppp1r3b∆hep
mice at 12 weeks on sucrose diet (n=4/genotype). (B) Plasma insulin in mice
refed HSD from control and Ppp1r3b∆hep mice at 4 weeks on sucrose diet (n= 57/genotype). (C)Protein expression and densitometry analysis of P-GSKβ, and
total GSK3β in liver lysates from four-hour fasted control and Ppp1r3b∆hep mice at
12 weeks on sucrose diet (n=5/genotype). Four-hour fasted livers from control
and Ppp1r3b∆hep mice at 12 weeks on sucrose diet were used for these analyses.
(D) Insulin response in peripheral tissues as measured by insulin tolerance test
(ITT) in 6-hour fasted control and Ppp1r3b∆hep mice at 11 weeks on sucrose diet
(n=5-7/genotype). Values are reported as percentage of basal glucose levels and
area under the curve (AUC) is expressed as arbitrary units. All mice were adults
(2-8 months) and were age-matched within experiments. The data are expressed
as the mean + S.E. Significance was determined in all panels by unpaired
Student’s t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Figure 24: Plasma insulin and insulin response in 3-4month old Ppp1r3bΔhep
mice on standard chow diet

Figure 24: Plasma insulin and insulin response in 3-4month old Ppp1r3bΔhep
mice on standard chow diet (A) Plasma Insulin levels were measured from
control and Ppp1r3b∆hep mice under standard chow fed diet (n=5-8/genotype). (B)
Insulin response in peripheral tissues as measured by insulin tolerance test (ITT)
in 6-hour fasted control and Ppp1r3bΔhep mice on chow diet (n=6-7/genotype).
Values are reported as percentage of basal glucose levels and area under the
curve (AUC) is expressed as arbitrary units. All mice were adults (2-8 months)
and were age-matched within experiments. The data are expressed as the mean
+ S.E. Significance was determined in all panels by unpaired Student’s t-test
(*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Hepatic deletion of Ppp1r3b results in upregulation of the inflammatory
cytokine Interleukin-6 (IL-6) in liver under chronic sucrose diet feeding.
The development from accumulation of neutral lipids to state of
inflammation is a hallmark of the progression in the pathophysiology of Nonalcoholic fatty liver disease (NAFLD) and is marked by rise in inflammatory
cytokines in the liver (138). Since Ppp1r3b∆hep mice have progressive
accumulation of triglycerides in the liver and defective insulin signaling that could
promote susceptibility to lipotoxicity, we wanted to ask next if there were any
alterations in the markers of inflammation in livers from Ppp1r3b∆hep mice fed
chronic sucrose rich diet. By gene expression, there was a significant increase in
interleukin-6 (IL-6) in livers from Ppp1r3b∆hep mice (Fig. 25). It has been
previously shown that hepatic expression of interleukin 6 (IL-6) is significantly
elevated in patients with NAFLD (139), (140). Moreover, there is a positive
correlation with liver IL-6 expression with plasma IL-6 levels and degree of insulin
resistance(139), (141). Although levels of plasma IL-6 were not measured in
these mice, this data suggests that chronic sucrose diet feeding promotes
inflammation in Ppp1r3b∆hep mice, consistent with the insulin resistance observed
in this mouse model.

108

Figure 25: Upregulation of inflammatory cytokine, IL-6 in Ppp1r3b∆hep mice
liver under chronic sucrose diet feeding

Figure 25: Upregulation of inflammatory cytokine, IL-6 in Ppp1r3b∆hep mice
liver. Hepatic transcript levels of Interleukin 6 (IL-6), which is a secreted
adipocytokine that is also a marker of inflammatory response (n=5-7/genotype).
Four-hour fasted liver lysates from control and Ppp1r3b∆hep mice at 12 weeks on
sucrose diet were used for this analysis. All mice were adults (2-8 months) and
were age-matched within experiments. The data are expressed as the mean +
S.E. Significance was determined in all panels by unpaired Student’s t-test
(*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Deletion of Ppp1r3b in liver promotes systemic glucose intolerance under
chronic high sucrose feeding
Under chronic sucrose diet, Ppp1r3b∆hep mice became severely glucose
intolerant, as early as three weeks on the diet, and this effect was sustained
throughout the study (Fig. 26A, 26B, 26C). Although not directly tested in this
study, impaired glucose disposal by peripheral tissues such as adipose tissue
and skeletal muscle, is also a consequence of systemic insulin resistance, which
could likely also contribute to this effect. Further studies to address glucose
turnover in these tissues would be important to corroborate this finding.
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Figure 26: Liver Ppp1r3b deletion promotes impairment in glucose
tolerance under chronic high sucrose diet feeding state

111

Figure 26: Liver Ppp1r3b deletion promotes impairment in glucose
tolerance under chronic high sucrose diet feeding state (A) Glucose disposal
capacity is accessed by measuring plasma glucose concentrations during the
intraperitoneal glucose tolerance test (IPGTT – 2g/kg) in overnight fasted control
and Ppp1r3b∆hep mice fed sucrose diet at 3 weeks (n=5-7/genotype). (B) GTT in
overnight fasted control and Ppp1r3b∆hep mice on sucrose diet at 6 weeks (n=57/genotype). (C) GTT in control and Ppp1r3b∆hep mice on sucrose diet at 8 weeks
(n=5-7/genotype). Values are reported as glucose levels and area under the
curve (AUC) is expressed as arbitrary units. All mice were adults (2-8 months)
and were age-matched within experiments. The data are expressed as the mean
+ S.E. Significance was determined in all panels by unpaired Student’s t-test
(*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Mice overexpressing hepatic Ppp1r3b have restored glucose tolerance and
insulin sensitivity under chronic high sucrose feeding when compared to
Null AAV OE.
While Ppp1r3b∆hep mice became glucose intolerant, mice overexpressing
hepatic Ppp1r3b did not exhibit glucose intolerance, and did not become insulin
resistant compared to the AAV-Null group (Fig. 27A, 27B) even under chronic
sucrose diet feeding. These data indicate that enhancing glycogen storage in the
liver by overexpressing Ppp1r3b attenuates the impairment in both the hepatic
and whole-body glucose disposal capacity and perhaps the systemic insulin
response by the peripheral tissues also remain preserved.
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Figure 27: Mice overexpressing hepatic Ppp1r3b remained glucose and
insulin sensitive compared to Null AAV OE mice under chronic sucrose
diet feeding state

Figure 27: Mice overexpressing hepatic Ppp1r3b remained glucose and
insulin sensitive compared to Null AAV OE mice under chronic sucrose
diet feeding state (A) Glucose disposal capacity is measured by glucose
tolerance test (GTT) in overnight fasted AAV-Null and AAV-Ppp1r3b mice on
sucrose diet at 11 weeks (n=8/group). Values are reported as glucose levels and
area under the curve (AUC) is expressed as arbitrary units. (B) Insulin response
in peripheral tissues as measured by insulin tolerance test (ITT-insulin dose 0.75U/kg) in 6-hour fasted AAV-Null and AAV-Ppp1r3b mice at 11 weeks on
sucrose diet (n=8/group). Values are reported as percentage of basal glucose
levels and area under the curve (AUC) is expressed as arbitrary units. Mice were
injected with AAV at 12 weeks of age and were subjected to sucrose diet and
tissue lysates were analyzed at 12 weeks post injection and diet. The data are
expressed as the mean + S.E. Significance was determined in all panels by
unpaired Student’s t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.

114

Deletion of Ppp1r3b in the liver leads to selective plasma dyslipidemia
under chronic high sucrose diet feeding state.
Since the high sucrose diet potentiated the phenotypes of the other
metabolic traits that are associated with Ppp1r3b as described above, I wanted to
characterize the effect on plasma lipids in this mouse model. I found that in mice
with hepatic deletion of Ppp1r3b, there was a significant elevation in plasma
total-cholesterol, HDL-cholesterol and phospholipids, with approximately 23%
higher levels in each of these plasma lipid components, consistent with the
directionality with human GWAS association, indicating that the deletion of this
gene in the liver raises plasma lipids. Moreover, in sucrose diet experiments, I
also observed an elevation in non-HDL cholesterol by approximately 40% in
Ppp1r3b∆hep mice compared to the control group which was not observed on
standard chow diet. And consistent with the human GWAS data, there was no
effect on plasma triglycerides (Fig. 28A).
To further characterize the cholesterol distribution in plasma lipoprotein
subspecies, I pooled the plasma from mice from each group and subjected it to
fast protein liquid chromatography (FPLC), which separates lipoproteins based
on size and density. There was a robust leftward shift of the HDL-cholesterol
peak in fractions isolated from Ppp1r3b∆hep mice compared to the fractions from
the control group, suggesting that the size of the HDL lipid fractions is larger in
Ppp1r3b∆hep mice compared to the control group (Fig. 28B). Then, I also analyzed
the fractions for the apolipoproteins (ApoB, ApoE and ApoA1) that are primarily
associated with VLDL, LDL and HDL particles. ApoB lipoproteins are commonly
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associated with VLDL and LDL lipid particles, while ApoE is associated with all
VLDL, LDL and HDL, whereas ApoA1 is exclusively associated with the HDL
particles (142-144). I analyzed the content of each of these corresponding
lipoproteins in the transitory region where the FPLC fractions are characterized
between non-HDL and HDL peaks, and where there was the largest difference
observed between the two groups of mice (fractions #21-35). Based on the
analysis, it appeared that within these fractions, there was a mixture of two
separate populations of lipid particles, corresponding to smaller dense LDL and
larger HDL particles, as observed by the increase in ApoB content in fraction 2130, and ApoE and ApoA1 content in fractions 21-30, and 26-30 respectively in
plasma from Ppp1r3b∆hep mice (Fig. 28C). Chronic sucrose diet produced an
effect on non-HDL lipid species in Ppp1r3b∆hep mice, consistent with human
GWAS signal, which was not previously detected on chow diet, and this elevation
in cholesterol in non-HDL fractions is likely a result of increased packaging into
small-dense LDL particles. These data suggest that in the absence of Ppp1r3b
in the liver, there is a striking impact on plasma lipids, promoting dyslipidemia by
altering the amount and the composition of the lipid particles. Further studies
characterizing lipoprotein metabolism in Ppp1r3b∆hep mice should focus on this
important phenotype in greater detail.
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Figure 28: Liver-specific deletion of Ppp1r3b promotes selective
dyslipidemia with alterations in the composition of the plasma lipoprotein
profile
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Figure 28: Liver-specific deletion of Ppp1r3b promotes selective
dyslipidemia with alterations in the composition of the plasma lipoprotein
profile (A) Plasma lipids (including total cholesterol, HDL-cholesterol, non-HDLcholesterol, triglycerides, and phospholipids) were measured in four-hour fasted
plasma collected from control and Ppp1r3b∆hep mice at 12weeks on sucrose diet
(n=5-7/genotype). (B) FPLC analysis of lipoprotein distribution in plasma from
control and Ppp1r3b∆hep mice at 12weeks on sucrose diet (n=5-7/genotype).
Plasma samples were pooled for each genotype and were injected onto
Superose-6-columns and separated into 0.5mL fractions as described in
Materials and Methods. Cholesterol levels were evaluated for each sample and
plotted. (C) Western blot analysis of ApoB, ApoE and ApoA1 in FPLC
fractions#21-35 from control and Ppp1r3b∆hep mice at 12weeks on sucrose diet
(n=5-7/genotype). All mice were adults (2-8 months) and were age-matched
within experiments. The data are expressed as the mean + S.E. Significance was
determined in all panels by unpaired Student’s t-test (*p<0.05, **p<0.005,
***p<0.0001). (n.s), not significant.
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Hepatic overexpression of Ppp1r3b lowers total cholesterol, HDLcholesterol, and plasma phospholipids, and improves the lipoprotein
profile under chronic sucrose diet feeding
Under chronic high sucrose feeding at 12 weeks, Ppp1r3b∆hep mice
exhibited selective dyslipidemia marked by increased levels of total cholesterol,
HDL-cholesterol and phospholipids, without an effect on plasma triglycerides, in
consistent with the directionality of these traits for this locus from the human
genome wide association studies. To further validate these findings, I studied
the plasma lipids in mice overexpressing Ppp1r3b, which should presumably
depict the opposite phenotypes. In agreement with the human genetic
association and the previous data obtained, we detected a reduction in plasma
total cholesterol, HDL-cholesterol and phospholipids in mice overexpressing
Ppp1r3b by 24%, 27% and 21% respectively compared to the control group (Fig.
29A). With respect to the plasma lipoprotein distribution, there was modest, but
distinct shift in the HDL peak towards the right compared to the control group
(Fig. 29B), suggesting that there was normalization in the cholesterol distribution
in HDL lipid particles and their composition that appeared to be altered in
plasma from mice with hepatic deletion of Ppp1r3b. Although not tested, it would
be interesting to study the composition of lipid particles from plasma from these
mice. Taken together, these data suggest that overexpression of hepatic
Ppp1r3b promotes decrease in plasma lipids, likely affecting the overall
lipoprotein metabolism; however future studies would be required to parse the
mechanisms underlying these findings.
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Figure 29: Mice overexpressing hepatic Ppp1r3b had improved plasma lipid
profile compared to AAV OE under chronic carbohydrate overload

Figure 29: Mice overexpressing hepatic Ppp1r3b had improved plasma lipid
profile compared to AAV OE under chronic carbohydrate overload (A)
Plasma lipids were measured in four-hour fasted plasma collected from AAV-Null
and AAV-Ppp1r3b mice at 12 weeks on sucrose diet (n=8/group). (B) FPLC of
lipoprotein distribution in plasma from AAV-Null and AAV-Ppp1r3b mice at 12
weeks on sucrose diet (n=8/group). Plasma samples were pooled for each group
and were injected onto Superose-6-columns and separated into 0.5mL fractions
as described in Materials and Methods. Cholesterol levels were evaluated for
each sample and plotted. Mice were injected with AAV at 12 weeks of age and
were subjected to sucrose diet and plasma samples were analyzed at 12 weeks
post injection and diet. The data are expressed as the mean + S.E. Significance
was determined in all panels by unpaired Student’s t-test (*p<0.05, **p<0.005,
***p<0.0001). (n.s), not significant.
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Table 3: Chapter 4
Oligonucleotides used for Gene Expression Analysis by RT-PCR
Name

Gene
Symbol

Primer Sequence

Sterol-regulatory binding
protein 1 (SREBP1)
Carbohydrate responsive
element binding protein
(ChREBP)
Acetyl-CoA Carboxylasealpha

Srebf1

5’-GGAGCCATGGATTGCACATT-3’
5’-GCTTCCAGAGAGGAGCCCAG-3’
5’-AGATGGAGAACCGACGTATCA’3’
5’-ACTGAGCGTGCTGACAAGTC-3’

Acaca

5’-GATGAACCATCTCCGTTGGC-3’
5’- GACCCAATTATGAATCGGGAGTG-3’

Fatty
acid synthase

Fasn

5’-AGGGGTCGACCTGGTCCTCA-3’
5’-GCCATGCCCAGAGGGTGGTT-3’

Stearoyl-CoA Desaturase

Scd1

5’-TTCTTGCGATACACTCTGGTGC-3’
5’-CGGGATTGAATGTTCTTGTCGT-3’

Fatty
acid elongase 6

Elovl6

5’-GAAAAGCAGTTCAACGAGAACG-3’
5’-AGATGCCGACCACCAAAGATA-3’

Microsomal Trigylceride
Transfer Protein

Mttp

5’-CTCTTGGCAGTGCTTTTTCTCT-3’
5’-GAGCTTGTATAGCCGCTCATT-3’

Fatty
acid translocase

Cd36/FAT

5’-ATGACGTGGCAAAGAACAGC-3’
5’-GAAGGCTCAAAGATGCCTCC-3’

Interleukin-6

IL-6

5'-CTGCAAGAGACTTCCATCCAGTT-3'
5'-AGGGAAGGCCGTGGTTGT-3’

ATP Citrate Lyase

Acly

5’-CAGCCAAGGCAATTTCAGAGC-3’
5’-CTCGACGTTTGATTAACTGGTCT-3’

Liver Pyruvate Kinase
(L-PK)

Pklr

5’-TCAAGGCAGGGATGAACATTG-3’
5’-CACGGGTCTGTAGCTGAGTG-3’

Peroxisomal proliferator
activated receptor alpha

PPARα

5’-AGAGCCCCATCTGTCCTCTC-3’
5’-ACTGGTAGTCTGCAAAACCAAA-3’

Carnitine
palmitoyltransferase 1a

Cpt1a

5’-CTCCGCCTGAGCCATGAAG-3’
5’-CACCAGTGATGATGCCATTCT-3’

Mlxipl
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Cytochrome P450, family
Cyp4a14
4, subfamily a, polypeptide
14
Cytochrome P450, family
Cyp7b1
7, subfamily b, polypeptide
1
Fibroblast growth factor 21 Fgf21

5’-TTTAGCCCTACAAGGTACTTGGA-3’
5’-GCAGCCACTGCCTTCGTAA-3’

β-actin

Actb

5’-TTGGGTATGGAATCCTGTGG-3’
5’-CTTCTGCATCCTGTCAGCAA-3’

18S

18s

5’-CTTAGAGGGACAAGTGGCG-3’
5’-ACGCTGAGCCAGTCAGTGTA-3’

.

5’-GGAGCCACGACCCTAGATG-3’
5’-TGCCAAGATAAGGAAGCCAAC-3’
5’-CTGCTGGGGGTCTACCAAG-3’
5’-CTGCGCCTACCACTGTTCC-3’
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DISCUSSION
Non-alcoholic fatty liver disease (NAFLD) is a spectrum of liver disorders
in which excess fat accumulates in the liver unrelated to chronic alcohol
ingestion. NAFLD is classified into simple steatosis and nonalcoholic
steatohepatitis (NASH). NASH is characterized by combination of steatosis with
intralobular inflammation and hepatocellular ballooning, which is often
accompanied by fibrosis. A subset of NASH patients develops liver cirrhosis and
hepatocellular carcinoma (HCC) (73,100). NAFLD is sometimes characterized
as the hepatic manifestation of metabolic syndrome, and its prevalence has been
increasing worldwide over the recent decades in parallel with increasing rates of
obesity and Type 2 diabetes (70). NAFLD/NASH is currently regarded as the
most common chronic liver disease worldwide, with independently correlating
with other chronic diseases including CVD and CKD. It is estimated that about
20% of adults have NAFLD and 2-3% of adults have NASH. Furthermore,
genetic variations within diverse populations also contribute to the differences in
distribution of prevalence rates of NAFLD among individuals. For example,
incidence rates of NAFLD in Hispanic Americans are approximately 20-30%
higher than European and/or African American populations (145).
Pathogenesis of NAFLD/NASH is a complex phenomenon with
combination of different various metabolic factors contributing to the development
of the disease. Fat accumulation in the liver is closely associated with metabolic
derangements that relate to central obesity and insulin resistance. Hepatic
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steatosis occurs when the rate of import and of synthesis of fatty acids by
hepatocytes exceeds the rate of export and/or catabolism. Consequently, the
following four mechanisms are possible causes of lipid accumulation in the liver:
1) increased uptake and deposition of fatty acids into hepatocytes, due to excess
dietary intake or release from adipose tissue; 2) increased de novo hepatic fatty
acid and triglyceride synthesis; 3) reduced very low-density lipoprotein (VLDL)
synthesis and triglyceride export secretion and 4) failure of removal of fatty acids
due to impaired hepatic mitochondrial β-oxidation.
Despite its widespread occurrence, the pathogenesis of NAFLD/NASH
has not been completely elucidated, and treatments for it other than lifestyle
modification by diet and exercise have not been established. Several limitations
for studying NAFLD/NASH in humans include the longevity of studies as the
progression of NAFLD/NASH occurs over a period of decades. Additionally,
ethical limitations restricting drug administration and/or collection of liver
specimens from patients preclude the progression of such type of research in
humans.
In this study, I specifically investigated the in vivo function of Ppp1r3b in
hepatic and plasma lipid metabolism using loss of function and gain of function
mouse models of Ppp1r3b in a liver-specific manner, using a specialized diet
containing high sucrose content (66%) to study the effects on the associated
metabolic traits. We reasoned that since Ppp1r3b is an important regulator of
glycogen metabolism, that challenging the mice with increased sucrose content,
would exacerbate the phenotypes and bring about the importance of its function
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in this manner. Additionally, high sucrose type diet is commonly used to induce
insulin resistance, glucose intolerance and diet- induced obesity in animal
models (146,147), as sucrose is a dietary source of fructose, which has become
an important and pervasive ingredient of Western diets, with an exponential rise
in world per capita daily fructose intake over the last decade(148). Together with
the increase in fructose consumption in the diet over the last several decades,
there has been a proportional increase in the incidence of obesity and
development of metabolic syndrome. Therefore, using high sucrose diet reflects
the current composition of diet consumed by individuals in Westernized societies,
and is also a suitable dietary stimulation for studying the development of hepatic
steatosis and/or NAFLD and NASH.
Consistent with my previous study demonstrating that Ppp1r3b is a critical
mediator of hepatic glycogen synthesis, I first established that even under the
context of high sucrose diet feeding, these liver specific Ppp1r3b knockout mice
(Ppp1r3b∆hep mice) were not able to synthesize and store hepatic glycogen.
Consequently, lack of glucose storage into hepatic glycogen led to shunting of
energy into increased storage into hepatic triglycerides in Ppp1r3b∆hep mice, with
visible appearance of microvesicular type lipid droplets in hepatocytes. This
phenotype is in agreement with other animal models that harbor dysregulation in
hepatic glycogen synthesis (37), (95), indicating that derangement in
carbohydrate homeostasis in the liver has a profound impact on fat metabolism.
To study the mechanisms underlying the accumulation of hepatic triglycerides in
Ppp1r3b∆hep mice, I characterized the effects on four major routes through which
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imbalance in fatty acid accumulation is obtained in the liver. First, I studied the
effect on de novo lipogenesis pathway, through which glucose is primarily
converted into acetyl-CoA , which is a major precursor for fatty acid synthesis
(54,123). Under chronic (12-week) sucrose diet feeding, a substantial elevation in
the expression of lipogenic genes and a significant upregulation of fatty acid
synthase protein levels in Ppp1r3b∆hep mice suggest that perhaps upon uptake in
the liver, glucose is driven into the glycolytic and lipogenic pathway rather than
glycogenosis to serve as a substrate for fatty acid and subsequently triglyceride
synthesis in hepatocytes. Conversely, under shorter-term sucrose feeding for
four weeks, the upregulation in DNL pathway in Ppp1r3b∆hep mice was not
detected, suggesting that perhaps this phenomenon is only observed under
chronic over-nutrition, and genetic deficiency of Ppp1r3b combined with a shorter
exposure to sucrose diet, serves as an initial stage for the development of
steatosis to occur (149) and requires prolonged dietary exposure to detect any
tangible perturbation in this pathway.
The next mechanisms we explored in Ppp1r3b∆hep mice were the fatty acid
TG export through VLDL-TG secretion by the liver, and the fatty acid β-oxidation
which utilizes fatty acids for energy output, therefore eliminating their
accumulation in the liver. Under chronic sucrose diet feeding, there was no
reduction in VLDL-TG secretion at short-term four week high sucrose diet feeding
in Ppp1r3b∆hep mice. In contrast, liver microarray analysis showed that there was
an upregulation of various target genes involved in PPARα pathway, which is a
major transcription factor that promotes fatty acid oxidation. Perhaps, fatty
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oxidation pathway is still functional in Ppp1r3b∆hep mice, suggesting that under
shorter term sucrose diet challenge, it could compensate by consumption of
newly synthesized fatty acids for energy production, and hence the effect on de
novo lipogenesis is masked under this setting. Long term chronic sucrose
feeding, brings out this effect, possibly as a result of elevated synthesis and
storage into fatty acids that overcomes the rate of its consumption, as this
pathway is saturated and cannot fully utilize the increased supply of fatty acids
derived from carbohydrate overload. The limitation of this study was that these
processes were not comprehensively studied under different nutritional states
and dietary exposure, therefore the effect of these pathways in the context of the
hepatic deletion of Ppp1r3b remains to be elucidated. Further extensive studies
of these mechanisms would be essential to effectively conclude if these
processes are affected in this animal model.
Alterations in lipid metabolism during states of glycogen depletion have
been observed in several clinical models. Severe liver glycogen depletion in
patients with rare mutations in the glycogen synthase gene can result in
elevations in fasting ketone bodies and free fatty acids, a condition known as
glycogen storage disease type 0 (96,97,150,151). In agreement with these
studies, one phenotype that was consistently observed in Ppp1r3b∆hep mice was
elevation in plasma free fatty acids and this effect was sustained even under
chronic high sucrose diet feeding. Accordingly, there was evidence of body
weight gain driven by increased amount of adipose tissue weight, with
enlargement in adipocytes, and elevation in plasma leptin levels in Ppp1r3b∆hep
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mice. Adipocytes secrete adipocytokines such as leptin in response to hormonal
signaling through insulin, and circulating leptin levels increase in proportion to the
size of fat depots (127). Moreover, expression of leptin is increased in chronic
over-nutritional conditions and in patients with higher BMI (152). Furthermore,
leptin also positively drives lipolysis through the action of sympathetic nerve
fibers that innervate adipose tissue, by directly mediating activation of hormone
sensitive lipase (HSL) to mediate TG hydrolysis (153). These metabolic
alterations are consistent with diet-induced obesity states as seen in other animal
models (154). Hyperleptinemia is frequently observed in obese individuals and
animals (155,156), Moreover, leptin promotes hydrolysis of triglycerides stores in
white adipose tissue through sympathetic innervation (157), and endogenous
leptin action is thought to be retained in diet-induced obesity mice (158). Taken
together, these data demonstrate that hepatic deletion of Ppp1r3b promotes
increased lipolysis of triglyceride stores from adipose tissue as an adaptive
response towards utilization of fat as a primary fuel source for energy production.
The development of glucose intolerance and hepatic insulin resistance in
Ppp1r3b∆hep mice under chronic high sucrose diet feeding is likely a consequence
of combinatorial effect of multiple metabolic factors that contribute to its
progression. First, in Ppp1r3b∆hep mice, glycogen as well as glycogen synthase
activity are significantly reduced in the liver, suggesting that decreased storage of
glucose into liver prompts a progressive impairment of its glucose disposal
capacity, resulting in postprandial hyperglycemia and glucose intolerance(159).
Second, the defect in hepatic glycogen synthesis and reduced liver glycogen
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content itself has implications on insulin resistance (75,160) as insulin stimulation
of this pathway is diminished; therefore glucose handling (i.e. glucose uptake and
utilization) by the liver is severely disturbed in these mice. Although not explored
in this study, it is also likely that there could be impairment in glucose uptake and
insulin signaling in skeletal muscle and adipose tissue in Ppp1r3b∆hep mice, that
potentiates these phenotypes. Third, the consequence in elevation of plasma
free fatty acids is corroborated by increased expression of hepatic FAT/Cd36,
which is one of the major fatty acid transporters in liver that promotes uptake of
fatty acids from plasma compartment. Elevated levels of hepatic Cd36 have
been linked to diet-induced obesity, and insulin resistance(125,126). Therefore,
increased flux of free fatty acids into the liver in Ppp1r3b∆hep mice would likely
contribute to increased hepatic free fatty acid and triglyceride pool, leading to
insulin resistance. The contribution of fatty acids synthesized from the lipogenic
pathway could also possibly mediate its accumulation, which is controlled by two
major transcription factors, ChREBP and SREBP1 through glucose and insulin
respectively (50). Although the mRNA levels of ChREBP and SREBP1
themselves did not change, target genes including Acaca, Fas, Scd1 and Elovl6
were all upregulated, suggesting that perhaps activation and nuclear
translocation of ChREBP and SREBP1 may drive activation of these target
genes (51,108,161). Moreover, inactivation of SREBP1 gene in livers of ob/ob
mice, a genetic model of leptin deficiency that develops obesity and hepatic
steatosis, results in approximately 50% reduction in hepatic triglycerides (162).
Similarly, deletion of ChREBP in ob/ob mice results in decreased hepatic

129

steatosis and obesity, and ameliorates glucose intolerance and insulin
resistance(163). Hence, synergistic action of these transcription factors is
required for regulation of lipogenesis in liver. Further molecular studies to probe
the mechanistic association of these transcription factors with the activation of
their target genes would be of important relevance in this animal model.
Additionally, hepatic insulin signaling is attenuated in Ppp1r3b∆hep mice,
with impaired activation of AKT and inactivation of glycogen synthase kinase 3
(GSK3) in high sucrose-fed mice. Elevated activity of GSK3 has been
associated with the pathogenesis of insulin resistance both in liver and skeletal
muscle (164-166). Although the activation in upstream insulin signaling proteins,
such as the phosphorylation of insulin receptor substrates (IRS1 and IRS2) and
tyrosine phosphorylation of insulin receptor was not tested in this study, it is
highly likely that there could also be attenuation in their activation status in
Ppp1r3b∆hep mice.
Lastly, the cellular mechanisms responsible for fatty acid induced insulin
resistance are not fully understood, however it is speculated that several fatty
acid derived lipid intermediates such as diacylglycerol (DAG), long chain fatty
acyl-CoA, ceramide, lysophosphatidic acid (LPA) and phosphatidic acid (PA),
rather than the TAG itself, are important for the development of insulin
resistance. It has been proposed that when excessive DAG is formed, protein
kinase C epsilon (PKCε) is activated, which subsequently diminishes
phosphatidylinositol 3-kinase (PI3K) and Akt activation. In this regard, mice
lacking glycerol-3-phosphate acyltransferase (GPAT1), which is a key enzyme
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that mediates glycerolipid synthesis, have reduced DAG and TAG, and are
protected from high-fat diet-induced hepatic insulin resistance, possibly as a
result of low DAG-mediated PKCε activation (167). In addition to DAG,
glycerolipid intermediates, such as LPA and PA can also alter signaling
pathways, resulting in metabolic perturbations leading to induction of fatty liver
(168,169). Hepatic ceramides are a bioactive lipid species implicated in
promoting insulin resistance, likely through promoting elevation in sphingolipid
species which oppose insulin action, and lead to accumulation of medium longchain acylcarnitines, associated with oxidative stress and decreased fatty acid
oxidation (170,171). Although these parameters were not tested in the current
study, characterizing the alterations in these lipid metabolites in Ppp1r3b∆hep mice
would be highly relevant to elucidate the pathophysiology of hepatic steatosis
and insulin resistance in this animal model.
Another potential proposition for the development of systemic insulin
resistance in Ppp1r3b∆hep mice could be the elevation in chronic inflammation.
Growing evidence links a chronic, sub-acute inflammatory state to the
development of obesity and the coexisting conditions of insulin resistance.
Researchers have consistently found elevation in markers of inflammatory
responses, and it has been shown that pro-inflammatory cytokines can cause
insulin resistance, while anti-inflammatory therapies can reverse the effect,
suggesting that inflammation may directly be involved in its pathogenesis (172).
Inflammatory markers that are synthesized in the liver include C-Reactive Protein
(CRP), Plasminogen activator inhibitor-1 (PAI-1), fibrinogen, and Interleukin 6 (IL-
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6), suggesting that sub-acute inflammation in the liver secondary to steatosis
might be involved in the development of insulin resistance (138,172).
Upregulation in hepatic expression of IL-6 in Ppp1r3b∆hep mice under chronic
high-sucrose diet feeding indicates that elevated inflammatory pathway could
likely be promoting the progression to insulin resistance secondary to the hepatic
fatty acid accumulation found in this mouse model.
A final phenotype that I explored in this mouse model was the effect on
plasma lipids, as PPP1R3B genetic locus was also linked to total cholesterol,
HDL-C and LDL-C in human GWAS studies (15,17). In liver specific-Ppp1r3b
knockout mice fed high sucrose diet, a significant elevation in plasma HDL-C,
LDL-C and total cholesterol levels, and a concomitant change in the composition
in these lipid species, indicates that perhaps consequence of glycogen storage
deficiency, does promote defect in lipid metabolism, giving rise to plasma lipid
abnormalities. These concepts have also been explored in glycogen storage
disorders, such as GSD1, in which patients with a defect in the enzyme Glucose6-Phosphatase (G6PC). These patients have inability in mobilizing their hepatic
glycogen stores, and also have hepatic steatosis as a consequence, with
abnormally high plasma lipids, including VLDL-C and LDL-C, with a delayed
clearance of these species (173,174). Dyslipidemia is also frequently observed in
patients with hepatic steatosis and NAFLD, and is typically characterized by
elevated plasma triglycerides and LDL-C and decreased HDL-C (175,176). This
atherogenic dyslipidemia may confer increased risk to the development of
cardiovascular disease. In regards to HDL-cholesterol, it is now largely accepted
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that its functionality is more important than its quantity in conferring
atheroprotection (177). In that regard, although HDL exerts multiple beneficial
actions (178), in the presence of inflammation, oxidative stress and/or
dysglycemia, HDL may be transformed into dysfunctional molecules exerting proatherogenic effects (179,180). Perhaps, the changes in plasma lipid composition
in HDL fractions observed in Ppp1r3b∆hep mice could reflect this possibility. And
further, although there were no differences detected in plasma triglycerides in
Ppp1r3b∆hep mice, it is highly possible that the defect in hepatic Ppp1r3b could
promote rapid remodeling of these lipid species, that this effect could be not be
seen under steady state conditions. More comprehensive studies utilizing tracer
methods to characterize the dynamic properties of these lipid species would be
essential in further studying the alterations in plasma lipid metabolism in this
mouse model. Furthermore, crossing Ppp1r3b∆hep mice with other mice strains,
such as LDL-receptor and/or ApoE knockout mice, which are typically used for
atherogenic studies (181,182) would be of great interest to further probe this
phenotype and to study the effect of the deletion of Ppp1r3b in the development
of cardiovascular disease.
Lastly, using the mouse model of acutely overexpressing Ppp1r3b in liver
in C57BL/6J wildtype mice was an important tool for validating these phenotypes
in a reciprocal manner. In mice overexpressing liver Ppp1r3b, we showed that
hepatic fat accumulation was attenuated under chronic sucrose diet feeding, as a
result of enhanced hepatic glycogen storage. This phenomenon has been
reported in a recent study, suggesting that elevation in liver glycogen content has
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been shown to attenuate hepatic steatosis in diet-induced obese mice (89). The
authors concluded that this could be mediated through reduced food intake and
appetite in these mice. In my study, although I did not test this parameter, it is
possible that in mice overexpressing liver Ppp1r3b, this could be also be
mediated as hepatic glycogen content has been linked to liver-brain-adipose
neural axis(183). In conditions of liver glycogen shortage, such as in liver
Ppp1r3b∆hep mice, this activation in neurocircuitry, results in energy shift from
carbohydrate to fat consumption. Further studies would be essential to explore
this phenotype in comprehensive detail.
The reversal in glucose intolerance, insulin resistance, with reduction in
plasma free fatty acids, and attenuation in adipocyte physiology in mice
overexpressing liver Ppp1r3b under chronic sucrose diet feeding indicates that
enhancing hepatic glycogen storage greatly improves the metabolic profile of
these mice. And lastly, the fact that mice overexpressing liver Ppp1r3b, have
reduced plasma total cholesterol, HDL-cholesterol, and phospholipids, also
suggests that improving hepatic glycogen storage could confer improved lipid
profile, which could be of major interest to the understanding of the development
and potential protection towards cardiovascular disease. Further detailed studies
in variations on this animal model will be essential to characterize this effect.
Taken together, the two mouse models (Ppp1r3b∆hep mice and mice
overexpressing liver Ppp1r3b) represent interesting new research tools to study
the pathophysiology of insulin resistance and associated metabolic disorders
including dyslipidemia, NAFLD and Type 2 Diabetes. Glycogen synthesis is
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typically diminished in patients with Type 2 Diabetes, and may represent a critical
event in the development of the disease (61). In Ppp1r3b∆hep mice, attenuation in
liver glycogen synthesis results in pronounced impairment in insulin signaling,
leading to systemic insulin resistance, under dietary manipulation. Derangement
in hepatic glycogen metabolism is associated with altered lipid metabolism,
through redirection of fuel substrates into lipid. Enhancement of hepatic
glycogen storage pathway as shown in mice overexpressing liver Ppp1r3b
greatly improves these metabolic perturbations. The data presented here
demonstrate that adaptor proteins such as Ppp1r3b play a key permissive role in
mediating insulin action in a physiological context, and that improvement in
hepatic glycogen content through this measure could be a potential target for
pharmacological manipulation of diabetes and obesity.
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS
4.1 Metabolic disease, NAFLD, and PPP1R3B
The incidence of obesity and Type 2 diabetes both in adults and children
has reached epidemic proportions worldwide in the last several years. More than
two thirds of adults are overweight, and more than one-third of adolescent
children are obese by the age of 19 in the United States (72,184). Non-alcoholic
fatty liver disease (NAFLD) has become a major issue associated with these
metabolic disorders, representing over 75% of chronic liver diseases (184).
NAFLD is prevalent in patients of all ages, and it has been reported in children as
young as 2 years of age (185). Epidemiological studies in United States and
other countries have shown that the prevalence of this disease has nearly
doubled over the last twenty years, and this increase is even more pronounced in
adolescent populations, where the incidence have increased significantly (186188). Various ethnic populations are more at risk for developing NAFLD, likely
due to genetic variations, leading to increased predisposition (145,186). Despite
the increased prevalence of the disease, the mechanisms underlying the
pathophysiology of the development of NAFLD have not been fully elucidated.
There is a growing interest and effort among researchers and clinicians to
understand the pathogenesis of this disease in more depth, with the aim of
improving future diagnostic, preventative, and therapeutic options for the
management of NAFLD.
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NAFLD is characterized as a spectrum of histopathological stages in the
liver ranging from simple steatosis to non-alcoholic steatohepatitis (NASH).
Steatosis is first hallmark of NAFLD, and is characterized by excessive fat
accumulation in the liver, not attributable to alcohol consumption. Steatosis is
defined as the presence of hepatic lipid levels above the 95th percentile for
healthy individuals (>55mg/g liver)(73), or found in greater than 5% of
hepatocytes by histopathology (189). Although hepatic steatosis alone is not
classically considered harmful, it is now considered as one of the major factors
that promote susceptibility to progressive injury, along with oxidative
hepatocellular damage, and inflammation leading to non-alcoholic steatohepatitis
(NASH), fibrosis, cirrhosis, and hepatocellular carcinoma in a small subset of
patients(104). Moreover, the development of hepatic steatosis itself parallels the
occurrence of insulin resistance; however this correlation does not define a
causal relationship. It remains unclear whether insulin resistance or excessive fat
accumulation develops first, and whether fatty liver invariably leads to insulin
resistance. Peripheral as well as whole-body insulin resistance may cause fatty
liver by elevation in plasma free fatty acids, glucose and insulin which stimulates
lipid synthesis and impair β-oxidation in the liver.
The liver is a central organ in the body that orchestrates important
metabolic functions that comprise of 1) storage and utilization of carbohydrates
and neutral lipids, 2) hepatic glucose production to provide energy source under
prolonged fasting state to peripheral tissues 3) utilization of fatty acids as energy
source, and 4) export of fatty acids and cholesterol for delivery of these species
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to peripheral tissues for structural and energy support. Systemic homeostasis of
these major macronutrients is important for sustained health and survival.
Therefore, perturbations in these liver-mediated nutrient homeostatic processes
can lead to increased susceptibility to metabolic diseases. In NAFLD, hepatic
triglyceride (TG) accumulation is a major factor that drives its development, with
underlying causes linked to genetics and multifactorial alterations in diet, and
endocrine mediated hormonal regulation of normal organ functions in liver,
adipose tissue, skeletal muscle, and the immune system. More specifically,
accumulation of triglycerides in the liver is a consequence of dysregulation in the
catabolic and anabolic processes that maintain its steady-state equilibrium.
These mechanisms include: 1) Synthesis of TG from dietary glucose, 2)
Increased flux of free fatty acids derived from adipose tissue, which contribute to
production and storage of TG, 3) Utilization of FFA into mitochondrial β-oxidation
processes to generate energy, and 4) its export by the liver in the form of VLDL
particles. Imbalance in hepatic TG occurs when the rate at which it is
synthesized and stored exceeds the rate at which it is consumed and/or
exported.
Variations in the prevalence of NAFLD among different ethnic populations
could be in part explained by genetic differences within these individuals, which
render them more susceptible to developing the disease. Previous
epidemiological studies have shown that genetic factors account for one of the
major components for the development of NAFLD (145,186,190,191). In United
States alone, Hispanics have the highest prevalence of the disease, with 45%
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incidence rate compared to 33% among non-Hispanic whites and 24% among
African Americans (103,192). Recent efforts to elucidate these genetic
differences through large-scale genome wide studies (GWAS) in humans have
identified several variants near candidate genes that suggest their potential roles
in the increased predisposition in certain populations towards the development of
the disease. Single nucleotide polymorphisms (SNPs) near, one such genetic
locus, PPP1R3B were found to be associated with hepatic steatosis among
European and Hispanic Americans (16,17). In addition to association with
hepatic steatosis, PPP1R3B was also linked with multiple other metabolic traits
including plasma glucose, insulin, lactate, lipids and alkaline phosphatase (ALP)
levels (15,18,19,21). And more importantly, the identification of PPP1R3B as an
expression quantitative trait locus (eQTL)(15), specifically in liver, correlated with
these associations, further strengthening our speculation that modulation of
PPP1R3B expression could potentially promote these metabolic effects
observed in humans, and prompted us to further functionally validate these
associations in a mammalian system.
The aim of my dissertation was to study these GWAS-associated
metabolic implications of PPP1R3B. The studies described in this dissertation
were conducted to explore the functional consequences of these metabolic
associations with PPP1R3B in further detail, by utilization of liver-specific
Ppp1r3b loss-of function and gain-of-function mouse models. In this chapter, I
briefly discuss the major findings of this work and discuss its overarching
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implications for future research. A detailed discussion of the data has been
provided in the previous chapters.
4.2 Summary of major findings
The major goal of this dissertation work was to characterize the functional
role of hepatic PPP1R3B with respect to dictating the metabolic traits that were
associated with polymorphisms near this genetic locus in humans. To this end,
the major focus was to characterize novel mouse models of liver-specific
Ppp1r3b loss-of function and gain-of-function systems, to determine effects on
plasma glucose and lipid homeostasis and development of NAFLD upon chow
feeding as well as in a novel high sucrose diet feeding model to induce insulin
resistance. I further probed the underlying mechanisms of the actions of Ppp1r3b
in mediating carbohydrate and lipid partitioning and optimal fuel selection to
maintain systemic nutrient homeostasis. My work suggests that hepatic Ppp1r3b
is a critical regulator of liver glycogen metabolism through modulation of
glycogen synthase as well as glycogen phosphorylase activities, and
consequently, plays an important role in regulating macronutrient homeostasis in
the liver, plasma and periphery, and in the development of systemic insulin
resistance under dietary manipulations.
In Chapter 2, I elucidated the functional consequence of hepatic
PPP1R3B on hepatic glycogen metabolism, and implications in whole body
glucose homeostasis. The major findings of this study were the following: 1)
Liver-specific Ppp1r3b knockout mice (Ppp1r3b∆hep mice) had significantly
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reduced steady-state hepatic glycogen levels under feeding and acute fasting
states resulting in mild hypoglycemia. 2) In addition to the depletion in hepatic
glycogen content, the dephosphorylation and activation of hepatic glycogen
synthase (GS), a key enzyme involved in glycogen synthesis, was severely
impaired. 3) Physiological consequences of reduced hepatic glycogen stores led
to shunting of carbon source from dietary glucose into glycolysis pathway under
ad libitum fed state, with increased expression of major glycolytic enzymes in the
liver and resultant elevation in plasma lactate in Ppp1r3b∆hep mice. 4) Under
prolonged fasting states, there was an early onset of expression of genes
involved in the gluconeogenesis pathway in the liver, with increased utilization of
non-carbohydrate sources such as pyruvate to maintain plasma glucose,
indicating that liver gluconeogenesis thereby compensates for the lack of hepatic
glycogen content and presumably glycogenolysis to maintain blood glucose in
Ppp1r3b∆hep mice, 5) and there was significant elevation in plasma ketone bodies
in Ppp1r3b∆hep mice under prolonged fasting state. 6) In a reciprocal manner,
overexpressing Ppp1r3b in the liver enhances hepatic glycogen synthesis
through efficient de-phosphorylation (i.e. activation) of GS, as well as storage
presumably through inactivation of GP, and reverses these metabolic
perturbations, including protection from formation of ketone bodies under
prolonged fasting detected in Ppp1r3b∆hep mice. These findings indicate that
hepatic Ppp1r3b is a critical regulator of hepatic glycogen stores and whole-body
energy homeostasis.
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In addition to glucose, liver is a major regulatory organ for de-novo
synthesis of fatty acids or lipogenesis (DNL) and lipid-lipoprotein metabolism.
Fatty acids in the liver are used for esterification and storage into triglycerides
(TG) and are provided by three major sources: de-novo synthesis within liver,
diet, and peripherally derived: adipose tissue lipolysis being the major contributor
to plasma free fatty acid content upon fasting due to insulin mediated derepression of lipolysis. In the fed state, dietary fats in the form of TG are
transported by chylomicrons into the lymphatics. Because of their larger size, TG
particles cannot be directly absorbed across the intestinal epithelium, therefore
they are further hydrolyzed by lipases, such as lipoprotein lipases (LPL), are
reassembled and secreted into the systemic circulation and are subsequently
delivered to the peripheral tissues. Another source of fatty acids in the liver is
their derivation from dietary glucose. Glucose serves as a substrate that can be
further metabolized for DNL. Upon uptake by hepatocytes, glucose is
phosphorylated into Glucose-6-phosphate (G6P) which can be polymerized into
glycogen for energy storage, or metabolized further through the glycolysis
pathway to generate pyruvate and lactate. Pyruvate is further converted into
acetyl-coA, which is a major precursor for de novo lipogenesis. Acetyl-coA can
subsequently be converted into malonyl-CoA, which is a rate-limiting step that
commits its fate towards synthesis into fatty acids. Intracellular glucose can
activate both direct and indirect mechanisms that regulate the synthesis of fatty
acids. The indirect pathway is mediated by insulin, which is a primary hormone
that regulates DNL through activation of a transcription factor, sterol-regulatory
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element-binding protein 1 (SREBP1) (49). Insulin promotes site-1 and 2 protease
mediated cleavage of inactivated form of SREBP in the ER. Activated SREBP
translocates from the cytosol into the nucleus, and stimulates the expression of
genes involved in the lipogenesis pathway, which include Acetyl-coA carboxylase
(ACC), fatty acid synthase (FAS), stearoyl-coA desaturase (SCD1), fatty acid
elongase (ELOVL6) and mitochondrial glycerol 3-phosphate acyltransferase
(GPAT) (49). Intracellular glucose can also directly stimulate lipogenesis by
activating the transcription factor carbohydrate response element binding protein
(ChREBP). G6P and another intermediate metabolite in the Pentose Phosphate
Pathway, Xylose-5-Phospate (X5P) have been identified as allosteric regulators
of ChREBP (46,51,193). ChREBP increases de novo synthesis of free fatty
acids through the regulation of enzymes including pyruvate kinase (L-PK), FAS,
and ACC. The coordinated actions of these major transcription factors lead to
the glucose-derived regulation of FA synthesis.
In the fasting state, insulin and glucose levels drop, therefore lipogenesis
may not serve as a primary route for derivation of fatty acids. Conversely, rise in
another set of hormones that include glucagon and epinephrine promote
increase in activities of several lipases in adipose tissue including hormone
sensitive lipase (HSL) and adipose TG lipase (ATGL). These lipases mediate
hydrolysis of triglycerides and promote increase in plasma free fatty acids.
Plasma free fatty acids can then be taken up by the liver and are processed in
three ways: 1) utilization by the β-oxidation pathway for energy production 2) reesterification and storage as triglycerides in intracellular lipid droplets in
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hepatocytes, or 3) or assembly into the core of apoB100 containing pre-VLDL
particles in the lumen of the ER mediated by the actions of microsomal
triglyceride transfer protein (MTTP), and subsequent export in the form of VLDLTG particles. Fatty acids can also be incorporated to synthesize cholesterol and
phospholipids in addition to VLDL.
In Chapter 3, I delved into characterizing the role of hepatic Ppp1r3b in
fatty acid synthesis, storage into triglycerides and its metabolism, specifically
addressing its association with hepatic steatosis and plasma lipids from human
GWAS studies. As described earlier, ectopic accumulation of hepatic
triglycerides gives rise to steatosis and is a result of an imbalance in fatty acid
synthesis, utilization and secretion. A defect in four major routes in the liver could
contribute to this clinical pathology. These include: 1) Increased free fatty acid
uptake in the liver derived from adipose tissue derived plasma free fatty acids, 2)
Increased synthesis of fatty acid synthesis from dietary glucose, 3) Impaired
VLDL-TG secretion due to alterations in its assembly and/or secretion processes
by the liver, and 4) decreased capacity to utilize fatty acids for β-oxidation
pathway.
High sucrose diet feeding was used as the model to stimulate a diet
induced obesity state, and to study the metabolic phenotypes in Ppp1r3b∆hep
mice. The major findings with respect to alterations in hepatic fat from this study
are as following: 1) There was a significant increase in lipogenic gene
expression, with a concomitant increase in FAS protein levels in Ppp1r3b∆hep
mice livers. 2) There was no major difference observed in VLDL-TG secretion or
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in expression of hepatic Mttp in Ppp1r3b∆hep mice livers. 3) Liver microarray
analyses revealed gene expression pattern consistent with PPARα activation in
Ppp1r3b∆hep mice, indicating that oxidation of fat could contribute as a
compensatory mechanism to be utilized as a fuel source in the absence of
intracellular glucose storage. This finding is further corroborated by increased
formation of ketone bodies observed in Ppp1r3b∆hep mice under prolonged fasting
state. 4) Lastly, one major phenotype that was consistently observed in
Ppp1r3b∆hep mice was an elevation in plasma free fatty acids under both chow
and high sucrose diet. Further molecular studies classifying the intracellular fate
of fatty acids towards β- oxidation vs. storage and re-secretion as VLDL-TG from
primary hepatocytes isolated from Ppp1r3b∆hep mice would be of significant
importance to support the conclusion that increased FFA uptake and diminished
oxidation capacity results in their storage as hepatic TGs. It has been previously
shown that plasma free fatty acids are elevated in large, well-characterized
populations of individuals with obesity, insulin resistance, NAFLD and Type 2
Diabetes (194-196).
Another major finding from my study was that under chronic sucrose
feeding state, Ppp1r3b∆hep mice became severely glucose intolerant and insulin
resistant. These mice also had elevated plasma insulin levels upon 12 weeks on
high sucrose diet. There was also evidence of a potential defect in hepatic insulin
signaling in in Ppp1r3b∆hep mice, with a decrease in deactivation of Glycogen
Synthase Kinase 3 (GSK3) generally mediated by the major insulin-responsive
kinase, AKT. Further comprehensive analysis of other insulin signaling proteins,
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such as activation of upstream insulin receptor (IR), insulin receptor substrates
(IRS1, and IRS2) and insulin signaling in other tissues such as white adipose
tissue (WAT) and skeletal muscle would be of significant importance to support
this conclusion. Data supporting insulin resistance in extrahepatic tissues was
generated in white adipose tissue isolated from Ppp1r3b∆hep mice. I showed that
there was an increase in the WAT organ weight, which led to a rise in body
weight gain under chronic sucrose feeding for 12 weeks. Further characterization
of the adipocytes demonstrated that there was a possible increase in its cellular
size in Ppp1r3b∆hep mice by morphological analysis. Plasma leptin levels were
also significantly increased, consistent with the increased adipose tissue mass.
Molecular studies showing increased cellular lipolysis in adipocytes isolated from
Ppp1r3b∆hep mice would further corroborate this conclusion. Collectively, these
findings indicate that hyperinsulinemia combined with defective hepatic and
extrahepatic insulin signaling, likely leads to hepatic and systemic insulin
resistance in these mice, paralleling ectopic fatty acid accumulation in liver.
Although not tested in this research work, studying the intramyocellular lipid
content in skeletal muscle would be highly relevant, supporting the conclusion of
development of systemic insulin resistance in this mouse model.
Hepatic insulin resistance is also associated with inflammation, which is a
primary marker that defines the progression from steatosis to the state of nonalcoholic steatohepatitis (NASH) in NAFLD patients (197). Commonly implicated
inflammatory cytokines in this process are tumor necrosis fact alpha (TNFα), and
Interleukin-6 (IL-6), both of which have been highly correlated to development of
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insulin resistance, diabetes, and fatty liver in both animals and humans
(71,139,140,198). In this study, expression of IL-6 in liver was significantly
increased in Ppp1r3b∆hep mice. More specific studies revealing other markers of
inflammation, with that of any evidence of oxidative liver damage would be of
high relevance and importance to support this finding in this animal model.
In Chapter 3, another major phenotype that I characterized in Ppp1r3b∆hep
mice was an elevation in plasma lipids, which include: HDL, non-HDL, total
cholesterol and phospholipids. This finding was consistent with the human
GWAS association of this locus, further validating our hypothesis that expression
of PPP1R3B modulated plasma lipids. It is well studied that hepatic
steatosis/NAFLD and insulin resistance are often closely linked to dysregulation
in plasma lipids, resulting in dyslipidemia, and are associated with increased risk
for cardiovascular diseases (101,176). In our mouse model, the elevation in
these lipid species was also associated with a difference observed in the
composition of these particles. This was supported by the elevation in
appearance of different lipoproteins (ApoE, ApoA1, ApoB) in the lipid fractions in
plasma from Ppp1r3b∆hep mice. Our interpretation of the data was that there is a
potential difference in the size of these lipid particles in Ppp1r3b∆hep mice
compared to the control group, perhaps suggestive of larger HDL or smaller LDL
particles, which are known to be found in patients with NAFLD (180). The
characterization of functional properties of these lipid species should be focused
for further detailed studies, and would of significant importance for deeper
understanding of the lipoprotein metabolism in this animal model.
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In the reciprocal overexpression animal model of Ppp1r3b in the liver, the
metabolic perturbations observed in Ppp1r3b∆hep mice were attenuated, resulting
in amelioration of the phenotypes under chronic high sucrose diet feeding states.
These findings include: 1) Reduced hepatic triglycerides, with ameliorated
hepatic glycogen storage in mice overexpressing liver Ppp1r3b. 2) Reduced
levels of plasma free fatty acids, with no differences in body weight gain and
adipose tissue mass, and reduced adipocyte cell size in mice overexpressing
liver Ppp1r3b, indicating that the enhancement of hepatic glycogen stores
significantly improved the extrahepatic metabolic impairments that lead to
dysregulated hepatic lipid metabolism, as observed in Ppp1r3b∆hep mice. 3) In
these mice, there was also a reciprocal reduction in plasma lipids, with
decreased levels of HDL cholesterol, total cholesterol and phospholipids
compared to the control group. This was also associated with the reduced HDL
peak size, which was modestly discernible from pooled plasma analysis by FPLC
from Ppp1r3b∆hep mice. 4) These mice did not have impaired glucose tolerance
and did not become insulin resistant, compared to control mice even under
chronic high sucrose diet feeding, indicating that enhancing hepatic glycogen
storage restored the systemic maintenance of glucose disposal, and functional
insulin responses in hepatic and peripheral tissues. Further detailed studies with
respect to insulin signaling in tissues and whole- body glucose and lipid
metabolism in these mice would greatly advance our understanding on the role of
hepatic Ppp1r3b in orchestrating carbohydrate and lipid metabolism in mice.
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A schematic model that brings together the role of PPP1R3B in hepatic glucose
and lipid metabolism and its systemic effects is shown in Figure 30.
To provide a broad overview of the role of hepatic Ppp1r3b in glucose and lipid
metabolism, I propose a model below based on the current findings from my
studies, with the anticipation that this work will be of future research interest for
studying these pathways in greater depth.
Figure 30: Proposed role of hepatic Ppp1r3b in carbohydrate and lipid
metabolism (Based on this research work)
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Figure 30: Proposed role of hepatic Ppp1r3b in carbohydrate and lipid metabolism: In liver Ppp1r3b
deficient model, glucose derived from dietary uptake in hepatocytes, cannot efficiently be stored into glycogen.
Carbons from glucose molecules are shunted towards the glycolysis pathway to generate two end productsPyruvate and Lactate. Lactate is secreted during ad-lib state, contributing to plasma lactate pool which can be
re-uptaken to re-generate pyruvate that can be further metabolized to synthesize fatty acids and triglycerides, in
de novo lipogenesis (DNL) pathway. DNL is driven by two primary transcription factors, SREBP1 and ChREBP,
regulated by insulin and glucose-6-phosphate respectively. Increased hepatic fat is a critical factor associated
with NAFLD, and DNL is one of the major contributors to the hepatic fat source in Ppp1r3b∆hep mice. In addition,
mice become insulin resistant and glucose intolerant. Another contribution of hepatic FA in these mice is likely
derived from increased plasma FA source from TG lipolysis in adipose tissue (due to insulin resistance), which
are taken up by the in the liver (facilitated by CD36-transporter) and re-esterified into TG. Increased FA and
insulin resistance also contributes to hepatic inflammation, as evident by increased IL-6 levels. Increased TG
availability in the liver drives alterations in assembly and secretion of VLDL, LDL and HDL/PL particles leading
to changes in plasma lipids.
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4.3 Remaining questions and future directions
In conclusion, the work in this dissertation provides a functional
characterization of hepatic Ppp1r3b and its role in hepatic glucose and lipid
metabolism. I have established that our novel liver-specific loss and gain-offunction Ppp1r3b mouse models, closely mirror the human genetics, and can be
used to further probe in-depth mechanisms underlying the metabolic phenotypes
that I report in this work.
Several questions/gaps in knowledge still remain and could be addressed
in future work. These questions include:
1) What are the mechanistic implications of perturbations of fatty acid
metabolism in liver in Ppp1r3b∆hep mice? From this work, I found that increased
dietary glucose stimulation exacerbates hepatic fat accumulation, most likely
through combination of activation of de novo lipogenesis and increased plasma
free fatty acids. Mechanisms underlying increased plasma FFA release in
Ppp1r3b∆hep mice need to be further explored in detail. In vivo tracer studies
should be performed to measure the rate of production of fatty acid synthesis and
rate of esterification of fatty acids into triglycerides using various radio-labeled
precursors (i.e- radiolabeled glucose for lipogenesis, and radiolabeled fatty acid
(palmitate/oleate) for re-esterification), under chronic sucrose diet feeding to
quantifiably measure lipogenesis and free fatty acid esterification respectively
(199,200). Moreover, ex vivo experiments to address the cellular uptake of free
fatty acids could be performed in primary hepatocytes in these mouse models
(201), to further corroborate these phenotypes. Likewise, the hepatic fatty acid
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oxidation pathway, which was not fully explored in this work, could also be
addressed using ex vivo experiments in primary hepatocytes (201). Lastly, it has
been shown that hepatic TG availability is a critical substrate-driven determinant
of the assembly of apoB100 containing VLDL-TG particles in the liver. In mouse
models of insulin resistance, loss of responsiveness to insulin together with
increased hepatic TG promotes increased VLDL-TG secretion in chronic states
(202). In Liver-insulin receptor KO mice (LIRKO), complete abrogation of hepatic
insulin signaling resulted in increased apoB secretion (203). In Ppp1r3b∆hep mice
under chronic sucrose feeding, although very modest increase were observed
with respect to hepatic VLDL-TG secretion, the limitation of this study was that it
was performed under shorter dietary exposure (4-weeks), and the relative ApoB
secretion along with hepatic TG secretion was also not tested. Perhaps, longer
exposure to dietary glucose can potentiate this phenotype, as insulin resistance
already manifests in these mice within 11 weeks on diet. Therefore, this pathway
should be further addressed by in-vivo measurement of ApoB and TG secretion
in these mice, using amino acid precursor labeling, such as [S35] methionine
which is commonly used to access ApoB secretion (203,204).
2) What are the mechanisms underlying metabolic perturbations in
extrahepatic organs in Ppp1r3b∆hep mice? From this work, it was shown that
adipocyte morphology was altered with respect to the cellular size, and in
addition, there was elevation in plasma free fatty acid levels in Ppp1r3b∆hep mice.
The next logical experiment that remains to be addressed is to measure lipolysis
from isolated adipocytes from control and Ppp1r3b∆hep mice, to test the
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hypothesis that there is increased hydrolysis of triglycerides in Ppp1r3b∆hep mice,
contributing to the increase in plasma fatty acid levels, further corroborating the
finding from this work (205). Additionally, since Ppp1r3b∆hep mice become insulin
resistant, accessing insulin signaling in adipocytes would also be relevant to
probe further mechanistic insight into how hepatic Ppp1r3b may play a role in
driving insulin insensitivity in extrahepatic tissues, Likewise; similar studies could
also be performed in skeletal muscle to access the severity of systemic insulin
resistance in Ppp1r3b∆hep mice (68,206).
3) Ppp1r3b∆hep mice become progressively more glucose intolerant over
time under chronic sucrose diet feeding conditions. Conducting whole-body
glucose utilization in combination with insulin clamp studies to characterize in
vivo glucose uptake and turnover in different tissues such as liver, skeletal
muscle and adipose tissue would also provide important insight into the
metabolic mechanisms impaired in tissues underlying the insulin insensitivity in a
more distinct and quantifiable manner (207).
4) From this research work, dyslipidemia was identified as another major
phenotype detected in Ppp1r3b∆hep mice. Mechanistic studies probing how
lipoprotein metabolism is altered remains to be further characterized. Studies to
illustrate the dynamic regulation of plasma lipoproteins in the context of
deregulated hepatic carbohydrate and lipid homeostasis in Ppp1r3b∆hep mice
would be significantly relevant, since particularly in insulin resistant states, such
as patients with NAFLD and type 2 diabetes, frequently present with distinct lipid
abnormalities, characterized by increased small dense LDL, and TG, with
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reduced HDL and/or its abnormal functionality (175,180,208). Of particular
interest would be to study how the functionality of HDL is affected, since it serves
as a protective lipid species, known to promote removal of cholesterol from
plasma and extra-hepatic tissues, by transporting it to the liver for elimination into
bile, in a process known as the reverse cholesterol transport(209). This pathway
has been shown to be impaired in patients with NAFLD, due to defect in the
capacity of HDL to recycle cellular and plasma cholesterol, largely mediated by
inflammatory responses, dysglycemia and oxidative stress (176,179,180,210). In
Ppp1r3b∆hep mice, inflammation is present as detected by increased IL-6
expression in liver, and there is a difference in composition of these lipid
particles.
In summary, we have shown through our studies that hepatic Ppp1r3b
plays a crucial role in mediating carbohydrate and lipid fuel homeostasis in the
liver, and genetic impairment in this pathway causes pathological conditions such
as NAFLD. Further research will help elucidate interesting mechanistic insights
into understanding the pathophysiology of such chronic liver diseases, with the
hope to attain novel therapeutic targets for these metabolic disorders.
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APPENDIX
STUDY: 12-week High Fat Diet Study in control and Ppp1r3b liver-specific
knockout (Ppp1r3bΔhep) mice
Figure 1: Ppp1r3bΔhep mice maintained hepatic glycogen storage deficiency
on 12 weeks of high fat diet
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Figure 1: Ppp1r3bΔhep mice maintained hepatic glycogen storage deficiency
on 12 weeks of high fat diet (A) Total body weights (n=7-10/genotype) (B)
Percent of body weight gain (n=7-10/genotype) (C) Liver glycogen levels (n=710/genotype). (ND) Not detectable (D) Plasma glucose levels (n=7-10/genotype)
(E) Protein expression of total GS, and P-GS (S641) (n=5/genotype). Four-hour
fasted livers from control and Ppp1r3b∆hep mice at 12 weeks on high fat diet
(containing 45%kcal fat) were used for these analyses. All mice were adults (2-8
months) and were age-matched within experiments. The data are expressed as
the mean + S.E. Significance was determined in all panels by unpaired Student’s
t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not significant.
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Figure 2: Liver TG in Ppp1r3b∆pp1 mice did not significantly change under
chronic high fat diet feeding

Figure 2: Liver TG in Ppp1r3b∆hep mice did not significantly change under
chronic high fat diet feeding (A) Liver triglyceride levels (n=7-10/genotype) (B)
Hepatic transcript levels of genes in the lipogenic pathway: Acaca, Fasn, and
Scd1 (n=7-10/genotype) Four-hour fasted livers from control and Ppp1r3b∆hep
mice at 12 weeks on high fat diet (containing 45%kcal fat) were used for these
analyses. All mice were adults (2-8 months) and were age-matched within
experiments. The data are expressed as the mean + S.E. Significance was
determined in all panels by unpaired Student’s t-test (*p<0.05, **p<0.005,
***p<0.0001). (n.s), not significant.
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Figure 3: Ppp1r3bΔhep mice have modest impairment in glucose and insulin
tolerance compared to control group under high fat diet on 12 weeks

Figure 3: Ppp1r3bΔhep mice have modest impairment in glucose and insulin
tolerance compared to control group under high fat diet on 12 weeks (A)
Glucose disposal capacity is measured by glucose tolerance test (GTT) in control
and Ppp1r3b∆hep mice on 8 weeks on high fat diet (n=7-10/genotype). Values are
reported as glucose levels and area under the curve (AUC) is expressed as
arbitrary units. (B) Insulin response in peripheral tissues as measured by insulin
tolerance test (ITT) in 6-hour fasted control and Ppp1r3b∆hep mice at 11 weeks on
sucrose diet (n=7-10/genotype). Values are reported as percentage of basal
glucose levels and area under the curve (AUC) is expressed as arbitrary units.
All mice were adults (2-8 months) and were age-matched within experiments.
The data are expressed as the mean + S.E. Significance was determined in all
panels by unpaired Student’s t-test (*p<0.05, **p<0.005, ***p<0.0001). (n.s), not
significant.
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Figure 4: Ppp1r3bΔhep mice did not exhibit dyslipidemia compared to
control group under chronic high fat diet feeding

Figure 4: Ppp1r3bΔhep mice did not exhibit dyslipidemia compared to
control group under chronic high fat diet feeding (A) Plasma lipids (including
total cholesterol, HDL-cholesterol, non-HDL-cholesterol, triglycerides, and
phospholipids) were measured in four-hour fasted plasma collected from control
and Ppp1r3b∆hep mice at 12 weeks on high fat diet (n=7-10/genotype). (B) Nonesterified free fatty acids (NEFA) were measured in four-hour fasted plasma
collected from control and Ppp1r3b∆hep mice at 12 weeks on high fat diet (n=710/genotype). All mice were adults (2-8 months) and were age-matched within
experiments. The data are expressed as the mean + S.E. Significance was
determined in all panels by unpaired Student’s t-test (*p<0.05, **p<0.005,
***p<0.0001). (n.s), not significant.
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