
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Glucocorticoids and Metabolic Disorders

Permalink
https://escholarship.org/uc/item/4d75g55b

Author
Chen, Tzu-Chieh

Publication Date
2016
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4d75g55b
https://escholarship.org
http://www.cdlib.org/


Glucocorticoids and Metabolic Disorders 

By 
 

Tzu-Chieh Chen  

A dissertation submitted in partial satisfaction of the Requirements  

for the degree of 

Doctor of Philosophy  

in  

Metabolic Biology  

in the 
 

Graduate Division 
 

of the 
 

University of California, Berkeley  

Committee in charge:  
Professor Jen-Chywan Wally Wang, Chair  

Professor Gary Firestone  
Professor Dale Leitman 
Professor Hei Sook Sul 

Fall 2016 





Abstract 

Glucocorticoids and Metabolic Disorders  

by 

Tzu-Chieh Chen 

Doctor of Philosophy in Metabolic Biology 

University of California, Berkeley 

Professor Jen-Chywan (Wally) Wang, Chair 

 Glucocorticoids (GC) are steroid hormones that exert necessary metabolic 
adaptation under stress, such as fasting/starvation, for the survival of mammals. To 
maintain blood glucose level during stress GC suppress insulin actions to promote 
hepatic gluconeogenesis and inhibit glucose utilization in muscle and adipose tissues. 
Chronic and/or excess GC exposure, however, leads to various metabolic disorders 
such as insulin resistance, dyslipidemia. Notably, the molecular mechanisms of GC-
induced metabolic disorders are largely unclear. In this dissertation, we focus on two 
GC primary target genes: Angptl4 and Pik3r1 to study their roles in GC induced 
physiological/metabolic changes and insulin resistance in vivo. 

 In Chapter I, we identified a Glucocorticoids-Angiopoietin-like 4- ceramide axis as 
a mechanism for GC induced hepatic insulin resistance. Under Dex treatment, wild type 
mice developed hepatic insulin resistance with high hepatic ceramide level, increased 
expression of several ceramide synthesis associated genes, and increased PP2A and 
PKCζ activity. However, all these observations can be reversed by Angptl4 depletion in 
Angptl4 null mice.  

 In Chapter II, we found that Pik3r1 plays roles in the process to recruit PKA 
toward lipid droplet for Plin1 phosphorylation. Therefore, Pik3r1 knockout does not 
impair the activation of cytosolic HSL and PKA, but does impair the phosphorylation of 
Plin1 on lipid droplet. Therefore, less phosphor-HSL (the activated HSL) can be 
recruited to lipid droplet to mediate lipolysis. As a consequence, under Dex treatment, 
with less lipolysis, the adipose tissues specific Pik3r1 knockout (AKO) mice shown 
reduced fatty liver and dyslipidemia compared to wild type mice.  

 In Chapter III, we found that the expression of Pik3r1 is regulated by GC in 
skeletal muscle in vivo. In the molecular level, the GC induced Pik3r1 expression is 
mediated by p300 induced histone H3 and H4 acetylation. In the physiological level, the 
Pik3r1 expression in muscle is important for GC induced insulin resistance. Therefore, 
muscle specific Pik3r1 knockout (MKO) mice show improved glucose tolerance under 
Dex treatment. This result is consistent with the findings in vitro using C2C12 myotubes.  
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 In total, this dissertation demonstrated that Angptl4 and Pik3r1 are two important 
genes mediating GC-induced metabolic disorders including insulin resistance, fatty liver 
and dyslipidemia. 
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Introduction!

! Over 80 years ago, the first clinical evidence demonstrated that the animal 
adrenocortical tissue extract could treat human adrenal failure [1]. Since then, 
glucocorticoids (GC) and their synthetic analogs have been widely used as potent anti-
inflammatory drugs to treat both acute and chronic inflammatory diseases such as 
asthma, inflammatory bowel disease, rheumatoid arthritis, multiple sclerosis, and 
various autoimmune diseases. Additionally, they are also used in immunosuppressive 
regimes for organ transplantation. However, prolonged and excess GC exposure could 
have significant impacts on several metabolic tissues such as liver, white adipose 
tissues, and skeletal muscles leading to severe metabolic disorders including insulin 
resistance, dyslipidemia, hypertension, osteoporosis, and muscle atrophy [2]. These 
adverse effects make GC and its relative steroid drugs a double-edged sword. 
Therefore, to improve therapeutic usage of these drugs, it is essential to study the 
mechanisms that mediate GC induced metabolic disorders.  

I.  Glucocorticoids and its molecular mechanism 

I#1.!The!regula.on!of!Glucocor.coids!availability!

 Glucocorticoids (GC, cortisol in humans and corticosterone in rodents) are 
cholesterol-derived hormones which are secreted by the adrenal glands under the 
control of hypothalamic-pituitary-adrenal (HPA) axis [3]. In the biological system, the 
secretion of GC is usually regulated by the circadian, ultradian rhythm and physiological 
stress. Upon stimulation, the hypothalamus secretes corticotropin-releasing hormone 
(CRH), which then stimulates the anterior pituitary gland to release adrenocorticotropic 
hormone (ACTH). ACTH works as an endocrine to stimulate the cortex of adrenal 
glands to synthesize and secrete GC into the blood system. Once secreted, the GC can 
be transported by corticosteroid-binding globulin in the serum. The availability of GC in 
tissues is regulated by not only the HPA axis and GC transportation but also the local 
expression of 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1) which converts the 
inert cortisone to active cortisol and 11β-HSD2 which carries out the opposite reaction 
[4]. With these, the secretion and tissue specific activity of GC are under tight control for 
proper metabolic regulation in response to alterations in physiological conditions.  
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I#2.!Molecular!mechanism!of!glucocor.coids!ac.on!

I#2#A.!Glucocor.coid!signaling!

 Glucocorticoids convey their signaling via genomic or non-genomic mechanisms. 
In the non-genomic signaling, GC bind to membrane or intracellular receptors to alter 
the amount of intracellular secondary messengers or to modulate the activity of certain 
kinases to impact cellular responses [5]. However, this dissertation will mainly focus on 
the genomic signaling as shown in Figure 1a. In the absence of GC, GR stays in an 
inactive form by forming complex with chaperone protein complex consists of several 
protein members including heat shock protein 90 (HSP90), HSP70, Immunophilins, 
FKBPs, CyP-40, P23 and others [6-8]. This chaperone protein complex traps GR in the 
cytosol and keeps the ligand-binding pocket of GR exposed. Once GC binds to LBD of 
GR, GR will undergo a transformational change, which allows it to dissociate from the 
chaperone protein complex. Then, the GC-GR complex translocates to the nucleus 
where it forms a homo-dimer, binds to the GRE, and recruits different transcription 
cofactors to modulate downstream gene expression [9]. These GR primary target genes 
then confer the physiological and pathophysiological responses of GC. 

I#2#B.!Major!players!in!glucocor.coid!signaling 

 Once GC have entered cells by simple or facilitated diffusion, at the cellular level, 
they conveys their physiological effects through the glucocorticoid receptor (GR). 
Glucocorticoid receptor, also known as NR3C1 (nuclear receptor subfamily 3, group C, 
member 1), is a type I nuclear hormone receptor. Its molecular structure, as shown in 
Figure 1b, is composed of several domains each with distinct functionalities: The N-
terminal domain (NTD) contains the transactivation function domain, AF-1 (hormone 
independent transactivation function domain-1). An additional transactivation domain, 
AF-2 (hormone independent transactivation function domain-2) was found on the C-
terminal ligand-binding domain (LBD). A relatively uncharacterized transactivation 
domain, tau2 activation domain, was found in the hinge region of GR [10]. The DNA-
binding domain (DBD) contains two alpha-helices, which form zinc-finger motifs that are 
critical for GR dimerization, recognition of the glucocorticoid response element (GRE), 
protein-nucleotide interaction, and transactivation of GR. Alternatively, the ligand-
binding domain (LBD) is in charge of ligand recognition, ligand binding and providing 
interacting surface with transcription co-regulators once it binds to ligands. The hinge 
region joins the DBD and LDB together.  
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Figure 1. Glucocorticoid receptor and glucocorticoid signaling. 

(a) Glucocorticoid signaling is shown. Upon entering the cell, glucocorticoids (GC) bind to the 
glucocorticoid receptor (GR). The GC-bound GR then dissociates from HSP90 chaperone 

protein complex, and translocate into the nucleus where it binds to the glucocorticoid response 
element (GRE). It then recruits transcription cofactors to induce the downstream gene 

expression of GC primary target genes. Its the expression of primary target genes as well as the 
potential secondary target genes that mediate the regular GC-associated physiological 

alterations and the development of GC-related adverse effects. (b) The Glucocorticoid receptor 
is structurally composed of a N-terminal domain (NTD), a DNA-binding domain (DBD), a hinge 
region, and the C-terminal ligand-binding domain (LBD). Three transactivation domains: AF-1, 
AF-2, and tau2 are embedded in the NTD, LBD, and hinge region respectively. Each of them 

can interact with several transcription cofactors as listed below each of the domains. 
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 Glucocorticoid binding regions (GBRs) are genomic segments that were 
determined via chromatin immunoprecipitation (ChIP) coupled with quantitative PCR or 
ChIP sequencing to have GR occupancy. In the GBRs, the specific glucocorticoid 
receptor binding sites are called glucocorticoid response element (GRE). The GRE is a 
genomic segment that confers the transcriptional regulatory effect of GC in# vivo by 
serving as centers for the assembly of multi-factor transcriptional regulatory complexes. 
The c lass ica l GRE has a pal indromic sequence represented as 5 ’ -
AGAACAnnnTGTTCT-3’, where the n is any nucleotide. Activated GR usually forms an 
inverted homo-dimer with each monomer binding to each half part of the palindrome 
[11, 12]. GBRs may be located far upstream or downstream of the target genes. With 
the help of transcription cofactors to provide necessary protein-protein interactions, the 
GR triggers chromatin looping or chromatin structural changes to bring together the 
GRE, the multi-factor transcriptional regulatory complex, and the promoter of GR target 
genes for GR mediated transcriptional activation or suppression [13, 14]. Interestingly, 
GC induces distinct patterns of genomic GBRs. This is in agreement with the fact that 
GC induces distinct gene expression patterns in different cell types. Regardless, not all 
GBRs have an identical GRE motif. Notably, a perfect GRE motif is rarely found in 
GBRs. Many GR target genes lack a canonical GRE. For some genes, one-half of the 
canonical palindrome is sufficient for monomeric GR to induce genetic transactivation 
[15-17]. Other GR target genes have been found to contain GBRs with degenerate but 
functional GREs [18, 19] or to have multiple copies of GREs [20]. 

 Transcription cofactors are proteins that act with nuclear hormone receptors and 
numerous DNA-binding transcription factors to modulate the rate of transcription of 
specific genes. The mechanism by which the transcription cofactors modulate gene 
transcription varies from one cofactor to another. The expression pattern of cofactors 
could differ in tissues temporally and spatially. This contributes to the differential control 
of gene expression by the same transcription factor in different tissues during 
development, differentiation, and metabolism regulation [21]. 

 Several transcription cofactors such as p160, p300/CBP, HDAC2, Hic-5, MED1, 
MED14, MED10, MED23, and the SWI/SNF complex have been found to work with GR 
to induce gene transactivation [22]. These co-activators are usually recruited via 
interaction with the AF-1, AF-2 or tau2 domain of glucocorticoid receptor [23] as listed in 
Figure 1b. Many of them serve to alter histone modification, chromatin structure, 
recruitment of RNA polymerase II basal transcription machinery or the stability of 
transcriptional machinery for transcriptional activation.  

 The p160 proteins including SRC1, SRC2/GRIP1/TIF2, and SRC3/pCIP/ACTR/
AIB-1/RAC-3/TRAM-1 [24-32] interact with the LxxLL sequence motif on the AF-2 
domain of GR [33-35]. The members of p160 proteins contain trans-activation domains 
(AD1 and AD2) that form docking sites for the recruitment of other co-activators. The 
AD1 transactivation domain of p160 family is found capable to recruit p300/CBP [36, 
37]. P300/CBP has histone acyltransferase (HAT) activity, which acetylates specific 
lysine residues within the N-terminal tail of histone H3 and histone H4. These 
acetylations neutralize the positive charge of the histone N-terminal tails and decreases 
their interaction with the negatively charged phosphate groups of DNA. As a result, the 

�4



condensed higher-order chromatin is loosened to a more relaxed chromatin structure. 
The unwinding chromatin especially at gene promoter or transcription start site is critical 
because it increases the accessibility of these genomic regions to recruit transcription 
machinery for gene transactivation. Additionally, p300/CBP also serves as a protein 
bridge or protein scaffold to connect different transcription factors/co-factors to form 
multicomponent transcriptional regulatory complex [38]. Other HAT such as GCN5, 
Tip60, and PCAF are also shown to interact and coactivate with GR. Glucocorticoid 
receptors are also shown to react with histone deacetylase 2 (HDAC2) to induce gene 
expression for some genes. On the other hand, the AD2 transactivation domain of p160 
family is associated with the recruitment of CARM1 (coactivator-associated arginine 
methyltransferase 1), which is a protein arginine methyltransferase (PRMT) that 
methylates arginine 17 on the N-terminal tail of histone H3. This methylation is 
associated with transcriptional activation. Besides, CARM1 also methylate p300/CBP to 
enhance the GR mediated gene expression [39]. CoCoA (coiled-coil coactivator) is 
another transcriptional cofactor that is recruited by p160 [40]. The C-terminal trans-
activation domain of CoCoA is essential for its coactivation function [41]. One function of 
CoCoA in transactivation is to recruit CCAR1 (cell cycle and apoptosis regulator 1) 
which is important for the recruitment of mediator complex. In other words, CCAR1 
provides a bridge to link activities of GR, p160, CoCoA to mediator complexes [42]. 
Other co-factors that can be recruited to p160 includes G9a, another histone 
methyltransferase [43], GAC63 [44], and Fli [45]. All of them are found to facilitate 
transcriptional activation.  

 Hic-5 (TGFB1I1, hydrogen peroxide-inducible clone-5) serves as an on/off switch 
for GC to regulate the transactivation of many genes. Its recruitment is mediated by 
tau2 activation domain of GR. For the GC induced genes, the major function of Hic-5 is 
to facilitate the recruitment of mediator complex. As for the suppressed genes, Hic-5 
helps to prevent the GR occupancy and chromatin remodeling. Therefore, only when 
the Hic-5 is removed, these genes can be transactivate by GC [10]. 

 MED1, MED14, MED10, and MED23 are components of the mediator complex. 
Mediator is a large, multi-components complex that provides a link to the basal 
transcription machinery for the regulation of RNA polymerase II assembly, pausing and 
elongation as well as the reorganization of chromatin architecture [46, 47]. Some 
mediator proteins physically interact with GR. For instance, MED1 and MED14 can 
directly interact with GR via the AF-2 and AF-1 domain respectively. However, others 
mediate transactivation by being recruited by other transcriptional cofactor. For 
example, CCAR1 is capable of recruiting MED10/NUT2, MED23 [48], and MED1/
TRAP220 [42]. 

 The SWI/SNF complex is an ATP-dependent nucleosome-remodeling complex 
that remodels chromatin structure to increase the accessibility of transcription factors/ 
cofactors for their binding sites [49, 50]. The SWI/SNF complex contains about 10 
BRG1-associated factor (BAF) protein components [51, 52]. The core subunit contains 
BRG1/Brm, BAF155, BAF170, BAF60, BAF47 (hSNF/Ini1) and BAF57. The BGR1 or 
Brm is the catalytic ATPase subunit. BAF155 and BAF170 exist as heterodimer or 
homodimers via a leucine zipper motif [52]. Both of them contain the SANT domain and 
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SWIRM domain as a module for histone tail binding and proline-protein interactions 
respectively [53-55]. Whereas, the BAF57 contains a proline rich region, a HMG 
domain, a NHRLI domain, and a putative coiled coil domain. The main function of 
BAF57 is to help recruit the SWI/SNF complex to the promoter for transactivation [56]. 
Several studies have shown that the expression of components of SWI/SNF complex is 
tightly controlled and coordinated [57]. SWI/SNF complex remodels nucleosome 
structure by sliding and facilitating the ejection and insertion of histone octamers [58]. 
With this, SWI/SNF complex helps to expose specific DNA regions and increase the 
accessibility for the recruitment of downstream transcription factors for gene 
transactivation.  

  

II.  Glucocorticoids and its biological functions 

 Serving as an endocrine hormone, GC is found to have impacts in a variety of 
biological processes in mammals. During fetal development, GC is required for the lung 
development and the production of many proteins important for lung function including 
surfactants, which are critical proteins to reduce the surface tension on alveoli, the 
epithelial sodium channel, the sodium/potassium ATPase, and many antioxidant 
enzymes [59]. Additionally, GC are also found to play roles in the development of 
mature adipose tissues. Disruption GC mediated transactivation by knocking down 
CCAR1 expression is found to impair the differentiation of both 3T3-L1 preadipocyte 
and mouse embryonic fibroblast to mature adipocytes [42]. In the immune system, GC 
serves as a negative regulator to suppress the host immune and inflammation 
responses. GC is capable of increasing the expression of anti-inflammatory proteins 
such as secretory leukocyte proteinase inhibitor (SLPI) [60] and mitogen-activated 
kinase phosphatase-1 (MKP-1) [61]; in the meantime, reducing the expression of pro-
inflammatory proteins such as interleukin-6 (IL-6) [62]. In addition, GR can also interfere 
the actions of NF-κB (Nuclear Factor-κB) and AP-1 (Activator Protein-1), two key 
inflammatory transcriptional regulators, via direct interaction with these proteins [63, 64]. 
In terms of suppression of immune response, GC is able to induce the apoptosis of 
immune cells and regulate T-cell development [65, 66]. Despite the functions in 
development and immunosuppression, GC also plays key roles in regulating 
metabolism. The impacts of GC on metabolism are the major focus of this dissertation. 
In the next section, the main influence of GC on metabolism will be discussed in detail. 

III.  Glucocorticoids and metabolic physiology 

III#1.!Glucocor.coids!and!lipid!homeostasis!

 Glucocorticoids are known as anabolic hormones in metabolism, which liberate 
stored energy for metabolic needs during stresses. The major impact of GC in the lipid 
metabolism in adipose tissue is to induce lipolysis [67]. Lipolysis is an enzymatic 
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process to break down the triacylglycerol (TAG), the major storage form of energy, to 
glycerol and free fatty acids. During lipolysis, TAGs are first converted to diacylglycerol 
(DAG) with the release of one free fatty acid. This conversion is mediated by adipose 
triglyceride lipase (ATGL) which may be the rate limiting enzyme for lipolysis [68]. In the 
second step, hormone sensitive lipase (HSL) will convert DAG to monoacylglycerol 
(MAG) and release another free fatty acid. HSL is found to be a regulatory pivot since its 
localization determines the onset/offset of lipolysis. In the basal status, HSL is located in 
the cytosol and has low activity. However, under stimulation, HSL will be 
phosphorylated/activated and translocate to the lipid droplet to facilitate lipolysis [69-72]. 
In the last step, MAG will then be broken down to glycerol and the third free fatty acid by 
monoacylglycerol lipase [73]. All of these released free fatty acids and glycerol can then 
be further processed and used by other tissues as energy sources [74]. 

 Several mechanisms are stated for GC mediated lipolysis. First, GC can directly 
activate the expression of ATGL and HSL [71, 75-77]. Second, GC also regulates 
lipolysis by a nongenomic mechanism, the cAMP-PKA axis [71]: to increase intracellular 
cyclic adenosine monophosphate (cAMP) level. Increased cAMP activate cAMP-
dependent protein kinase A (PKA), which phosphorylates Ser 660 and Ser 563 on HSL. 
Then, this phosphorylated HSL can translocate to lipid droplets to facilitate lipolysis [78]. 
Activated PKA can also phosphorylate perilipin1 (Plin1), a lipid droplet surface protein, 
whose phosphorylation is important for HSL translocation from cytosol to lipid droplet 
[79, 80]. Furthermore, Plink phosphorylation is also required to release comparative 
gene identification 58 (CGI-58) to cytosol to enhance the activity of ATGL [81, 82]. This 
cAMP-mediated regulation pathway can be suppressed by cAMP breakdown which is 
usually mediated by phosphodiesterase 3 B (PDE3B) [83]. Insulin, as a counterpart of 
GC in anabolic metabolism, is the major hormone that activates PDE3B through 
phosphoinositide 3-kinase (PI3 kinase)/Akt dependent or independent pathway to inhibit 
lipolysis [84, 85]. 

 Recently, Angptl4, a glucocorticoid primary target gene, is also found to play a 
role in GC induced adipose tissue lipolysis (Fig. 2) [86].# Angptl4 encodes a protein 
called Angiopoietin-like 4 (Angptl4). Angptl4 is a secreted protein whose induction can 
be up-regulated by GC. Angptl4 has two functionalities: to inhibit extracellular lipoprotein 
lipase (LPL) activity and to promote intracellular lipolysis in adipose tissues [87-89]. 
Mice lacking Angplt4 have an impaired GC-stimulated adipose tissue lipolysis with an 
improved tolerance to GC-induced hepatic steatosis and hyperlipidemia [88]. The 
receptor of Angplt4 has not been identified yet, but Angptl4 is thought to induce lipolysis  
by elevating intracellular cAMP levels to activate the cAMP-PKA axis. Angptl4 null mice 
show reduced cAMP accumulation under GC treatment. Catecholamine induced 
lipolysis (mainly via cAMP-PKA axis) is also impaired in adipocytes isolated from 
Angptl4 null mice [88]. 
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Figure 2. Glucocoritcoids-Angiopoietin-like 4 induced lipolysis. 

Glucocorticoids induces Angiopoietin-like 4 (Angptl4) expression in adipose tissues. The Angptl4 can then 
be secreted and binds to an unknown receptor which mediates the activation of adenylyl cyclase that 

converts ATP to cAMP. The accumulated cAMP activates Protein kinase A (PKA). PKC then 
phosphorylates HSL in the cytosol and the perilipin 1 (Plin1) on the lipid droplet. The former, phosphor-

HSL, then translocates to lipid droplet. Whereas the latter, phosphor-Plin1 help to dissociate GCI-58 from 
ATGL. Then, phosphor-HSL and ATGL work together to facilitate the lipolysis process to break down 

triglyceride (TG) into glycerol and free fatty acids (FAA). 

�8

Glucocorticoids 

Angptl4 

Angptl4 
Receptor

? 

ATP 
cAMP 

PKA 

HSL 

Plin1 

HSL 

P 

P 

P 

CGI-58 
ATGL 

TG 

FFA 

GR 

Angptl4 



III#2.!Glucocor.coids!and!glucose!homeostasis!

 GC play critical roles in regulating plasma glucose level. Newborn mice rely on 
GC to trigger gluconeogenesis for survival. Mice without GR will behave normally 
without stress, but will die with stress treatment. The major function of GC during stress 
conditions is to maintain the blood glucose level and preserve the glucose for important 
tissues including brain and red blood cells, which use only glucose as an energy source. 
GC achieve this goal by affecting a wide variety of biological processes in many tissues. 
In the liver, GC promote gluconeogenesis and increase glycogen storage. In skeletal 
muscle, GC reduce glucose utilization, and glycogen storage, but increase protein 
degradation. In white adipose tissues, GC reduce glucose utilization but increases 
lipolysis. In the pancreas, GC suppress insulin secretion, increase glucagon secretion, 
and induce beta cell hyperplasia. The effects of GC on glucose metabolism will be the 
major focus for this section.  

 Gluconeogenesis, which usually takes place in liver, is a process via which non-
carbohydrate gluconeogenic substrates are converted to glucose. Major gluconeogenic 
substrates during stress conditions include glycerol from adipose tissue lipolysis and 
amino acids such as alanine and glutamine from skeletal muscle protein degradation. In 
the liver, alanine can be converted to pyruvate by alanine transaminase, then to 
oxaloacetate (OAA) by pyruvate carboxylase (PC) [90, 91] in mitochondria. Also in 
mitochondria, glutamine can be converted to alpha-ketoglutarate. With several 
enzymatic reactions, alpha-ketoglutarate can also be converted into OAA. OAA can 
then be transferred to cytosol via malate-aspartate shuttle system. In the cytosol, OAA 
wi l l be converted by phosphoenolpyruvate carboxykinase (PCK1) to 
phosphoenolpyruvate (PEP) [92, 93] which then enter the gluconeogenic pathway. 
During gluconeogenesis, PEP will be converted to fructose-1,6-biphosphate (F1,6BP) 
then to fructose-6-phosphate (F6P) by fructose 1,6-bisphosphatase [94]. To generate 
glucose, F6P is catalyzed to glucose-6-phosphate (G6P). Then by glucose-6-
phosphatase (G6PC), G6P is converted to glucose [95-97]. Besides alanine and 
glutamine, metabolites that can be converted to TCA cycle intermediates can all be 
converted to OAA to enter gluconeogenesis. Glycerol enters gluconeogenesis by being 
metabolized by glycerol kinase and glycerol 3-phosphate dehydrogenase to 
dihydroxyacetone phosphate (DHAP), which will then be converted to F1,6BP and 
finally glucose as described before [98, 99]. 

 GC activates gluconeogenesis not only by increasing the supply of 
gluconeogenic precursors from adipose tissue lipolysis and skeletal muscle breakdown, 
but also by directly up-regulating genes involved in gluconeogenesis. The expression of 
PC, PCK1 [100-104], G6PC [105, 106] are all positively regulated by GC.  

 To elevate plasma glucose level, in peripheral tissues including adipose tissues 
and skeletal muscle, GC not only induces anabolic effects but also suppresses glucose 
utilization. Adipose tissues and skeletal muscle are two major tissues that execute 
insulin stimulated glucose utilization. Insulin conveys its function by binding to insulin 
receptor, which is a tyrosine kinase receptor, leading to the activation of kinase activity 
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and the phosphorylation of many downstream signaling molecules such as IRS1. Then, 
the signaling molecules further activate other important players in insulin signaling 
pathway including Akt, PI3 kinase and MAPK to stimulate many downstream events 
such as glucose uptake [107]. Under insulin stimulation, glucose transporter 4 (GLUT4), 
the insulin sensitive glucose transporter can be translocate to cell membrane to 
increase glucose uptake [108, 109]. GC is found to increase expression of GLUT4 in 
these tissues. However, the insulin induced GLUT4 translocation is suppressed in the 
presence of GC [110-114]. 

IV.  Glucocorticoids and metabolic disorders 

 Chronic elevation of GC could result in pathological outcomes known as 
Cushing’s syndrome [115]. Patients with Cushing’s syndrome are characterized by 
central obesity with thin arms and legs, high blood pressure, moon face, muscle atrophy 
and diabetes mellitus. Endogenous Cushing’s syndrome usually results from a tumor on 
the pituitary gland, which disrupts the HPA axis by increasing secretion of ACTH, which 
induces high cortisol production. This endogenous Cushing’s syndrome is also called 
Cushing’s disease. However, this disease is relatively rare among humans. Ever since 
the inception of synthetic glucocorticoids such as dexamethasone (Dex), predinisone 
and budesonide as drugs for clinical treatment, GC medication has become the most 
common cause of Cushing’s syndrome. This phenomenon is also called exogenous 
Cushing’s syndrome. Unfortunately, potent alternative medications are not available for 
many patients with diseases such as autoimmune disease and asthma. Therefore, it is  
imperative to develop improved GC medication for medical use.  

 Most pathological outcomes of excess or chronic GC exposure are results of 
over-stimulation of physiological pathways regulated by GC (Fig. 3). However, several 
studies have demonstrated that blocking key players downstream of GC could help to 
reduce GC induced pathological consequences. Therefore, understanding the 
mechanisms by which GC mediate the metabolic disorders and identifying critical 
players in the development of GC associated metabolic disorders could help developing 
better strategy to reduce the adverse effects of GC treatment. Important discoveries for 
GC induced metabolic disorders are discussed in the following sections. 
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Figure 3. Impact of glucocorticoids on physiology and potential adverse effects. 

Regular metabolic adaptation in lipid and glucose metabolisms mediated by GC are shown with blood 
arrows in three tissues including adipose tissues, skeletal muscles and liver. Read arrows shows the 

potential adverse effects of prolong or excess GC exposure.  
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IV#1.!Glucocor.coids!and!lipid!metabolism!disorders 

 By inducing lipolysis, excess or chronic GC exposure mobilizes fat from adipose 
tissues into other peripheral tissues leading to pathological outcomes such as 
dyslipidemia (high amount of TAG in blood), fatty liver, and hepatic steatosis.  

 Besides dyslipidemia, fatty liver, and hepatic steatosis, GC induced lipolysis may 
also play a role in GC induced insulin resistance. A strong association of insulin 
resistance and high circulating free fatty acid levels has been demonstrated in both 
animals and humans. A recent review demonstrates that infusion of free fatty acids 
induces insulin resistance in human subjects [116]. Inhibiting lipolysis by Acipimox is 
found to improve GC induced insulin resistance in healthy humans [117]. In obese 
diabetic and non-diabetic subjects, giving Acipimox to suppress lipolysis also improves 
resistance by enhancing insulin stimulated glucose uptake in peripheral tissues [118]. 
One hypothesis to explain the function of lipolysis in GC induced insulin resistance is 
that the released lipid metabolites from lipolysis may work as signaling molecules to 
impact whole body metabolism. Two of the lipid mediators that are found to serve this 
function are DAG and ceramide [119]. 

 In rodent systems, GC treatment is found to increase the ceramide level in liver 
and circulatory system. Suppressing ceramide synthesis by Myriocin significantly 
improves glucose intolerance and reverses insulin resistance in GC treated or obese 
rodents [120, 121]. An increasing number of studies have demonstrated that ceramide 
is involved in the development of insulin resistance [122-124]. At the molecular level, 
ceramide is found to reduce Akt phosphorylation by activating phosphatase, which de-
phosphorylate phosphor-Akt or activating PKCζ, which phosphorylate Akt on another 
residue to suppress normal Akt phosphorylation for activation [125, 126]. GC treatment 
may elevate ceramide production by increasing the supply of ceramide synthesis 
precursors from adipocyte lipolysis and inducing the expression of genes involved in 
ceramide synthesis. Hepatic expression of serine palmitoyltransferase isoform2 (SPT2) 
and ceramide synthase 1 (Cers1) is found to be induced by GC treatment [120]. 
However, the comprehensive mechanism for how GC induce insulin resistance via 
inducing adipocyte lipolysis is still not fully understood. 

 GC are mostly studied for their lipolytic effect. Many downstream adverse effects 
are also partially resulted from this lipolytic effect. However, long-term excess exposure 
is also linked to increased adiposity. Patients with Cushing’s syndrome or under 
corticosteroid treatment showed decreased muscle weight and bone mass, increased 
weight gain and visceral adiposity, with increased risk of developing type II diabetes 
[127-130]. In rodents, there is also evidence showing GC may have anabolic effects to 
increase the adipose mass as reported in humans [71, 131]. Over expression of 11β-
HSD1 in adipose tissues to increase GC action also showed increased fat accumulation 
in visceral fat depots. This observation indicated that GC may have a direct impact to 
induce these anabolic effects [132, 133]. Though the mechanism by which the GC 
switches between the catabolic effect (to increase lipolysis) and anabolic effect (to 
increase adiposity) to regulate fat contents is not well understood, the anabolic effects 
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induced by GC is believed to be mediated by several factors. First of all, the GC tend to 
increase feeding [134] and causes humans and rodents favor high-caloric foods [135, 
136]. Secondly, GC may increase fatty acid availability by increasing the lipoprotien 
lipase activity in omental fat [137]. Thirdly, GC are known to increase the amount of 
mature adipocytes by promoting the differentiation of adipose stream cells, 
preadipocytes, into mature adipocytes [138]. Forth, Dex, a synthetic GC, is shown to 
enhance insulin promoted lipogenesis [139]. Last but not least, the local expression 
level of 11β-HSD1 is reported to be higher in visceral fat depots compared to 
subcutaneous fat depots. This suggests that GC may have a greater impact in visceral 
fat depots. This observation also partially explains the differential physiological 
consequences of GC treatment in these two fat depots [140-142].  

 In total, acute and high dose GC treatment tends to induce GC mediated 
lipolysis. However, prolonged low dose GC treatment tends to eventually increase 
visceral adiposity. Though the mechanism in these observations is still unclear, in terms 
of the lipid metabolism, this dissertation will mainly focus on the former. 

IV#2.!Glucocor.coids!and!glucose!metabolism!disorders 

! Due to its critical role in regulating glucose homeostasis, excess or chronic GC 
exposure usually disrupts glucose metabolism. Patients with GC commonly develop 
hyperglycemia, a status of high blood glucose level, resulting from increased hepatic 
gluconeogenesis and decreased peripheral glucose utilization [143]. By counteracting 
insulin actions, GC also contribute to glucose intolerance and insulin resistance [144]. 
Many recent studies have examined the molecular mechanism of GC induced insulin 
resistance in a tissue specific manner in vitro and in vivo. In skeletal muscle, GC 
decrease expression of IRS-1 and increase expression of protein tyrosine phosphatase 
type 1 B (PTP1B) which counteracts insulin actions [145]. Using mouse C2C12 
myotubes as a model system, Pik3r1 is found to mediate GC mediated insulin 
resistance. Pik3r1, also known as p85α, encodes a regulatory subunit of PI3 kinase 
which is a key player in insulin signaling. PI3 kinase is composed of p110, the catalytic 
subunit, and Pik3r1. To transduce the signal, PI3 kinase is first recruited to plasma 
membrane via the interaction between SRC homology 2 (SH2) domain of Pik3r1 and 
IRS-1 on the membrane. Then, the p110 catalyzes the reaction to phosphorylate 
phosatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate 
(PIP3) [146, 147] which anchors Akt protein kinase to plasma membrane for insulin 
signaling. [146] In C2C12 myotubes, Pik3r1 is found to be a potential GC primary target 
gene. Its expression can be up-regulated by GC treatment [148]. Although Pik3r1 is a 
key component of PI3 kinase, overexpression of monomeric Pik3r1 is found to suppress 
insulin signaling by competing with Pik3r1/p110 heterodimer (functional PI3 kinase) to 
the interaction with IRS-1. In this case, overexpression of Pik3r1 suppresses insulin 
signaling and induces insulin resistance [149, 150]. In agreement, reduction of Pik3r1 
expression in C2C12 myotubes is sufficient to reduce GC induced insulin resistance 
[148]. Pik3r1 heterozygous mice have improved whole body insulin sensitivity [151, 
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152]. Additionally, patients with insulin resistance are found to have higher Pik3r1 
expression [153]. 

 Elevated blood glucose levels result in GC induced hyperglycemia and insulin 
resistance will also signal pancreatic beta cells to secrete more insulin leading to 
another pathological outcome known as hyperinsulinemia. Due to insulin resistance, the 
elevated insulin won’t be able to induce skeletal muscle or adipose tissues to uptake 
glucose. Eventually, GC will lead to beta cell hyperplasia, beta cell exhaustion and beta 
cell dysfunction leading to the development of type II diabetes [154-156]. 

V.  The goal of this dissertation 

 The goal of this dissertation is to study and expend our understanding of 
mechanisms for GC induced metabolic disorders. Here, we focus on two GC primary 
target genes: Angptl4 and Pik3r1. Angptl4 and Pik3r1 are found to be strong GC 
primary target genes in both C2C12 myotubes and 3T3-L1 adipocytes, These two 
genes are further examined in this dissertation to study their roles in GC induced 
physiological/metabolic changes and insulin resistance in vivo. 

 Previously, our lab has found that the GC induced lipolysis is impaired in Angptl4 
null mice. In Chapter I, we hypothesize that Angptl4 by regulating lipolysis may also 
work to affect the release of insulin resistance associated lipid mediators and contribute 
to GC induced insulin resistance. We test this hypothesis by performing a lipidomics 
screening. In this study, we identify a Glucocorticoids-Angiopoietin-like 4- ceramide axis 
as a mechanism for GC induced hepatic insulin resistance. 

 In Chapter II, the adipose tissue specific Pik3r1 knockout (AKO) mice were 
generated to study the function of Pik3r1 in GC regulated lipid metabolic homeostasis. 
AKO mice show impaired GC-induced-lipolysis under dexamethasone (Dex, a synthetic 
glucocorticoid) treatment. As a consequence, with less lipolysis, AKO mice show 
reduced fatty liver and dyslipidemia compared to wild type mice. In this chapter, we 
study and identify a potential mechanism that contributes to these phenotypes. 

 Pik3r1 is also found to mediate GC induced insulin resistance in C2C12 
myotubes. In the Chpater III, we further examine this observation in the animal system. 
First of all, the molecular mechanism for GC induced transactivation of Pik3r1 is studied 
in mouse gastrocnemius muscle. Next, the muscle specific Pik3r1 knockout (MKO) 
mouse system is established to test if Pik3r1 is involved in GC induced insulin 
resistance in vivo. 

 In total, I hope this dissertation has extended our understanding of GC induced 
metabolic alterations that could further help us to identify specific ways to reduce GC 
associated adverse metabolic effects and improve the therapeutic use of GC.  
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Chapter I: 

Glucocorticoid-Angiopoietin-like 4-Ceramide Axis induces insulin resistance 

 

Abstract 

 Chronic glucocorticoid (GC) exposure is associated with the development of 
insulin resistance, but the underlying mechanism has remained elusive. Here, we show 
that GC-induced insulin resistance is attenuated upon ablation of angiopoietin-like 4 
(Angptl4-/-), a GC target gene encoding a secreted protein that mediates GC inducted 
lipolysis in white adipose tissue. Through metabolomic profiling, we reveal that GC 
treatment elevates hepatic ceramide levels by inducing enzymes in the ceramide 
synthetic pathway in an Angptl4-dependent manner. Angptl4 is also required for GCs to 
stimulate activities of ceramide downstream effectors, protein phosphatase 2A and 
protein kinase ζ. We further show that inhibition of ceramide synthesis prevents GC-
induced glucose intolerance in wild type, but not in Angptl4-/- mice. Overall, our study 
demonstrates the key role of Angptl4 in GC-augmented hepatic ceramide production 
that induces whole body insulin resistance.  
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Introduction 

 Insulin resistance is a major risk factor for type 2 diabetes and cardiovascular 
diseases. Chronic and/or excess glucocorticoid (GC) exposure has long been 
associated with the development of insulin resistance [1-3]. GCs reduce insulin-
stimulated glucose utilization in skeletal muscle and white adipose tissue (WAT). GC 
exposure also suppresses insulin responsiveness in liver and potentiates 
gluconeogenesis, which is inhibited by insulin. Several mechanisms have been 
proposed to explain GC-induced insulin resistance. First, GCs have been shown to 
directly inhibit insulin signaling and insulin-stimulated glucose uptake in myotubes and 
adipocytes [4-7]. In addition, osteocalcin secreted from bone has been reported to play 
a positive role in insulin secretion and insulin sensitivity [8]. Third, the ability of GCs to 
promote lipolysis in WAT has also been associated with insulin resistance. 
Administration of acipimox, an inhibitor of WAT lipolysis, reduces GC-induced insulin 
resistance in humans [9]. Similarly, injecting nicotinic acid into male Sprague-Dawley 
rats to decrease WAT lipolysis corrects the antagonistic effects of GCs on insulin actions 
[10]. Finally, GC treatment has been shown to increase hepatic ceramide levels [11] and 
Inhibition of ceramide synthesis by a small molecular inhibitor, myriocin, compromises 
GC-induced insulin resistance [11]. Also, the ability of GCs to cause insulin resistance is 
reduced in mice lacking Des2, an enzyme in ceramide biosynthesis pathway [11].  

 The biological responses of GCs are mainly mediated by the glucocorticoid 
receptor (GR) which directly regulates its primary target genes. Therefore, to 
understand the molecular mechanism of GC-induced insulin resistance, the first step is 
to identify GR primary target genes that participated in this GC-regulated process. We 
previously identified angiopoietin-like 4 (Angptl4) as a GR primary target gene in 
hepatocytes and adipocytes [12, 13]. The Angptl4 gene encodes a secreted protein that 
promotes adipocyte lipolysis [14] and inhibits extracellular lipoprotein lipase (LPL) [15, 
16].  Mice lacking Angptl4 (Angptl4-/-) display impaired GC-induced WAT lipolysis [14]. 
Thus, Angptl4-/- mice are perfect models to study the role of WAT lipolysis in GC-
modulated metabolite changes in peripheral tissues that cause insulin resistance.  

 In this study, we analyzed the effects of GC on glucose homeostasis and insulin 
actions in Angptl4-/- mice. We also performed metabolomics in the liver and skeletal 
muscle of Angptl4+/+ (will be called as wild type, WT, mice in the rest of the manuscript) 
and Angptl4-/- mice treated with or without GC. The goal of this report is to establish 
Angptl4 as a GR primary target gene that potentially links GC-promoted WAT lipolysis to 
the changes of insulin resistance inducing metabolites in liver and/or skeletal muscle 
and to elucidate the mechanism governing this process.  
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Results 

GC-induced insulin resistance is improved in Angptl4 null mice  

 WT and Angptl4-/- mice were treated with or without dexamethasone (Dex, a 
synthetic glucocorticoid) for 7 days. Intraperitoneal glucose tolerance tests (IPGTTs) 
were then performed on these mice. In WT mice, as expected, Dex treatment induced 
glucose intolerance (Fig. 1a and 1b). While there was no difference in glucose tolerance 
between control WT and Angptl4-/- mice with Dex treatment, (Fig. 1a and 1b), upon Dex 
treatment, Angptl4-/- mice did not show glucose intolerance observed in WT mice (Fig. 
1a and 1b). After 7 days of Dex treatment, fasting plasma insulin levels were markedly 
higher in Dex-treated WT mice than those of WT and Angptl4-/- mice without Dex 
treatment as well as Dex-treated Angptl4-/- mice (Fig. 1c, 0 min). These results confirm 
that Dex treatment in mice causes insulin resistance resulting in hyperinsulinemia. More 
importantly, the observation that glucose tolerance was still impaired in Dex-treated WT 
mice despite the presence of hyperinsulinemia suggests that pancreatic islet beta cells 
were unable to compensate for insulin resistance. In control WT and Angptl4-/- mice, 
plasma insulin levels were increased 15 min after glucose administration but returned to 
basal levels within 30 min (Fig. 1c). For Dex-treated WT mice, plasma insulin levels 
were similar at all three time points we measured (Fig. 1c). Interestingly, in Dex-treated 
Angptl4-/- mice, plasma insulin levels remained elevated 30 mins after glucose 
administration (Fig. 1c). This sustained elevation of plasma insulin in Angptl4-/- mice 
presumably overcame insulin resistance, explaining the normal glucose tolerance 
observed in Dex-treated Angptl4-/- mice. This suggests that, in contrast to WT mice, 
pancreatic islet beta cells of Angptl4-/- mice were able to compensate better than WT 
mice for the presence of insulin resistance. The observation that insulin levels did not 
differ between Dex-treated Angptl4-/- and Dex-treated WT mice at the 30 min time point 
in the IPGTT, again demonstrates more severe insulin resistance in Dex-treated WT 
than in Angptl4-/- mice. 

 We assessed this hypothesis further by performing insulin tolerance test (ITTs) to 
monitor and compare the Dex effect on whole body insulin sensitivity of WT and 
Angptl4-/- mice. Dex treatment significantly worsened insulin sensitivity in WT mice (Fig. 
1 d and 1e). Angptl4-/- mice were less insulin sensitive than WT mice in the absence of 
Dex treatment (Fig. 1d and 1e). However, Dex-treatment in Angptl4-/- mice did not impair 
insulin sensitivity to the same degree as in Dex-treated WT mice, having similar insulin 
sensitivity to control WT mice (Fig. 1d and 1e). These results demonstrate that a lack of 
Angptl4 prevented the whole body insulin insensitivity induced by GC exposure.  
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Fig1.Dex-induced glucose and insulin intolerance were improved in Angptl4-/- mice.  

Male 8 weeks old WT and Angptl4-/- mice were treated with PBS or Dex via drinking water (≈0.42 mg/kg 
body weight) for 7 days. (a) On last day, mice were fasted for 16 hrs and GTT assay was performed. (b) 

Relative area under curve (AUC) for GTT results (relative to PBS-treated WT mice) was shown. Error 
bars represent S.E.M., n=5-7, *p < 0.05 (c) Plasma insulin level was measured before glucose injection (0 
time point), and 15 min and 30 min after glucose injection. Error bars represent S.E.M., n=5-7, * indicates 

significant (p < 0.05) effect of Dex (compare to PBS) at the given time point, ** indicates significant 
difference (p < 0.05) between WT Dex and Angptl4-/- Dex at the given time point, whereas *** indicates 

significant (p < 0.05) difference between time points. (d) ITT was performed as described in Methods. ITT 
result was displayed as percentage of initial plasma glucose level at different time points. (e) Relative 

AUC for ITT results (relative to PBS-treated WT mice) was shown. Error bars represent S.E.M., n=5-7, *p 
< 0.05 
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 To determine which organ contributes to the insulin sensitivity observed upon 
Angptl4 depletion, we monitored the activity of Akt in epididymal WAT (eWAT), liver, and 
gastrocnemius muscle after 10 min of insulin treatment in control- and Dex-treated WT 
and Angptl4-/- mice. Akt is known to be phosphorylated at serine 473 and threonine 308 
residues upon insulin treatment [17]. We performed immunoblotting to detect threonine 
308 phosphorylated Akt (p-Akt) as an indicator for Akt activation. In liver and 
gastrocnemius muscle of control WT mice, insulin treatment caused an increase in Akt 
phosphorylation. This effect, however, was not observed in Dex-treated WT mice (Fig. 
2a and 2b). These results demonstrate that Dex treatment prevented insulin activation 
of Akt in these two tissues. In contrast, in liver and gastrocnemius muscle of control- 
and Dex-treated Angptl4-/- mice, insulin treatment markedly increased p-Akt levels (Fig. 
2a and 2b). Thus, in the absence of Angptl4, insulin still had the ability to activate Akt in 
liver and gastrocnemius muscle even in the presence of Dex. For eWAT, insulin 
treatment increased p-Akt levels in both control- and Dex-treated WT mice, (Fig. 2c). 
Furthermore, insulin treatment also significantly elevated p-Akt levels in eWAT of control 
and Dex-treated Angptl4-/- mice (Fig. 2c). These results demonstrate that, in liver and 
skeletal muscle of WT mice, Dex treatment induced insulin resistance, which were 
substantially reversed in Angptl4-/- mice. In contrast, Dex treatment in eWAT had more 
complex effects on insulin signaling in which insulin-stimulated Akt activation was 
present both in the basal condition and upon Dex treatment. However, maximal Akt 
activation was somewhat reduced.  
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Fig. 2 Dex-induced insulin resistance in liver and gastrocnemius muscle was improved in  
Angptl4-/- mice.  

Male 8 weeks old WT and Angptl4-/- mice were treated with PBS or Dex via drinking water (≈0.42 mg/kg 
body weight) for 7 days. These mice were injected with insulin (1 unit/body weight) for 10 min and various 
tissues were then isolated. Western blot was performed to monitor the levels of p-Akt and Akt in (a) liver, 

(b) gastrocnemius muscle and (c) eWAT. The levels of Gapdh were used as an internal control. The 
intensity of bands in western blots was measured by Image J. The intensity of bands are normalized with 
Gapdh levels. The relative ratio of p-Akt vs. Akt represents the Akt activity. Error bars represent S.E.M., 

n=3-4, and *p<0.05 
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Metabolomic analysis of gastrocnemius muscle and liver in control and Dex-
treated WT and Angptl4-/- mice 

 With our observations of the differential effects of Dex in eWAT vs liver and 
muscle upon Angptl4 ablation, we hypothesized that Angptl4 is involved in GC-induced 
insulin resistance by mobilizing fatty acids from WAT that are then converted in liver and 
skeletal muscle to metabolites that can modulate insulin action. To test this model, we 
performed targeted metabolomics analyses in gastrocnemius muscle and liver of control 
and Dex–treated WT and Angptl4-/- mice. We focused on these two tissues because 
they become insulin resistant upon Dex treatment in our experimental system (Fig. 2). 
We used single reaction monitoring (SRM)-based targeted metabolomic analysis to 
quantify the levels of approximately 150 common lipid metabolites (Supplementary table 
1). We found 11 metabolites whose levels were significantly increased under Dex 
treatment in liver of WT mice, whereas 48 metabolites had reduced levels (Fig. 3a and 
Supplementary table 1). Surprisingly, none of the lipid species identified in muscle 
tissues were significantly increased after Dex treatment in WT mice, although 9 
metabolite species were reduced (Supplementary table 2). However, none of these 9 
metabolites had previously been associated with the development of insulin resistance.   

 Among the 11 metabolites whose levels were increased by Dex treatment in WT 
mouse liver, the levels of 6 of these metabolites were significantly lower in Dex-treated 
Angptl4-/- mice. These were C18:0-ceramide, C16:0-sphingosine phosphate (S1P), 
C16:0/C18:1/C16:0-triacylglycerol (TAG), C18:0/C18:1/C18:0-TAG, C18:0/C18:1-DAG, 
and C16:0/C18:1-phosphatidylethanolamine (PE) (Fig. 3b). While the levels of 
ceramides, DAG [18, 19] and S1P [20, 21] have been all positively associated with the 
development of insulin resistance, only ceramides have been linked to the GC-induced 
modulation of insulin sensitivity [11]. We therefore focused on elucidating the role of 
Angptl4 in GC-induced hepatic ceramide production and insulin resistance. 
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Fig. 3 Metabolomics analysis in liver and gastrocnemius muscle of control- and Dex-treated WT 
and Angptl4-/- mice.   

Male 8 weeks old WT and Angptl4-/- mice were treated with PBS or Dex via drinking water (≈0.42 mg/kg 
body weight) for 7 days. (a) Liver was isolated from these mice and lipids were extracted for 

metabolomics analysis. The heat map shows metabolites that are significantly altered in content (p < 
0.05) upon Dex treatment in liver of WT mice. The relative content was displayed in the heat map 

compared to WT-PBS group. Red shading on the heat map indicates higher relative levels, whereas 
green shading represents lower relative levels. (b) Six lipid metabolites that were found significantly 
elevated in Dex-treated WT mice liver but not Dex-treated Angptl4-/- mice were shown. Error bars 

represent S.E.M., n=4, and *p < 0.05  
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Activation of the hepatic ceramide synthetic program is attenuated in Angptl4-/- 
mice 

 Recent studies have shown that distinct ceramide species, defined by their fatty 
acyl chain length, can exert specific biological functions [22, 23]. Therefore, we 
expanded our initial SRM-based targeted metabolomic analysis by analyzing multiple 
ceramide species to determine whether their levels in liver were modulated by Dex 
treatment. For the 16 ceramide species we assayed, we found that their levels were 
similar between liver of control WT and Angptl4-/- mice (Fig. 4a). However, Dex 
treatment markedly elevated a series of ceramide species, including C16:0-, C18:0-, 
C20:0-, C20:2-, C20:1-, C22:1-, C22:0, C22:4-, C24:0-, C24:2- and C26:0-ceramides in 
liver of WT mice (Fig. 4a). In the liver of Dex-treated Angptl4+/+ mice, the levels of these 
ceramide species were all significantly lower, compared to control WT mice (Fig. 4a). 
C24:1-ceramides were the only species that were reduced by Dex treatment in livers of 
WT mice (Fig. 4a) with a further decrease observed in livers of Dex-treated Angptl4-/- 
mice. 

 The simplest model to explain the overall reduction of ceramide species in livers 
of Dex-treated Angptl4-/- mice compared to Dex-treated WT mice is that the stimulation 
of lipolysis by Dex in WAT is diminished in Angptl4-/- mice, which then decreases the 
availability of palmitate for hepatic ceramide synthesis. We measured the levels of 
palmitate in plasma of control and Dex-treated WT and Angptl4-/- mice. We found that 
Dex treatment for 7 days elevated plasma palmitate for approximately 50% in WT mice 
(Fig. 4b). In Dex-treated Angptl4-/- mice, plasma palmitate levels, though not statistically 
significant, were trending toward to 27% lower than those of Dex-treated WT mice 
(p=0.1, Fig. 4b). Interestingly, plasma stearic acid (C18:0-FA) levels were also 
augmented by Dex treatment in WT mice and this induction was significantly reduced in 
Dex-treated Angptl4-/- mice (Fig. 4b). Dex treatment, however, did not affect the levels of 
C18:1-, C20:4-, and C22:6-FA in WT mice (Fig. 4b). Plasma C16:0-, C18:0-, and C20:4-
FA levels were either significant or trending higher in control Angptl4-/- mice than those 
of control WT mice (Fig. 4b). These results likely reflect the higher activity of LPL in 
plasma of Angptl4-/- mice [24]. We also measured the levels of representative ceramide 
species in plasma of control and Dex-treated WT and Angptl4-/- mice. We found that the 
levels of C16:0-, C18:0- and C20:4-cermadies were increased by Dex in WT and this 
induction was attenuated in Angptl4-/- mice (Fig. 4c). 

 It is important to note that only 11 lipid species were increased by GC in livers of 
WT mice, despite the increase of fatty acid flux from WAT to liver by Dex treatment. This 
observation suggests that, in addition to increasing the availability of hepatic fatty acids, 
Dex may stimulate specific metabolic pathways that regulate ceramide synthesis. We 
therefore tested this idea by analyzing the expression of genes encoding enzymes 
involved in ceramide synthesis. We found that Spt2, Cers3, Cers4, Cers5, and Cers6, 
which are genes in the de novo ceramide synthetic pathway, were all induced by Dex 
treatment (Fig. 4d and Supplementary Figure S1). The expression of Smpd1, which 
encodes an enzyme that converts sphingomyelins to ceramides, was also augmented 
by Dex (Fig. 4d and Supplementary Figure S1). However, Dex also increased the 
expression of Sgms1, which encodes an enzyme that converts ceramides to 
sphingomyelins (Fig. 4e). Counterintuitively, the induction of Sgms1 and Smpd1 by Dex 
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promotes the bi-directional interconversion of ceramides and sphingomyelins. This 
resembles the unique effect of GC in both promoting hepatic glycogen synthesis and 
gluconeogenesis [3, 25]. Because we observed decreased levels of sphingomyelins 
upon Dex treatment (Fig. 3a), we postulated that induction of Smpd1 likely dominates 
over the Sgms1 induction by Dex. Finally, the stimulation of Sphk1 expression, a gene 
that encodes an enzyme that converts sphingosine to S1P, likely explains the 
decreased sphingosine and increased S1P levels in the livers of Dex-treated WT mice 
(Fig. 3a).    

 Interestingly, in Angptl4-/- mice, the ability of Dex to augment the expression of 
Cers3, Cers4, Cers5, Cers6, and Sphk1 was impaired, whereas the induction of Spt1, 
Spt2 and Smpd1 remained intact (Fig. 4b). The decreased expression of Sphk1 likely 
explains the reduced S1P levels in liver of Dex-treated Angptl4-/- mice compared to Dex-
treated WT mice (Fig. 3a and 3b). Overall, these results suggest that the reduction in 
ceramide production in livers of Angptl4-/- mice was due to both diminished substrate 
availability and impairment in  the induction of ceramide synthetic enzymes by Dex. To 
confirm that the gene expression changes are reflected at the protein levels, we 
performed immunoblotting for Cers5 and Cers6, as the representative enzymes in 
ceramide synthesis. Indeed, we detected the levels of these two proteins to be 
increased by Dex in livers of WT mice, but not in Angptl4-/- mice (Fig. 4f). Overall, these 
gene expression analyses were in agreement with the metabolomic results, which 
demonstrated complex effects of Dex on ceramide metabolism. 
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Fig. 4 Dex-activated hepatic ceramide synthetic program was attenuated in Angptl4-/- mice.  

Male 8 weeks old WT and Angptl4-/- mice were treated with PBS or Dex via drinking water (≈0.42 mg/kg 
body weight) for 7 days and liver was isolated from these mice. (a) The levels of 16 different ceramide 

species in liver, (b) The levels of 5 different fatty acids in plasma, (c) The levels of 4 ceramide species in 
plasma of these mice were measured. (d) The expression of genes encoding enzymes involved in 

ceramide production was monitored using qPCR. The heat map showed the relative expression level 
compared to WT-PBS group. Red shading on the heat map indicates higher expression levels, whereas 
green shading represents lower expression levels. The exact numbers of fold induction were shown in 
Supplenmetary Fig. S1. These results were from 16 mice. (e) Schematic representation of ceramide 
synthesis pathways. The genes that were induced by Dex in WT mice liver are shown as green color. 
Those were not induced by Dex are shown as light gray color. (f) The expression of Cers5 and Cers6 
proteins was monitored using western blot. The intensity of bands in western blots was measured by 

Image J. The bar graph represents average intensity of bands normalized with Gapdh levels. Error bars 
represent S.E.M., n=3-4, and *p<0.05.  
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The activation of downstream signaling effectors by ceramides is impaired in 
Dex-treated Angptl4-/- mice 

 Previous studies have shown that protein phosphatase 2A (PP2A) and protein 
kinase C ζ (PKCζ) act downstream of ceramide-initiated signaling [26, 27]. We therefore 
measured the activity of these two enzymes to further document that Dex treatment 
stimulates ceramide-initiated signaling. PP2A was immunoprecipitated from liver lysates 
using an antibody against PP2A catalytic subunit. To estimate the PP2A activity, we 
measured dephosphorylat ion of threonine-phosphopept ides using our 
immunoprecipitates. We found that Dex treatment increased PP2A activity in livers of 
WT mice (≈1.8 fold). In Angptl4-/- mice, however, the effect of Dex was markedly 
reduced (Fig. 5a). In addition, PKCζ activity was monitored based on 
autophosphorylation of threonine 560 residue of  PKCζ (p-PKCζ), which is required for 
PKCζ activation [28]. We found that autophosphorylation of T560 of PKCζ was 
increased by Dex treatment in livers of WT mice (Fig. 5b). However, in livers of Angptl4-/- 
mice, this Dex effect was markedly reduced (Fig. 5a). These results validate the concept 
that Dex treatment stimulates ceramide-initiated signaling in liver, which is impaired in 
the absence of Angptl4. 

Fig. 5 Dex treatment activated PKCζ and PP2A in liver of WT mice but not Angptl4-/- mice.  

Male 8 weeks old WT and Angptl4-/- mice were treated with PBS or Dex via drinking water (≈0.42 mg/kg 
body weight) for 7 days. (a) PP2A activity was measured in liver of these mice as described in Methods. 

The bar graph shows relative PP2A activity (to PBS-treated WT mice). Error bars represent S.E.M., 
n=3-4, and *p < 0.05. (b) The levels of p-PKCζ and PKCζ in liver of these mice were monitored by 
western blots. The intensity of bands in western blots was measured by Image J. The bar graph 

represents average intensity of bands normalized with β-actin levels. The ratio of p-PKCζ and PKCζ is an 
indicator of PKCζ activity. Error bars represent S.E.M., n=3-4, and *p<0.05. 
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The inhibition of ceramide synthesis by myriocin reduces Dex-induced insulin 
resistance in WT but not Angptl4-/- mice 

 Previous studies have shown that inhibiting ceramide synthesis by myriocin, an 
inhibitor of Spt1 and Spt2 [29], reduces Dex-induced insulin resistance. If the major role 
for Angptl4 in Dex-induced insulin resistance is to elevate hepatic ceramide production, 
we hypothesized that blocking ceramide synthesis would improve insulin sensitivity in 
Dex-treated WT but not in Dex-treated Angptl4-/- mice. Consistent with our model, we 
found that treatment with the ceramide synthase inhibitor myriocin attenuated Dex-
induced glucose intolerance in WT mice. But we did not observe this effect in DEX-
treated Angptl4-/- mice (Fig. 6a).  

 We also monitored the activity of PKCζ to validate our hypothesis that the effect 
of myriocin was mediated through ceramide generation. Indeed, in myriocin treatment, 
there was a marked decreased p-PKCζ levels in Dex-treated WT mice (Fig. 6b). These 
results confirm that myriocin treatment reduces the ceramide-initiated signaling that is 
induced by Dex. Contrastingly, in Dex-treated Angptl4-/- mice, myriocin treatment had no 
effect on p-PKCζ levels (Fig. 6b). These results are in agreement with the fact that 
myriocin did not affect glucose tolerance in Dex-treated Angptl4-/- mice (Fig. 6a).  
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Fig. 6 Myriocin improved insulin sensitivity in Dex-treated WT but not Angptl4-/- mice.  

Male 8 weeks old WT and Angptl4-/- mice were treated with Dex (≈0.42 mg/kg body weight) for 7 days. 
Myriocin (0.5 mg/kg body weight) was injected intraperitoneally into a half of mice at day 4 of the 

experiments. (a) Mice were fasted for 6 hrs and GTT was performed. (b) Western blots were performed in 
liver to monitor the levels of p-PKCζ and PKCζ. The intensity of bands in western blots was measured by 
Image J. The bar graph represents average intensity of bands normalized with β-actin levels. The ratio of 

p-PKCζ and PKCζ is an indicator of PKCζ activity. Error bars represent S.E.M., n=3-4, and *p<0.05. 
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Discussion 

 The GC’s antagonistic effect on whole body insulin sensitivity is well established. 
However, the molecular mechanisms underlying such GC effect remain to be 
elucidated. Our present studies demonstrate that Angptl4, a primary target gene of GR 
in hepatocytes and adipocytes [12], plays a key role in GC-induced insulin resistance. 
We previously reported that Angptl4, a secreted protein, is required for GC-induced 
WAT lipolysis and purified Angptl4 proteins can directly enhance lipolysis in primary 
adipocytes [14]. Here we show that Angptl4 is required for GC-induced ceramide 
production and ceramide-initiated signaling in liver. Based on these results, we propose 
that Angptl4 participates in GC-induced insulin resistance by promoting lipolysis in WAT, 
which mobilizes fatty acids that are taken up by liver for ceramide production (Fig. 7). In 
addition to promoting adipocyte lipolysis, Angptl4 also inhibits extracellular LPL [15, 16]. 
Our present studies mainly focus on the lipolytic effect of Angptl4 in GC-induced insulin 
resistance. However, we do not exclude the involvement of Angptl4’s LPL inhibitory 
effect in the regulation of insulin sensitivity. Reducing LPL activity may lead to 
hypertriglyceridemia, which could also contribute to insulin resistance.   

Fig. 7 The proposed model for the role of Angptl4 in GC-induced hepatic insulin resistance.  

GC activates the expression of Angptl4, which promotes lipolysis in WAT. Fatty acids generated from 
lipolysis serve as both precursors (palmitate) for ceramide synthesis and also signals to act with GC to 

increase the expression of Cers3-6. Ceramides subsequently activate PKCζ and PP2A, which inhibit Akt 
and result in insulin resistance.  
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 The simplest model for Angptl4 action in GC-induced insulin resistance is for the 
provision of  precursors, such as palmitate, for hepatic ceramide production, through the 
promotion of WAT lipolysis. Based on our results, Angptl4 action also provides signals 
needed for GC to activate ceramide synthetic pathways in liver: as without Angptl4, the 
ability of Dex to activate ceramide synthetic genes was attenuated (Fig. 7). Previous 
studies have shown that GC treatment increases the expression of several genes 
involved in ceramide synthesis in liver [11]. However, the mechanism governing such 
GC effect has been unknown. Chromatin immunoprecipitation sequencing (ChIP-seq) 
analysis in mouse liver identifies GR binding sites in or nearby genomic regions of 
several ceramide synthetic genes, such as Cers6, Cers3 and Spt2 [30].  However, 
whether these genes are indeed GR primary target genes would require further studies. 
In addition to the direct activation of ceramide synthetic genes by GR, another potential 
mechanism is that the fatty acids generated by Angptl4-induced lipolysis in WAT provide 
the signals to act with GC to regulate ceramide synthetic genes. Saturated fatty acids 
have been shown to activate nuclear factor κB (NFκB) to stimulate ceramide synthetic 
genes in liver [23, 31],  although GR is known to antagonize NFκB responses [32, 33]. 
Alternatively, fatty acids can serve as ligands for peroxisome proliferator activated 
receptor α and γ (PPARα and PPARγ, respectively) [34, 35]. PPARα have been shown 
to increase ceramide production in heart [36], skin [37] and trophoblasts [38], whereas 
PPARγ have been shown to promote ceramide synthesis in keratinocytes [39].  

 It is intriguing that our results show increase in a wide variety of ceramide 
species by Dex in liver. Our results are supported by the fact that Dex treatment 
increased the expression of at least 4 ceramide synthases (Cers3-6). Each ceramide 
synthase is responsible for synthesizing different species of ceramides and recent 
studies indicate that different ceramide species exert distinct physiological functions [22, 
23]. For example, the deletion of Cers6 gene in liver, which results in decreased C16:0-
ceramides levels, protected mice from high fat diet-induced insulin resistance [40]. In 
contrast, haploinsufficiency of Cers2 gene in mice were susceptible for the development 
of insulin resistance [41]. In this case, the levels of C22:0-, C24:0-, and C24:1-
ceramides were decreased, whereas the levels of C16:0-ceramides were increased in 
livers of these Cers2 heterozygous mice. The increase in Cers5 and Cers6 expression 
in liver of these mice demonstrates its contribution to the elevated C16:0-ceramide 
levels. Another study showed that increasing acid ceramidase expression in liver 
decreased the levels of C16:0- and C18:0-ceramides that are correlated to the reduction 
protein kinase c ζ (PKCζ) activity and the development of insulin resistance [42]. 
Overall, these results suggest that C16:0-ceramides negatively regulate insulin 
sensitivity. Based on our results from Cers5 and Cers6 proteins, both are responsible for 
the synthesis of C16:0-ceramides and are found in low levels in liver. However, their 
expression is markedly induced by Dex. Moreover, in addition to ceramides, our 
metabolomics studies identified other lipid metabolites, including C18:0/18:1-DAG and 
C16:0-S1P, that are increased in insulin resistance and these metabolites are 
augmented by Dex in liver. DAG levels in liver have long been associated with the 
development of insulin resistance [18, 19] and levels of C18:0/18:1-DAG are positively 
correlated with homeostatic model assessment-insulin resistance (HOMA-IR) [43]. In 
contrast, S1P has been shown to negatively regulate insulin action through S1P 
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receptor 2 (S1P2) in liver [20, 21]. The exact roles of these metabolites in GC-induced 
insulin resistance require further investigation in the future. 

 The induction of ceramide levels in liver explains the role of Angptl4 in GC-
induced hepatic insulin resistance. However, insulin resistance in gastrocnemius muscle 
was also improved in Angptl4 null mice. It is surprising that in gastrocnemius muscle 
only 9 metabolites were affected by Dex treatment and none of them have been 
previously linked to insulin sensitivity. It is possible that the metabolites modulated by 
Dex treatment to induce insulin resistance in gastrocnemius muscle were not in the list 
of target metabolomics experiments we conducted. Notably, ceramides are mainly 
associated with very low density lipoprotein (VLDL) in plasma [44] and plasma ceramide 
levels have been negatively associated with insulin sensitivity [45, 46]. Therefore, it is 
also possible that ceramides produced in liver are mobilized to gastrocnemius muscle to 
exert the inhibitory effect on insulin action [47]. This model is somewhat supported by 
our observation that plasma ceramide levels were augmented by Dex in WT but not in 
Angptl4 null mice (Fig. 4d).   

 Recent studies have shown that high fat diet causes inflammation in WAT. 
Secretion of Interleukin-6 (IL-6)  from macrophages in WAT has been shown to increase 
to promote WAT lipolysis, which in turn induces hepatic insulin resistance [48]. While the 
induction of WAT lipolysis is also involved in the development of insulin resistance by 
GC, GC exposure actually suppresses, rather than promotes, inflammation in WAT [49]. 
Thus, the GC increase in Angptl4 expression, rather than cytokines, to promote WAT 
lipolysis is the key step in GC-induced insulin resistance. However, Angptl4 alone is 
unlikely to confer the suppressive effect of GC on insulin action and a network of GC 
primary target genes likely are needed to exert GC response on whole body insulin 
sensitivity. Regardless, it is clear from our studies that Angptl4 plays a critical role in 
triggering inter-organ communication between WAT and liver, leading to the suppression 
of insulin action. Overall, these results fill an important gap in our understanding of the 
metabolic functions of GC. Furthermore, targeting Angptl4 may be a promising strategy 
to dissociate the beneficial anti-inflammatory effects of GCs from adverse effects such 
as insulin resistance.  

Materials and Methods 

Animals.   
 Angptl4-/- mice were provided  by the  laboratories  of  Andras  Nagy  (Samuel 
Lunenfeld  Research  Institute,  Mount  Sinai  Hospital)  and Jeff  Gordon  (Washington 
University) [50]. Angptl4-/- mice were generated on a mixed B6:129 Sv background. 
Angptl4+/+ mice were the littermates of Angptl4-/- mice. Male 8-12 weeks old mice were 
used in this study. Genotyping method was as described previously [50]. The Office of 
Laboratory Animal Care at the University of California, Berkeley approved all the animal 
experiments (AUP-2014-08-6617).  
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Drug Administration. 

 Male 8-week-old Angptl4+/+ and Angptl4-/- mice were treated with approximately 
0.42 mg/kg of dexamethasone (Sigma D2915) for 7 days via drinking water (0.00025 g 
of Dex/L). In myriocin experiments, myriocin (0.5 mg/kg body weight) was given to mice 
on the last 4 days of Dex treatment.  

IP Glucose Tolerance Test (IPGTT) and Insulin Tolerance Test (ITT) 

 Mice were injected with glucose (1 g/kg body weight) or insulin (1 unit/kg body 
weight, Sigma, I0516-5ML) intraperitoneally. Blood samples (one drop from tail vein) are 
obtained at 0, 30, 60, 90, 120 min time points to measure glucose levels using Blood 
Glucose meter (Contour, Bayer). Blood was also collected during different time points of 
GTT for measuring plasma insulin levels. 

Lipidomic profiling  

 Liver tissues and gastrocnemius muscle tissues were used for lipidomic profiling. 
Lipid metabolites were extracted in 4 ml of a 2:1:1 mixture of chloroform:methanol:Tris 
buffer with inclusion of internal standards C12:0 dodecylglycerol (10 nmol) and 
pentadecanoic acid (10 nmol). Organic and aqueous layers were separated by 
centrifugation at 1000 × g for 5 min and the organic layer was collected, dried down 
under N2 and dissolved in 120 µl chloroform, of which 10 µl was analyzed by both 
single-reaction monitoring (SRM)-based LC-MS/MS or untargeted LC-MS. LC 
separation was achieved with a Luna reverse-phase C5 column (50 mm × 4.6 mm with 
5 µm diameter particles, Phenomenex). Mobile phase A was composed of a 95:5 ratio of 
water:methanol, and mobile phase B consisted of 2-propanol, methanol, and water in a 
60:35:5 ratio. Solvent modifiers 0.1% formic acid with 5 mM ammonium formate and 
0.1% ammonium hydroxide were used to assist ion formation as well as to improve the 
LC resolution in both positive and negative ionization modes, respectively. The flow rate 
for each run started at 0.1 ml/min for 5 min, to alleviate backpressure associated with 
injecting chloroform. The gradient started at 0% B and increased linearly to 100% B 
over the course of 45 min with a flow rate of 0.4 ml/min, followed by an isocratic 
gradient of 100% B for 17 min at 0.5 ml/min before equilibrating for 8 min at 0% B with a 
flow rate of 0.5 ml/min. 

 MS analysis was performed with an electrospray ionization (ESI) source on an 
Agilent 6430 QQQ LC-MS/MS. The capillary voltage was set to 3.0 kV, and the 
fragmentor voltage was set to 100 V. The drying gas temperature was 350°C, the drying 
gas flow rate was 10 l/min, and the nebulizer pressure was 35 psi. Representative 
metabolites were quantified by SRM of the transition from precursor to product ions at 
associated collision energies. Data was normalized to the internal standards and also 
external standard curves of metabolite classes against the internal standards and levels 
were expressed as relative metabolite levels compared to controls. These internal 
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standards were added alongside dodecylglycerol and pentadecanoic acid in the 2:1:1 
chloroform:methanol:Tris buffer mixture.  

Western Blot.  

 The protein concentration of samples were measured using BCA protein assay 
(Thermo Scientific, 23228). Proteins (~30 µg) were mixed with 1X NuPAGE LDS 
Sample Buffer (ThermoFisher, NP0007) and 1X NuPAGE Sample Reducing Agent 
(ThermoFisher, NP0009), boiled for 5 min before applying to SDS-PAGE. Following are 
the antibodies used in this study: anti-Gapdh (Santa Cruz, sc-25778), anti-Akt (Cell 
Signaling, 9272s), anti-phosphor-Akt (Cell Signaling, 9275s), anti-Cers5 (Life 
Technologies, PA-520570), anti-Cers6 (Santa Cruz, sc-100554), anti-β-actin (Santa 
Cruz, sc-47778), anti-PKCζ (Santa Cruz, sc-216), anti-phospho-PKCζ (T410, Cell 
Signaling, 2060S). The intensity of the bands was quantified using Image J software 
(National Institute of Health) and normalized to Gapdh or β-actin. 

PP2A activity assay 

 The PP2A activity in liver lysate was detected using PP2A Immunoprecipitation 
Phosphatase Assay kit (Millipore, 17-313FR) following the manufacture’s protocol. 

Quantitative Real-Time PCR (qPCR).  

 Total RNA was isolated from liver tissues using TRIzol reagent (Invitrogen, 
15596018). Reverse transcription was performed as following: 0.5 µg of total RNA, 4 µl 
of 2.5 mM dNTP and 2 µl of 15 µM random primers (New England Biolabs, S1254S) 
were mixed at a volume of 16 µl, and incubated at 70°C for 5 min. Then, a 4 µl cocktail 
containing 25 units of Moloney Murine Leukemia Virus (M-MuLV) Reverse Transcriptase 
(New England Biolabs, M0253S), 10 units of RNasin Plus (Promega, N261B) and 2 µl of 
10x M-MuLV Reverse Transcriptase Reaction Buffer (New England Biolabs, B0253S) 
was added, and samples were incubated at 42°C for 1h and then at 95°C for 5 min.  
The cDNA was diluted and used for real-time quantitative PCR (qPCR) using the Power 
Eva qPCR SuperMix Kit (Biochain, K5057400), following manufacturer’s protocol. The 
qPCR was performed on the StepOne PCR System (Applied Biosystems) and analyzed 
with the ∆∆-Ct method, as supplied by the manufacturer (Applied Biosystems). Rpl19 
gene expression was used for internal normalization. Primer sequences used in this 
study are listed in Supplementary table 3. 
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Statistics.  
 Data are expressed as standard error of the mean (S.E.M) for each group and 
comparisons were analyzed by Student’s t test. 
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Fig.S1 Gene expression study on genes involved in ceramide metabolism.  

Male 8-week-old WT and Angptl4-/- mice were treated with PBS or Dexamethasone (≈0.417 mg/kg of 
body weight) for 7 days prior to the collection of liver. Gene expression patterns were studied by RT-

qPCR. Error bars represent S.E.M., n=3-4, and *p < 0.05  

"52

0

0.5

1

1.5

2

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Cers2

0
0.5

1
1.5

2
2.5

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Cers3

0
2
4
6
8

10

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Cers5

0

1

2

3

4

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Cers6

0

1

2

3

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Cerk

0

0.5

1

1.5

2

R
el

at
iv

e 
ex

pr
es

sio
n

Asah1

0

1

2

3

4

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Spt1

0

0.5

1

1.5

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Des1

0

1

2

3

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Smgs1

0

1

2

3

PBS

PBS

Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Ugcg

0

0.5

1

1.5

2

R
el

at
iv

e 
ex

pr
es

sio
n

Gba

0
0.5

1
1.5

2
2.5

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Sgpp1

0

1

2

3

4

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Smpd1

0
0.5

1
1.5

2
2.5

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Sphk1

WT          Angptl4-/- WT          Angptl4-/- WT          Angptl4-/- WT          Angptl4-/-

WT          Angptl4-/- WT          Angptl4-/- WT          Angptl4-/- WT          Angptl4-/-

WT          Angptl4-/- WT          Angptl4-/- WT          Angptl4-/- WT          Angptl4-/-

WT          Angptl4-/- WT          Angptl4-/- WT          Angptl4-/- WT          Angptl4-/-

*
nd

nd
*

*

*

* *
* *

nd

nd

*nd
nd

nd

nd
nd

* *
* *

nd * *

nd

nd

0

1

2

3

4

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Cers4
* *

0

1

2

3

PBS Dex PBS Dex

R
el

at
iv

e 
ex

pr
es

sio
n

Spt2

*
nd

PBS    Dex     PBS    DexPBSDex DexPBS

Fig.S1 Gene expression study on genes involved in ceramide metabolism. Male 8-week-old WT and Angptl4-/- 

mice were treated with PBS or Dexamethasone (≈0.417 mg/kg of body weight) for 7 days prior to the collection of 

liver. Gene expression patterns were studied by RT-qPCR. Error bars represent S.E.M., n=3-4, and *p < 0.05

33 



Table 1. Lipidomics data - Liver 
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Table 3. Primer List 

Primer Forward Reverse

mSpt1 TACTCAGAGACCTCCAGCTG CACCAGGGATATGCTGTCATC

mSpt2 GGAGATGCTGAAGCGGAAC GTATGAGCTGCTGACAGGCA

mCers2 GGCGCTAGAAGTGGGAAAC TCGAATGACGAGAAAGAGCA

mCers3 GCTACACCTCTAGCAAATGCAC ATCTTTCAACCTGGCGCTCT

mCers4 TGTCGTTGACGTTGAGTGAG AGCAGGCTTCACAGAATTTC

mCers5 ACACTAGCCAATCAGGGCG GCTGCACTCTCAGGCTCC

mCers6 ACAAAGCAAGATGGCAGGGA TCCGTGTTCTTCAGGTCTGC

mDes1 CACCGGTACCTCGGAGCGGA GTTTGGGATTGATGAACAGGGGT

mSgms1 CTCATGAGGCCCAACAAGAT CACCTTCTTGGGTGACCAGT

mSmpd1 GGCGAGTACAGCAAGTGTGA AAGCCATTGACAGGAGTGCT

mCerk CGGTACTGGTGTCGGAGATCA GTGAATGCGAACGGATTTTCC

mSphk1 TCCTGGAGGAGGCAGAGATA CATTAGCCCATTCACCACCT

mSgpp1 TACCCATTGGTGGACCTGAT CAGGGTATAAGCAGCGTGT

mAsah1 ATCAAAAGCTGCCTGGTATGAT TCCACCCAAGAAATATTCCAA

mUgcg GGAATGGCCTTGTTCGGCT CGGCTGTTTGTCTGTTGCC

mGba ATCTGCTTGGCTCACGAGTT TGTCGATGAAAGGGGTCTTC
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Chapter II: 

Pik3r1 is Required for Glucocorticoid-induced Perilipin 1 Phosphorylation  
in Lipid Droplet for Adipocyte Lipolysis   

Abstract 

Glucocorticoids promote lipolysis in white adipose tissue (WAT) to adapt to 
energy demands under stress, while superfluous lipolysis causes metabolic disorders, 
including dyslipidemia and hepatic steatosis. Glucocorticoid-induced lipolysis requires 
the phosphorylation of cytosolic hormone sensitive lipase (HSL) and perilipin 1 (Plin1) in 
the lipid droplet by protein kinase A (PKA). We previously identified Pik3r1 (a.k.a. p85α) 
as a glucocorticoid receptor target gene. Here, we found that glucocorticoids increased 
HSL phosphorylation, but not Plin1 phosphorylation in adipose tissue-specific Pik3r1-
null (AKO) mice. Furthermore, in lipid droplets, glucocorticoid-increased phospho-HSL, 
and catalytic and regulatory subunits of PKA were attenuated in AKO mice. In 
agreement with reduced WAT lipolysis, glucocorticoid-initiated hepatic steatosis and 
hypertriglyceridemia were improved in AKO mice. Our data demonstrated a novel role of 
Pik3r1, independent of its regulatory function of phosphoinositide 3-kinase, in mediating 
the metabolic action of glucocorticoids. The inhibition of Pik3r1 may alleviate lipid 
disorders caused by excess glucocorticoid exposure.   
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Introduction 

  

Endogenous glucocorticoids (GC) are steroid hormones released from the 
adrenal gland in response to stress signals. During fasting, GC promote lipolysis in 
white adipose tissue (WAT), where triglycerides (TG) are hydrolyzed to glycerol and 
fatty acids as energy fuels. Glycerol serves as a precursor for hepatic gluconeogenesis, 
whereas mobilized fatty acids are oxidized in energy-requiring tissues to produce ATP. 
However, prolonged GC exposure results in dyslipidemia, hepatic steatosis, and insulin 
resistance [1-3]. While exogenous GC are frequently prescribed as effective anti-
inflammatory agents, their actions in metabolic tissues pose a therapeutic conundrum 
[4].  

GC relay their message through the intracellular GC receptor (GR), which is a 
transcription factor. GC-induced adipocyte lipolysis requires de novo protein synthesis  
[5-7], which is consistent with the concept that GR exerts its main function through 
modulating gene expression. Several mechanisms are documented: first, GC increase 
the transcription of genes encoding lipolytic enzymes, including adipose triglyceride 
lipase (ATGL, a.k.a. desnutrin) and hormone sensitive lipase (HSL) [7-9]. ATGL 
catalyzes the hydrolysis of TG to diacylglycerol (DAG), whereas HSL hydrolyzes DAG to 
monoacylglycerol (MAG) [10, 11]. Second, GC elevate the levels of cyclic AMP (cAMP)  
[12-15], which activates protein kinase A (PKA). PKA phosphorylates HSL in the cytosol 
and perilipin 1 (Plin1) on lipid droplets [10, 11]. Phosphorylated HSL (pHSL) are 
mobilized to lipid droplets and associate with phosphorylated Plin1 (pPlin1) [16-18]. This 
anchoring of pHSL to lipid droplet is critical, since TG are stored within lipid droplets. 
Upon phosphorylation of Plin1, the interaction between Plin1 and CGI-58 is disrupted, 
which allows the activation of ATGL by CGI-58 [11, 19, 20]. Third, GC decrease the 
expression of Akt [21] and cAMP phosphodiesterase 3B (PDE3B) to augment cAMP 
levels [13]. Fourth, GC induce the transcription of Angiopoietin-like 4 (Angptl4) [22], 
which encodes a secreted protein that activates cAMP-PKA signaling in adipocytes to 
stimulate lipolysis [14]. Overall, we propose that GC promote WAT lipolysis through a 
network of GR primary target genes, including ATGL, HSL and Angptl4, most of which 
remain to be discovered. 

We identified Pik3r1 (a.k.a. p85α) as a GR primary target gene in both 
adipocytes and myotubes with RNA profiling and chromatin immunoprecipitation 
sequencing (ChIPseq) analysis [9, 23]. Pik3r1 encodes a regulatory subunit of 
phosphoinositide 3-kinase (PI3K). Overexpression of Pik3r1 reduces insulin signaling in 
myotubes and hepatocytes [23-26]. Monomeric Pik3r1 competes with heterodimeric 
PI3K, which composes of Pik3r1 and p110 (the catalytic subunit of PI3K), for the binding 
to insulin receptor substrate-1 (IRS-1) [27, 28]. Since Pik3r1 lacks the catalytic capacity, 
insulin signaling is attenuated. Alternatively, Pik3r1 can potentiate phosphatase and 
tensin homolog (PTEN) to inhibit PI3K [29, 30]. These data illustrated that increased 
Pik3r1 is negatively associates with insulin sensitivity.   
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In adipocytes, insulin suppresses lipolysis partly through PI3K-Atk-PDE3B 
pathway to decrease the levels of cAMP [31-33]. Therefore, GC-induced, excess Pik3r1 
could attenuate insulin signaling and in turn promote lipolysis. To investigate the role of 
Pik3r1 in lipolysis, we generated adipose tissue-specific Pik3r1 knockout (AKO) mice. 
Surprisingly, lack of Pik3r1 did not attenuate PI3K-Atk-PDE3B pathway. Instead, we 
found that the levels of pPlin1 were significantly decreased in inguinal and epididymal 
WAT of AKO mice in response to GC. Furthermore, in lipid droplets of WT mice, 
subunits of PKA were increased by GC treatment. However, this action was abolished in 
AKO mice. Moreover, pHSL levels in lipid droplets were augmented by Dex in WT mice, 
and this effect was not seen in AKO mice. Finally, Dex-induced hepatic steatosis and 
hypertriglyceridemia were dramatically improved in AKO mice. In summary, we have 
shown that Pik3r1 mediates the metabolic actions of GC in WAT. Our data underscore 
the possibility that antagonists of WAT Pik3r1 may improve the adverse effects of GC 
therapeutics.   
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Results 

Dex treatment increased Pik3r1 protein in WAT depots 

We have previously identified Pik3r1 as a GC primary target genes in 3T3-L1 
adipocytes, and here we examined whether GC induces Pik3r1 protein levels in vivo. 
Dexamethasone (Dex), a synthetic glucocorticoid, was administered intraperitoneally for 
1, 4, or 7 days in floxed Pik3r1 mice [34] (Pik3r1 flox/flox, referred to as WT) mice. 
Compared to PBS injection, Dex treatment increased the levels of Pik3r1 protein as 
soon as in 1 day by 2-fold, in both inguinal (iWAT, Fig. 1a) and epididymal white adipose 
tissues (eWAT, Fig. 2b). By the end of 7 days, Dex elevated Pik3r1 protein levels by 
approximately 3-fold in both adipose depots (Fig. 1a and 1b). These results 
demonstrated that GC increases Pik3r1 protein expression in iWAT and eWAT in vivo.     

To study the role of Pik3r1 in GC-promoted lipolysis, we generated adipose 
tissue-specific Pik3r1-null mice with AdipoQ-Cre [35] and floxed Pik3r1 mice [34] and 
termed AKO mice for simplicity. To confirm the knockout efficiency and tissue specificity, 
we isolated iWAT, eWAT, liver, and gastrocnemius muscle (GA) from 8-week old AKO 
mice and control littermates. Immunoblotting showed total ablation of Pik3r1 protein in 
iWAT and eWAT from AKO mice, while their expressions are present in both depots 
from WT mice (Fig. 1c). Furthermore, Pik3r1 expressions are intact in the liver and 
gastrocnemius muscle of AKO mice (Fig. 1d). These data demonstrated extremely high 
efficiency and specificity for the knockout line. Importantly, AKO mice showed no gross 
phenotype and maintained a similar body weight to their control littermates (Fig. 1e). 

!  98



 
Fig. 1. Dex induced Pik3r1 protein expression in iWAT and eWAT.  

(a-b) Eight-week old male WT mice were injected intraperitoneally with control PBS or Dex (5mg/kg body 
weight) for 1-, 4- or 7- day. Pik3r1 protein expression was measured with immunobloting in (a) iWAT and 
(b) eWAT, and normalized to internal control Gapdh. Representative immunoblots are shown (n=3). Error 

bars represent the S.E.M. of relative Pik3r1 expression level (Dex vs. PBS), and *p < 0.05. (c-d) In 8-
week old male WT and AKO mice, Pik3r1 expressions were examined in (c) iWAT and eWAT, and (d) 

gastrocnemius (GA) muscle and liver. (e) Body weight of WT and AKO mice were monitored from age of 5 
to 13 week, and n=6. Error bars represent the S.E.M., and *p < 0.05. 
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Dex-induced WAT lipolysis was absent in AKO mice 

We hypothesize that Pik3r1 mediates Dex-induced lipolysis in iWAT and eWAT. 
We injected a single dose of Dex or control PBS in AKO and WT mice. After 24 h, 
glycerol release from isolated iWAT and eWAT was measured. The amount of released 
glycerol indicates the degree of lipolysis. In WT mice, Dex induces glycerol release in 
both iWAT and eWAT explants (Fig. 2a and 2b). In contrast, in AKO mice, the Dex-
stimulated glycerol release was absent (Fig. 2a and 2b). Furthermore, we also 
measured the levels of plasma free fatty acid (FFA), the other product of lipolysis. 
Plasma FFA levels were increased in Dex-treated WT mice (Fig. 2c). However, Dex 
failed to elevate plasma FFA in AKO mice (Fig. 2c). These results illustrated that Pik3r1 
is required for Dex-initiated WAT lipolysis.  

 

Fig. 2. Dex stimulated WAT lipolysis was abolished in AKO mice. 
Eight-week old male WT and AKO mice were administered PBS or Dex (10mg/kg body weight) for 24 h. 
(a-b) glycerol release was measured from (a) iWAT and (b) eWAT explants. (c) The levels of serum free 

fatty acids were measured. Error bars represent S.E.M., n=7, and *p < 0.05. 

!  100

0

0.05

0.1

0.15

WT AKO

G
lyc

er
ol

 (μ
M

 / 
m

g 
pr

ot
ei

n)

iWAT

PBS
Dex*

0

0.05

0.1

0.15

0.2

WT KO

G
lyc

er
ol

 (μ
M

 / 
m

g 
pr

ot
ei

n)

eWAT

PBS
Dex*

a b

0

0.5

1

1.5

2

2.5

WT AKO

Se
ru

m
 F

FA
 (n

m
ol

/μ
l)

PBS
Dex

c
*

   WT                     AKOA



Dex-stimulated ATGL expression was unaffected in AKO mice 

To understand the mechanism of impaired Dex-induced WAT lipolysis in the 
absence of Pik3r1, we first examined ATGL, the rate-controlling enzyme in lipolysis. 
Previous studies have shown that the expression of ATGL was highly induced by GC [8, 
9]. To examine if Dex-increased ATGL expression was affected in the absence of Pik3r1, 
we treated AKO and WT mice with Dex or PBS for 24 h and performed protein 
expression analysis. Consistent with previous reports, Dex-elevated ATGL protein levels 
in iWAT and eWAT of WT mice (Fig. 3). Notably, the absence of Pik3r1 did not affect the 
ability of Dex to elevate the expression of ATGL (Fig. 3). 

 

Fig. 3. Dex increased ATGL protein expression in WT and AKO mice. 
Eight-week old male WT and AKO mice were administered PBS or Dex (10mg/kg body weight) for 24 h. 

In both iWAT and eWAT, the expression of ATGL was monitored in by immunoblots. Representative result 
from three independent experiments is shown. Bar graphs show the average intensity of bands. Gapdh 

was used as an internal control. Error bars represent S.E.M., and *p < 0.05. 
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Dex induced the phosphorylation of HSL but not Plin1 in AKO mice 

A second mechanism in which GC induces lipolysis is through phosphorylation of 
HSL and Plin1 indirectly, and we tested whether Pik3r1 was required in this process. 
HSL and Plin1 are phosphorylated by PKA, at serine 660 for HSL [36] and serine 492 
for Plin1 [37]. In iWAT and eWAT, the levels of total HSL showed an upward trend in WT 
and AKO mice treated with Dex, but did not reach statistical significance (Fig. 4a and 
4b). In contrast, phosphorylated HSL levels were increased by Dex in iWAT and eWAT 
from WT and AKO mice (Fig. 4c). These data showed that lack of Pik3r1 did not affect 
Dex-increased pHSL levels.  

In both adipose depots, the levels of total Plin1 displayed similar levels in WT 
and AKO mice treated with Dex (Fig. 4d and 4e). Dex increased pPlin1 in WT mice, but 
failed to do so in AKO mice (Fig. 4f). Thus, Pik3r1 is essential for Dex to induce 
phosphorylation of Plin1. Since Plin1 localized to lipid droplets while HSL resides in the 
cytosol, it suggests that the impaired PKA phosphorylation is cellular compartment-
specific. 
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Fig. 4. Dex effects on HSL and Plin1 phosphorylation in WT and AKO mice.  
Eight-week old male WT and AKO mice were administered PBS or Dex (10mg/kg body weight) for 24 h. 
(a) In iWAT and eWAT, HSL and pHSL levels are displayed in immunoblots, and Gapdh was used as an 

internal control. (b) Bar graphs show normalized total HSL protein levels. (c) Bar graphs illustrate 
normalized pHSL protein levels. (d) In iWAT and eWAT, Plin1 and pPlin1 levels are displayed in 

immunoblots, and Gapdh was used as an internal control. (e) Bar graphs show normalized total Plin1 
protein levels. (f) Bar graphs illustrate normalized pPlin1 protein levels. Error bars represent S.E.M., n=3, 

and *p < 0.05. 
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Pik3r1 is dispensable in Dex-modulated Akt and PDE activities 

Insulin suppresses WAT lipolysis in part through PI3K-Akt-PDE3B pathway, 
through inducing the degradation of the secondary messenger cAMP which is critical for 
the PKA activation. In iWAT depot, total Akt protein levels were decreased by Dex in WT 
mice, but upregulated by Dex in AKO mice (Fig. 5a and 5b). In contrast, no difference 
was observed in eWAT depot (Fig. 5a and 5b). It suggested that GC exert a depot-
specific effect on total Akt protein expression. 

Because Pik3r1 serves as the regulatory unit of PI3K, the absence of Pik3r1 
could lead to inhibition of Akt signaling. The phosphorylation status of Akt at serine 308 
[38] was assessed. In both iWAT and eWAT, Dex-induced phosphorylation of Akt 
displayed the same trend in WT and AKO mice (Fig. 5c). The results proved that PI3K-
Akt signaling is intact in Pik3r1-null mice, likely due to the redundant function of Pik3r2. 

We further examined PDE activities. Compared to control-treated WT mice, 
control-treated AKO and Dex-treated WT and AKO mice all showed increased PDE 
activities in iWAT depot. In eWAT depot, only Dex-treated WT mice showed significant 
PDE activity induction. Although the elevation of control- and Dex-treated eWAT in AKO 
mice did not reach statistical significance, the upward trend demonstrated that their 
PDE signaling was unchanged.  

It was to our surprise that Dex treatment increased PDE activities, since GC has 
been shown to antagonize insulin signaling in adipocytes [22, 39-42]. Moreover, GC-
induced excess Pik3r1 did not inhibit Akt and PDE activities. Notably, treatment of GC in 
vivo causes hyperinsulinemia, which could explain the elevated PDE activities. To 
examine, we measured the plasma insulin in Dex-treated WT and AKO mice. Indeed, 
we found that Dex increased insulin levels in WT mice, and a similar upward trend was 
observed in AKO mice (Fig. 5e). These data demonstrated that PI3K-Akt-PDE3B 
pathway was intact even in the absence of Pik3r1. Thus, Dex-induced PKA signaling 
was independent of PI3K-Akt-PDE3B pathway. 
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Fig. 5. Dex actions on Akt and PDE activities are intact in the absence of Pik3r1 

Eight-week old male WT and AKO mice were administered PBS or Dex (10mg/kg body weight) for 24 h. 
(a) In iWAT and eWAT, Akt and pAkt levels are displayed in immunoblots, and Gapdh was used as an 

internal control. (b) Bar graphs show normalized total Akt protein levels. (c) Bar graphs illustrate 
normalized pAkt protein levels. (d) In iWAT and eWAT, PDE activities are normalized to PBS-treated WT 

mice. (e) Plasma insulin levels were measured. Error bars represent S.E.M., n=6, and *p < 0.05. 
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In the lipid droplets, Dex-increased pHSL and subunits of PKA was attenuate in 
AKO mice 

We further explored the mechanism of compromised Dex-induced Plin1 
phosphorylation in the absence of Pik3r1 in the lipid droplet, and proposed three 
scenarios. First, the amount of PKA in lipid droplet could be reduced. Second, the levels 
of lipid droplet A kinase anchoring protein (AKAP), optic atrophy 1 (OPA1) [43], could be 
decreased resulting in less anchored PKA in lipid droplets. Third, phosphorylated Plin1 
could be de-phosphorylated more rapidly. We isolated lipid droplets from eWAT from 
control- or Dex-treated WT and AKO mice and tested these possibilities. 

Pik3r1 is present in lipid droplets in WT but not AKO mice. Interestingly, Dex did 
not modulate Pik3r1 protein levels in these lipid droplets (Fig. 6a). In contrast, Dex 
induced HSL phosphorylation in WT, and this effect was abolished in AKO mice (Fig. 
6b). Furthermore, Dex increased the levels of PKA catalytic and regulatory RIIβ subunit 
in lipid droplets of WT but not AKO mice (Fig. 6c and 6d). OPA1, however, showed no 
difference between WT and AKO mice. Protein Phosphatase 1 (PP1) de-phosphorylates 
lipid droplet-anchored Plin1 [44], and similar levels of PP1 were detected in WT and 
AKO mice. It eliminates the possibility of rapid de-phosphorylation of Plin1. To test if 
Dex generally increases PKA levels, we monitored different subunits of PKA in whole 
cell lysates of eWAT from WT and AKO mice treated with Dex, and no difference was 
found (Fig. 6e, 6f and 6g). Overall, these results indicated that Pik3r1 is indispensable 
for Dex-induced pHSL and PKA levels in lipid droplets. 
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Fig. 6. In lipid droplets, Dex induced the levels of pHSL and subunits of PKA in WT but not AKO 
mice.  

Eight-week old male WT and AKO mice were administered PBS or Dex (10mg/kg body weight) for 24 h. 
(a-d) Lipid droplets were isolated from eWAT. (a) Immunoblots display the levels of Pik3r1, pHSL, 

regulatory subunits of PKA (PKA-RIa and PKA-RIIb), catalytic subunit of PKA (PKA-cat), Optic Atrophy 1 
(OPA1), protein phosphatase 1 (PP1), and lipid droplet internal control Ubxd8. (b) Bar graphs show 
normalized pHSL protein levels. (c) Bar graphs illustrate normalized PKA-RIIb protein levels. (d) Bar 

graphs demonstrate normalized PKA-RIa protein levels. (e-g) Whole cell lysate collected from eWAT. (e) 
Immunoblots display the levels of PKA-RIa, PKA-RIIb, PKA-cat and internal control Gapdh. (f) Bar graphs 

illustrate normalized PKA-RIIb protein levels. (g) Bar graphs demonstrate normalized PKA-RIa protein 
levels. Error bars represent S.E.M., n=3, and *p < 0.05. 
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AKO mice were protected by Dex-induced hepatic steatosis and 
hypertriglyceridemia 

Superfluous adipose tissue lipolysis caused by GC can result in excess lipid 
mobilization from WAT to liver, leading to hepatic steatosis and hypertriglyceridemia. We 
explored the possibility that Pik3r1 ablation can relieve GC-induced symptoms. Dex was 
administered to WT and AKO mice for 4 days, and their plasma and hepatic TG levels 
were measured. Similar levels of hepatic TG were found in control-treated WT and AKO 
mice (Fig. 7a). Dex stimulated hepatic TG levels by 10-fold in WT mice (Fig. 7a). 
Markedly, this adverse Dex effect was reduced to only 2-fold in AKO mice (Fig. 7a). For 
plasma TG, their levels were similar between control-treated WT and AKO mice (Fig. 
7b). In WT mice, Dex increased their plasma TG levels by 2-fold (Fig. 7b). However, this 
effect was abolished in AKO mice (Fig. 7b). In summation, these results demonstrated 
that Pik3r1 ablation improves GC-induced hepatic steatosis and hypertriglyceridemia, 
and Pik3r1 mediates adverse metabolic actions of GC. 

 

 

Fig. 7. AKO mice are protected from Dex-induced hepatic steatosis and hypertriglyceridemia 
Eight-week old male WT and AKO mice were administered PBS or Dex (10mg/kg body weight) for 4-day. 

(a) Hepatic TG and (b) plasma TG levels were assessed. For plasma TG, mice were fasted for 6 h prior to 
sample collection. Error bars represent S.E.M., n=6, and *p < 0.05. 
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Discussion 

Endogenous GC are essential for metabolic adaptation in stressful conditions, 
such as fasting. During fasting, GC promote lipolysis in adipose tissues to release 
glycerol for hepatic gluconeogenesis and fatty acids as energy fuels for peripheral 
tissues. However, during prolonged GC exposure, such as exogenous GC treatment for 
anti-inflammation, excess lipolysis can cause metabolic disorders, including 
dyslipidemia and insulin resistance. Therefore, identification of GC targets in adipose 
tissue is critical to eliminate the adverse metabolic actions in GC therapeutics. Here, we 
report that Pik3r1, a regulatory subunit of PI3K and a GC primary target gene, mediates 
GC-stimulated adipocyte lipolysis. With the deletion of Pik3r1 specifically in white 
adipose tissues, the ability of GC to induce lipolysis was abolished, and GC-initiated 
hepatic steatosis and hypertriglyceridemia were alleviated. We then explored the 
potential mechanisms of the reduced GC-stimulated lipolysis in the absence of Pik3r1.  

Because Pik3r1 participates in PI3K-Akt-PDE3B axis, Pik3r1 deletion could 
impair this axis therefore antagonizing cAMP-PKA induced lipolysis. Unexpectedly, this 
axis was very much intact in Pik3r1-null adipocytes, as evident by similar levels of 
phosphorylated HSL in whole cell lysates in WAT of WT and AKO mice in response to 
GC treatment. Instead, we found PKA signaling was impaired in lipid droplets. First, 
subunits of PKA in lipid droplets were increased by GC treatment in WT but not AKO 
mice, while their levels in whole cell lysates were similar in both mouse models (Fig. 8). 
Second, in the lipid droplet, GC-induced phosphorylation of Plin1 by PKA was stopped 
when Pik3r1 was removed (Fig. 8). Because Plin1 was not phosphorylated, it cannot be 
dissociated from CGI-58 to anchor phosphorylated HSL in lipid droplets. As a result, we 
observed the levels of GC-induced pHSL levels were eradicated in the lipid droplets in 
the absence of Pik3r1. These data pointed to a compartment-specific role for Pik3r1 in 
conveying GC-induced adipocyte lipolysis. 
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Fig. 8. A Model for the role of Pik3r1 in GC-stimulated WAT lipolysis. 

In WAT, PI3K-Akt-PDE3B signaling was intact in the absence of Pik3r1 (in gray). (a) In the presence of 
Pik3r1, glucocorticoid treatment augments cAMP-PKA signaling, leading to the phosphorylation of HSL in 
the cytosol. In the lipid droplets, PKA levels are increased, which in turn phosphorylate Plin1. pPlin1 can 
then anchor pHSL from the cytosol to lipid droplets for TG hydrolysis. (b) In the absence of Pik3r1, GC-
induced cAMP-PKA signaling is still able to phosphorylate cytosolic HSL. However, GC did not increase 

PKA levels in the lipid droplet. Plin1 cannot be phosphorylated and pHSL is unable to anchor to lipid 
droplet, therefore minimal lipolysis was observed. 

!  110

With Pik3r1

glucocorticoids

cAMP

PKA

pPlin1

pAkt

PDE3B

TG

a 

CGI-58

ATGL

hyperinsulinemia

pHSL

glycerol+FA

glucocorticoids

cAMP

PKA

Plin1

pAkt

TG
CGI-58

ATGL

hyperinsulinemia

pHSL

Without Pik3r1
b 

TG

TG

PDE3B



The next question we asked was how Pik3r1 is involved in GC-increased PKA 
levels in lipid droplets. Our studies showed that Pik3r1 was localized in lipid droplet but 
its levels were not affected by GC treatment. Similarly, GC treatment did not affect the 
levels of OPA1, an A kinase anchoring protein, in lipid droplets. However, we cannot 
exclude the possibility that GC induce post-translational modifications of Pik3r1 and/or 
OPA1 to increase the retention of PKA in lipid droplet. Alternatively, GC could increase 
the trafficking of PKA to lipid droplets. Pik3r1 has been shown to participate in the 
trafficking of receptor tyrosine kinases, as it interacts and activates small GTPase Rab4 
and Rab5 [45-47]. This GTPase activating (GAP) activity of Pik3r1 is required for 
intracellular trafficking of PDGF receptor [46]. In addition, Pik3r1 is involved in the 
trafficking of erythropoietin receptor. Erythropoietin induces Cbl-dependent 
ubiquitination of Pik3r1, which binds to phosphotyrosines of erythropoietin receptor and 
an endocytic protein, epsin-1, to drive endocytosis of erythropoietin receptor [48]. 
Moreover, Pik3r1 interacts with X-box binding protein 1 (XBP1), a transcription factor 
that confers endoplasmic reticulum (ER) stress responses, and is required for the 
nuclear localization of XBP1 [49, 50], although the exact mechanism of how Pik3r1 
promotes XBP1 nuclear translocation is unclear. Another possible mechanism is that 
Pik3r1 is involved in PKA stability specifically in lipid droplet. Pik3r1 has been shown to 
interact with PTEN and blocks ubiquitination of PTEN and its eventual proteasomal 
degradation [51]. Future experiments will be necessary to determine which of these 
mechanisms are exerted by Pik3r1 to increase PKA levels in lipid droplet upon GC 
treatment. 

We have previously showed that Angiopoietin-like 4 (Angptl4), another GR 
primary target gene in hepatocytes and adipocytes [22], is involved in GC-induced 
adipocyte lipolysis. Angptl4 encodes a secreted protein that directly increases cAMP 
levels in adipocytes to promote lipolysis. In Angptl4 null mice, PKA-initiated 
phosphorylation of HSL and Plin1 induced by Dex are significantly reduced [14]. Thus, 
Angptl4 acts upstream of Pik3r1 in GC-induced adipose lipolysis. In this view, it would 
be interesting to examine whether Angptl4-induced adipose lipolysis requires Pik3r1. It 
is also unclear whether Pik3r1 is required for lipolysis induced by catecholamine in 
adipocytes. In contrast to GC, catecholamine does not increase Pik3r1 expression in 
adipocytes. Thus, the intracellular levels of Pik3r1 in GC-treated adipocytes should be 
more abundant than those of catecholamine-treated adipocytes. Pik3r1 usually forms 
heterodimers with p110 catalytic subunit of PI3K. Pik3r1 also form homodimers to 
interact with PTEN [30]. As Pik3r1 has been shown to associate with many other 
signaling molecules [47], its intracellular levels may determine its availability to 
participate in different biological functions. In any case, the role of Pik3r1 in Angptl4 null 
mice and catecholamine-induced lipolysis shall be determined by future experiments. 

In summary, our studies have identified a novel role of Pik3r1 in GC-augmented 
PKA levels in lipid droplet to promote lipolysis. Removal of Pik3r1 in WAT dampens the 
ability of GC to promote lipolysis, which leads to hypertriglyceridemia and fatty liver. 
Thus, WAT Pik3r1 is a potential target to lessen lipid disorders caused by GC. The 
mechanisms underlying the regulation of PKA levels in lipid droplet that leads to the 
modulation of lipolysis is mostly unknown, and future studies are warranted. 
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Material and methods 

Mice and treatment 

Mice with conditional allele of Pik3r1 gene flanked with LoxP sites at exon7 
(Pik3r1flox/flox ) were provided by the laboratory of Lewis Cantley (Weill Cornell Medical 
College, New York) [34]. Mice expressing Cre recombinase driven by adiponectin 
promoter (AdipoQ-Cre) 35 were purchased from Jackson Laboratory. Adipocyte specific 
Pik3r1 knockout mice (AKO) were generated by crossing Pik3r1 flox/flox with AdipoQ-Cre 
mice. The Office of Laboratory Animal Care at the University of California, Berkeley 
(Approval number AUP-2014-08-6617) approved all animal experiments conducted. The 
f o l l o w i n g p r i m e r s w e r e u s e d f o r g e n o t y p i n g : P i k 3 r 1 _ l o x P _ F 
( C A C C G A G C A C T G G A G C A C T G ) , P i k 3 r 1 _ l o x P _ R 
( C C A G T T A C T T T C A A A T C A G C A C A G ) , A d i p o Q _ C r e _ F 
( G C G G T C T G G C A G T A A A A A C T A T C ) , A d i p o Q _ C r e _ R 
(GTGAAACAGCATTGCTGTCACTT). In AKO mice, ~310 bps amplified by 
Pik3r1_loxP_F and Pik3r1_loxP_R primers and ~100 bps amplified by AdipoQ_Cre_F 
and AdipoQ_Cre_R primers were observed. In Pik3r1 flox/flox (WT) mice only ~310 bps 
were observed.   

Eight-week old male AKO and WT mice were injected 10 mg/kg body weight of 
dexamethasone (Dex, water soluble dexamethasone, Sigma D2915) or PBS (control) 
for 1, 4 or 7 days. At the end of the treatment period, blood, inguinal and epididymal 
adipose tissues, liver and gastrocnemius muscle were isolated from mice for protein 
expression and TG analyses.  

Free fatty acid measurement 

Plasma was isolated from whole blood immediately after collection, and a free 
fatty acid quantitation kit (Sigma-Aldrich, MAK044) was used to measure plasma FFA 
levels. 

Ex vivo lipolysis assay 

Lipolysis was assessed as previously described [14]. Briefly, explants from 
freshly removed epididymal and inguinal WAT depots (~100mg) were incubated at 37°C 
in 500 µL of Krebs-Ringer Buffer (12 mM HEPES, 121 mM NaCl, 4.9 mM KCl, 1.2 mM 
MgSO4 and 0.33mM CaCl2) with 3% BSA and 3 mM glucose. Glycerol release was 
determined over time with free glycerol reagent (Sigma-Aldrich, F6428). Measurements 
were normalized to total protein content of the explants with Bio-Rad protein dye 
reagent (Bio-Rad, 500-0006). 
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Isolation of lipid droplets 

The isolation of lipid droplets was based on a previous report [52]. Briefly, freshly 
removed epididymal and inguinal WAT depots were incubated at 37°C in Krebs Ringer 
Buffer (12 mM  HEPES, 121 mM NaCl, 4.9 mM  KCl, 1.2 mM  MgSO4 and 0.33 mM 
CaCl2) with 3% BSA, 3 mM glucose and collagenase (0.033 g/100 ml). The adipocyte 
solution was washed twice with PBS to remove extra collagenase, followed by re-
suspension in 3 ml of disruption buffer (25 mM Tris-HCl, 100 mM KCl, 1 mM EDTA, 5 
mM EGTA, and protease inhibitor). Cells were disrupted, and the lysate was collected 
and mixed with an equal volume of disruption buffer containing 1.08 M sucrose. It was 
then sequentially overlaid with 2 ml of 270 mM sucrose buffer, 135 mM sucrose buffer, 
and Tris/EDTA/EGTA buffer (25 mM Tris-HCl, 1 mM EDTA, 1 mM EGTA, pH 7.4). 
Following centrifugation at 150,000 g for 1 h, lipid droplet enriched fractions were 
collected from the top of the gradient, and subjected for immunoblotting. 

Plasma insulin measurement 

Plasma samples were collected 24 h after 10 mg/kg of Dex administered with 
intraperitoneal injection, and plasma insulin levels were assessed with ultra sensitive 
mouse insulin ELISA kit (Crystal Chem Inc., 90080). 

Western blot and antibodies 

The following antibodies were used in this study: anti-Gapdh (Santa Cruz, 
sc-25778), anti-Pik3r1 (Cell Signaling, 4292s), anti-ATGL (Cell Signaling, 2138s), anti-
Akt (Cell Signaling, 9272s), anti-phosphor-Akt (T308) (Cell Signaling, 9275s), anti-
perilipin A (Abcam, ab3526), anti-phospho-perilipin (VALA Sciences, 4856), anti-HSL 
(Cell Signaling, 4107s), anti-phospho-HSL (S660) (Cell Signaling, 4126s), anti-PKA-RIα 
(BD Biosciences, 610609), anti-PKA-RIIβ (BD Biosciences, 610625), and anti-PKAα 
catalytic subunit (C-20) (Santa Cruz, sc-903). Anti-Ubxd8 antibody was provided by the 
laboratory of Dr. James Olzmann (UC Berkeley, Berkeley, CA). The intensity of the 
bands was quantified using Image J software (National Institute of Health) and 
normalized to Gapdh or Ubxd8 as indicated. 
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PDE Activity Assay 

Total protein lysates were prepared from fresh tissues, and PDE activity was 
measured with PDELight HTS cAMP phosphodiesterase kit (Lonza, LT07-600). 

Statistics 

We utilized Student’s t test, and data were expressed as standard error of the 
mean (S.E.M) for each group. P values below 0.05 were considered significant. 
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Chapter III: 

Glucocorticoid-activated Skeletal Muscle Pik3r1 Transcription is Associated with 
Glucocorticoid-induced Insulin Resistance  

 

Abstract 

 Phosphoinositide-3-Kinase Regulatory Subunit 1 (Pik3r1) encodes a regulatory 
subunit of phosphatidylinositol 3-kinase (PI3K) that is previously identified as a 
glucocorticoid receptor (GR) primary target gene in mouse C2C12 myotubes. Here, we 
showed that the glucocorticoid treatment increased GR occupancy, the acetylation of 
histone H3 and H4, and the monomethylation of histone H3 lysine 4 residue (H3K4) at 
the glucocorticoid response element (GRE) in gastrocnemius muscle. The recruitment 
of histone acetyltransferase p300 to the GRE was also elevated by glucocorticoid 
treatment. Reducing p300 expression using RNA interference (RNAi) in C2C12 
myotubes markedly decrease the ability of glucocorticoids to induce Pik3r1 expression. 
These results supported the role of p300 in glucocorticoid-activated Pik3r1 gene 
transcription. Treating mice with glucocorticoids for one week resulted in glucose 
intolerance. This effect, however, was compromised in skeletal muscle specific Pik3r1 
knockout (MKO) mice. Glucocorticoid treatment reduced insulin action, monitored by the 
activity of protein kinase Akt, in gastrocnemius muscle, liver, and epididymal white 
adipose tissue (eWAT). In glucocorticoid-treated MKO mice Akt activity was restored in 
gastrocnemius muscle but not in liver and eWAT. Overall, our results identified the 
mechanism of glucocorticoid-stimulated skeletal muscle Pik3r1 gene transcription in 
vivo and established the key role of Pik3r1 in glucocorticoid-induced skeletal muscle 
insulin resistance. 
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Introduction 

  

 Glucocorticoids are steroid hormones that are required for metabolic adaptation 
under stress conditions. In skeletal muscle, glucocorticoids suppress insulin-stimulated 
glucose utilization, inhibit protein synthesis and facilitate protein degradation [1-3]. 
Inhibition of insulin-stimulated glucose utilization preserves plasma glucose whereas 
amino acids generated from protein degradation are used as precursors for hepatic 
gluconeogenesis. These processes are necessary during stress, such as fasting, to 
maintain plasma glucose, which is the major energy source for the brain and red blood 
cells [4]. However, prolonged or excess glucocorticoids exposure could lead to 
pathological outcomes including hyperglycemia, glucose intolerance, hyperinsulinemia, 
insulin resistance and muscle atrophy [4-7]. 

 Glucocorticoids convey their function through an intracellular glucocorticoid 
receptors (GR). Once binding to glucocorticoids, GR translocates into nucleus, occupies 
genomic glucocorticoid response element (GRE) and recruits transcription coregulators 
to modulate the transcription of its primary target genes [8, 9]. These primary target 
genes then directly or indirectly trigger the downstream physiological and/or 
pathophysiological processes. Phosphoinositide-3-Kinase Regulatory Subunit 1 
(Pik3r1), also as known as p85α, was identified as a glucocorticoids primary target gene 
in mouse C2C12 myotubes by RNA profiling and chromatin immunoprecipitation 
sequencing (ChIPseq) analysis [10, 11]. Pik3r1 encodes a regulatory subunit of 
phosphoinositide 3-kinase (PI3K). In activated insulin signaling, PI3K is recruited to the 
tyrosine phosphorylated- insulin receptor substrate-1 (IRS-1) through SH2 domain of 
Pik3r1. The catalytic subunit of PI3K, p110 then convert phosphatidylinositol-4, 5 
bisphosphate (PIP2) to phosphatidylinositol-3, 4, 5 triphosphate (PIP3). PIP3 then recruit 
protein kinase Akt to membrane, where it can be fully activated. Although Pik3r1 is a key 
component for insulin pathway, overexpression of monomeric Pik3r1 is found to 
suppress insulin signaling in myotubes and hepatocytes [11-14] through at least two 
potential mechanisms. First, Pik3r1 monomer competes with heterodimeric PI3K for 
binding towards IRS-1. Preventing the binding of active PI3K to IRS-1 reduced insulin 
signaling [15, 16]. Alternatively, Pik3r1 associates and is required for the activation of 
phosphatase and tensin homolog (PTEN) that reduces the levels of PIP3 and therefore 
inhibit PI3K pathway [17, 18]. Thus, excess Pik3r1 levels negatively regulate insulin 
action. Interestingly, previous studies have shown that Pik3r1 levels are elevated in 
skeletal muscle of insulin resistant individuals. This indicates the potential contribution 
of Pik3r1 in the development of insulin resistance in human.   

 We previously show that reducing the expression of Pik3r1 in C2C12 myotubes 
compromises the inhibitory effect of glucocorticoids on the activity of signaling 
molecules in insulin signaling pathway [11]. We also identified a GRE, which is located 
at -43kb (relative to transcription start site) of mouse Pik3r1 gene in C2C12 myotbes. In 
this report we analyze the mechanism of glucocorticoid-regulated Pik3r1 gene 
transcription in vivo. We examine the recruitment of GR and various transcription 
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coregulators to the previously identified GRE from the study in C2C12 myotubes. We 
also analyze the patterns of histone acetylation and methylation in genomic regions 
surrounding the GRE. We focus on specific transcription coregulators and test their role 
in glucocorticoid-activated Pik3r1 gene transcription in C2C12 myotubes. Finally, 
skeletal muscle specific Pik3r1 knockout (MKO mice) were generated to study the 
function of Pik3r1 in glucocorticoid-modulated glucose homeostasis and insulin 
sensitivity. 
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Results 

Dex induces Pik3r1 expression in skeletal muscle in vivo 

 Pik3r1 mRNA expression was previously shown to be increased in 
gastrocnemius muscle by dexamethasone (Dex, a synthetic glucocorticoid) treatment 
for 1 or 4 days. Here, 8-weeks old male Pik3r1Flox/Flox mice (will be referred as wild type 
WT mice in the rest of this report) were injected intraperitoneally with Dex or PBS for 1, 
4 or 7 days to monitor the effect of glucocorticoids on Pik3r1 protein expression. We 
found that Pik3r1 protein levels were markedly elevated after 4 and 7 days Dex 
treatment (�3.3 and 2.8 fold, respectively) (Fig. 1a). In contrast, in liver Pik3r1 protein 
levels were only augmented upon 4 days (�1.4 fold) but not 7 days Dex treatment (Fig. 
1b). These results demonstrated that despite the induction of Pik3r1 mRNA by 24 hr 
Dex treatment in gastrocnemius muscle, the change of protein levels occurred at later 
time points. However, the elevation of Pik3r1 protein levels remained for at least 1 
week. Finally, Dex effect on Pik3r1 expression was more profound in skeletal muscle 
than in liver. 

 
 

Fig. 1. Dex induced Pik3r1 expression in skeletal muscle in vivo.  

Male 8-week-old WT mice were treated with PBS or 5 mg/kg of Dex for 1, 4, 7 days. The Pik3r1 
expression was measured by immunoblot in both gastrocnemius (GA) muscle (a) and liver (b) and 

normalized to internal control Gapdh. Representative immunoblots are shown (n=3).  Error bars represent 
the S.E.M. of relative Pik3r1 expression level (Dex vs. PBS), and *p < 0.05 
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Dex treatment induced the recruitment of GR and transcriptional coregulators to 
the Pik3r1 GRE  

 We previously identified a GRE located approximately -43kb of mouse Pik3r1 
gene in C2C12 myotubes. We examined whether GR was recruited to the same GRE 
identified in cell culture study in gastrocnemius muscle. Eight-week old male WT mice 
were injected with PBS or Dex intraperitoneally for 4 days. Chromatin 
immunoprecipitation (ChIP) was then performed on gastrocnemius muscle isolated from 
these mice. We found a significant occupancy of GR on the Pik3r1 GRE in PBS-treated 
animals (Fig. 2a). This result is not surprising, as endogenous corticosterone levels 
could provide certain numbers of active GR to be recruited to the GRE. Dex treatment 
markedly increased GR occupancy on the GRE (approximately 3 fold from PBS-treated 
mice) (Fig. 2a). These results suggested that previously identified GRE in C2C12 
myotubes also served as a GRE for Pik3r1 in gastrocnemius muscle.  

 We further analyze the status of histone acetylation and methylation in genomic 
regions surrounding the GRE. If this GRE participates in the Dex-activated Pik3r1 gene 
transcription, we expect that active epigenetic marks in this region, such as histone H3 
and H4 acetylation and histone H3 lysine 4 (H3K4) methylation, will be increased upon 
Dex treatment [19-24]. Total H3 and H4 levels were also monitored by ChIP, because 
the levels of acetylated and methylated histones are associated with the overall density 
of histone in each genomic region. We found that the level of total histone H3 and H4 
was not significantly affected by PBS or Dex treatment (Fig. 2b). However, compared to 
IgG control, the level of acetylated H3 (AcH3)/H3, acetylated H4 (AcH4)/H4 and 
monomethylated H3K4 (H3K4me1)/H3 were all significantly increased by 2.7, 4.8, and 
4.6 fold respectively, in the PBS-treated group (Fig. 2b). These results were in 
agreement with the observation of GR occupancy on the GRE in PBS-treated animals.  

 Additionally, Dex treatment elevated both AcH3/H3 and AcH4/H4 levels in the 
Pik3r1 GRE (Fig. 2b). These results suggested that Dex treatment augmented Pik3r1 
transcription through enhancing both histone H3 acetylation and histone H4 acetylation. 

 We next monitored the recruitment of previously identified transcriptional 
coregulators for GR, including p300 (a histone acyltransferase) [25], Tip60 [26], CCAR1 
[27], MLL1 [28] and GCN5 [29], to the Pik3r1 GRE using ChIP. We found that none of 
them were significantly recruited to the GRE in PBS-treated animals (Fig. 2c). However, 
p300 occupancy was markedly increased upon Dex treatment (Fig. 2c). As p300 is a 
histone acetyltransferase, it is a potential transcriptional coregulator that contributed to 
elevated acetylated H3 and acetylated H4 levels in the Pik3r1 GRE after Dex treatment. 

!123



 

Fig. 2. Dex treatment induced the recruitment of GR and transcriptional coregulators to the Pik3r1 
GRE.  

Male, 8-week-old Pik3r1 Flox (WT) mice were treated with 5 mg/kg of Dex for 4 days. Then, their GA 
muscles were collected. ChIP experiments were performed on these GA muscles to study the recruitment 

of; glucocorticoid receptor (GR) (a), histone modifications (b) and recruitment of transcription cofactors 
p300, Tip60, CCAR1, MLL1, and GCN5 (c) on GRE of Pik3r1. Primer flanking the Pik3r1 GRE and Rpl19 

(internal control) were used in qPCR. Error bars represent the S.E.M. of relative fold enrichment 
compared to IgG control from four independent experiments (*p < 0.05). 
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Reducing p300 expression in C2C12 myotubes impaired Dex-induced Pik3r1 
expression  

 To study the role of p300 in glucocorticoid-induced Pik3r1 expression, we used 
C2C12 myotubes as a model. We first performed ChIP to monitor the recruitment of 
p300 to the Pik3r1 GRE.  As shown in Fig. 3a, p300 was not seen on the GRE under 
EtOH (vehicle control) treatment. Dex treatment, however, significantly elevated GR 
recruitment to the GRE. CBP is another transcriptional coregulator that is highly related 
to p300 and shares overlapping functions with p300. However, CBP was not recruited to 
the GRE upon Dex treatment. To examine whether p300 is required for Dex-activated 
Pik3r1 expression, C2C12 myoblasts were infected with lentivirus expressing small 
hairpin RNA against p300 (sh-p300) or scramble shRNA (sh-scrRNA, control). After 
puromycin selection, cells were differentiated into myotubes, then treated with 1 μM Dex 
or equal amounts of EtOH (control) for 6 hr. RNA was isolated from these cells and real-
time PCR was performed to monitor the expression of Pik3r1. In sh-scrRNA expressing 
C2C12 myotubes, Dex treatment increased the expression of Pik3r1 approximately 3 
fold (Fig. 3b). However, in sh-p300 expressing C2C12 myotubes, such Dex effect was 
abolished (Fig. 3b). Overall, these results demonstrated that p300 is required for Dex to 
stimulate Pik3r1 gene transcription. 

 

 

Fig. 3. Reducing p300 expression in C2C12 myotubes impaired Dex-induced Pik3r1 expression. 

Fully differentiated C2C12 myotubes were treated with 1 μM Dex or EtOH (control) for 30 min. Cells were 
then collected for ChIP to study the recruitment of CBP and p300 to the GRE of Pik3r1. (a) To further 

examine the participation of p300 in Pik3r1 transactivation, C2C12 myoblasts were infected with lentivirus 
particles expressing scramble sh-RNA (sh-scrRNA control) or sh-p300. After puromycin selection, cells 

were differentiated into myotubes and were then treated with 1 μM Dex or EtOH (control) for 6 hrs. At the 
end of the experiments, cells were collected for RT-qPCR to monitor the expression of Pik3r1 (b). 
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GC-induced glucose intolerance was compromised in MKO mice 

 We generated skeletal muscle specific Pik3r1 knockout (MKO) mice to analyze 
the role of Pik3r1 in glucocorticoid-modulated glucose homeostasis and insulin 
sensitivity. MKO mice were generated by crossing Pik3r1Flox/Flox with transgenic mice 
carrying myosin light chain kinase promoter-driven Cre recombinase [30]. 
Immunoblotting confirmed that Pik3r1 expression was depleted in skeletal muscle, 
including gastrocnemius muscle (GA muscle), tibialis anterior muscle (TA muscle) and 
soleus muscle (Fig. 4a). To investigate the role of skeletal muscle Pik3r1 in 
glucocorticoid-regulated glucose homeostasis WT and MKO mice were treated with Dex 
or PBS via drinking water for 7 days. Mice were fasted for 16 hr and intraperitoneal  
glucose tolerance test (IPGTT) was performed. We found that Dex treatment induced 
glucose intolerance in WT mice (Fig. 4b and 4c). Glucose tolerance was similar 
between PBS-treated WT and MKO mice (Fig, 4b and 4c). Interestingly, Dex-treated 
MKO mice not only were more glucose tolerant than Dex-treated WT mice but also 
PBS-treated WT and MKO mice (Fig. 4b and 4c). Dex treatment caused 
hyperinsulinemia in WT mice (Fig. 4d). In MKO mice, Dex treatment still resulted in 
elevated plasma insulin levels (Fig. 4d). In fact, plasma insulin levels were trending 
higher in Dex-treated MKO mice than those of Dex-treated WT mice, though they were 
not statistically significant (Fig. 4d). 

 These results suggested that in MKO mice Dex treatment resulted in 
hyperinsulinemia, which subsequently improved glucose intolerance. In contrast, in WT 
mice Dex treatment also induced hyperinsulinemia, but such compensatory mechanism 
still cannot reduce plasma glucose levels. Thus, Dex-treated MKO mice should have 
better insulin sensitivity comparing to Dex-treated WT mice. We performed insulin 
tolerance test (ITT) to examine this hypothesis. Indeed we found that Dex-treated MKO 
mice were more insulin tolerant than Dex-treated WT mice (Fig. 4e and 4f). Notably, 
Dex-treated MKO mice were more insulin resistant than those PBS-treated WT and 
MKO mice (Fig. 4e and 4f). These results suggested that the better glucose tolerance 
observed in Dex-treated MKO mice was due to markedly higher plasma insulin levels in 
these mice. Overall, these results indicate skeletal muscle Pik3r1 is involved in 
glucocorticoid-regulated whole body glucose homeostasis and insulin sensitivity.  
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Fig. 4. GC-induced glucose intolerance was compromised in MKO mice. 
Muscle specific Pik3r1 knockout (MKO) mice were generated. The expression of Pik3r1 in gastrocnemius 

(GA) muscle, tibialis anterior (TA) muscle and soleus muscle of WT and MKO was examined by 
immunoblots and normalized to internal control, Gapdh. Representative immunoblots are shown (n=3). 
(a) Male 8-week-old WT mice and MKO mice were treated with 10 mg/kg of Dex for 7days. On the last 
day, mice were fasted for 16 hrs and the GTT was performed. (b) Relative area under curve (AUC) for 

GTT results (relative to PBS-treated WT mice) was displayed. Error bars represent the S.E.M., n=3-7 and 
*p < 0.05. (c) Plasma insulin level was measured before glucose injection (0 min time point), 15 min and 

30 min after glucose injection. Error bars represent the S.E.M., n=3-7 and *p < 0.05. (d) ITT was 
performed in mice as described in Methods. ITT results were depicted as percentage of initial plasma 

glucose level (the plasma glucose level before insulin injection). Error bars represent the S.E.M., n=3-7. 
(e) Relative area under curve (AUC) for ITT results (relative to PBS-treated WT mice) was shown. Error 

bars represent the S.E.M., n=3-7 and *p < 0.05. 
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Pik3r1 deletion in skeletal muscle restored insulin response inhibited by Dex 

To further analyze insulin response in distinct tissues, PBS- or Dex-treated WT 
and MKO mice were injected with insulin for 10 min and gastrocnemius muscle, liver 
and epididymal white adipose tissue (eWAT) were then isolated. The activity of Akt, a 
downstream signaling molecule of insulin action, was then monitored. Akt is 
phosphorylated at serine 473 and threonine 308 residues upon insulin treatment (17). 
We performed ELISA to detect threonine 473 phosphorylated Akt (pAkt) and total Akt 
levels. Because insulin response mainly results in the increased phosphorylation of pAkt 
instead of total Akt levels, the ratio of pAkt/Akt represents the intensity of insulin action. 
In PBS-treated WT and MKO mice, insulin treatment increased pAkt/Akt ratio in 
gastrocnemius muscle, liver and eWAT (Fig. 5a, 5b and 5c). In contrast, Dex treatment 
suppressed the ability of insulin to elevate pAkt/Akt ratio (Fig. 5a, 5b and 5c). 
Interestingly, in Dex-treated MKO mice the ability of insulin to enhance the ratio of pAkt/
Akt was restored in gastrocnemius muscle but not liver and eWAT (Fig. 5a, 5b and 5c). 
These results demonstrated that deletion of skeletal muscle Pik3r1 specifically reverse 
glucocorticoid-induced insulin resistance in skeletal muscle. 
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Fig. 5. Pik3r1 deletion in skeletal muscle restored insulin response inhibited by Dex. 

Male 8-week-old WT and MKO mice were treated with 10 mg/kg of PBS or Dex for 7 days. On the last 
day, mice were injected with insulin (1 unit/body weight) for 10 min, and after various tissues were 

collected. ELISA kits were used to monitor the level of Akt and phosphor-Akt in GA muscle (a), liver (b) 
and eWAT (c). The results were presented as relative Akt/pAKt level. Error bars represent the S.E.M., n=3 

and *p < 0.05. 
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Discussion 

 Our previous studies identified Pik3r1 as a GR primary target gene in mouse 
C2C12 myotubes and reducing Pik3r1 expression diminishes the ability of 
glucocorticoids to repress the activity of signaling molecules in insulin signaling 
pathway. However, the transcriptional activation of Pik3r1 gene by glucocorticoids and 
the role of Pik3r1 in glucocorticoid-modulated insulin action in vivo have not been 
established. In this report we confirmed that GR was recruited to previously identified 
Pik3r1 GRE. In fact GR was found to occupy the GRE in PBS-treated mice. These 
results indicate that endogenous corticosterone levels in our experimental condition 
were enough to activate certain numbers of GR to enter nucleus and occupy the GRE. 
Similar results were observed in our previous studies on the transcriptional regulation of 
FoxO3 gene by glucocorticoids. However, it is unclear whether GR participates in the 
expression of Pik3r1 in this physiological state. Dex treatment, not surprisingly, 
augmented the recruitment of GR to the GRE. Interestingly, while AcH3, AcH4 and 
H4K4me1 levels in genomic regions surrounding the Pik3r1 GRE were already 
significant in PBS-treated animals, only AcH3 and AcH4 levels were further enhanced 
by Dex treatment. These results indicate that Dex treatment mainly increases the 
recruitment of histone acetyltransferase(s) to assist the transcriptional activation of 
Pik3r1 gene. Indeed, p300, which can acetylate histone H3 and H4 at multiple lysine 
residues, was specifically recruited to the GRE upon Dex treatment. Using C2C12 
myotubes as a model we showed that reducing p300 expression decreased the ability 
of Dex to stimulate Pik3r1 gene expression. This confirms that importance of p300 in 
glucocorticoid response on Pik3r1 gene. Surprisingly, p300 and all other transcriptional 
coregulators we examined were not recruited to the GRE in PBS-treated animals. There 
are two potential explanations for these results. First, histone acetyltransferases and 
methyltransferases other than we tested are involved in establishing epigenetic marks in 
the genomic regions surrounding the Pik3r1 GRE. Second, these epigenetic marks are 
established by other transcription factors binding in these genomic regions and are 
independent of GR. Many pioneering transcription factors have been shown to establish 
epigenetic marks and chromatin environment in enhancers that are necessary for the 
further induction of transcription of specific genes [31-33]. To clarify these two models 
we could monitor the status of AcH3, AcH4 and H3K4me1 levels in adrenalectomized or 
skeletal muscle specific GR knockout mice in future study. If GR is required to establish 
these epigenetic marks, we should not observe AcH3, AcH4 and H3K4me1 levels in the 
Pik3r1 GRE in gastrocnemius muscle  of adrenalectomized or skeletal muscle specific 
GR knockout mice. 

 Previous studies showed that heterozygous deletion of Pik3r1 gene 
improved whole body insulin sensitivity in mice fed with high-fat diet [31, 32]. 
However, insulin sensitivity of MKO mice fed with high-fat diet was not improved 
[34]. In contrast, in this study, insulin sensitivity and glucose tolerance of Dex-
treated MKO mice were markedly improved. These results highlighted the critical 
role of Pik3r1 in glucocorticoid response on glucose homeostasis and insulin 
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sensitivity. It is important to note that Dex-treated MKO mice still had 
hyperinsulinemia. Thus, comparing to control WT and MKO mice they were still 
insulin resistant. But compensation from pancreas β cells secreted more insulin 
to suppress plasma glucose levels. This is in agreement with the fact that other 
mechanisms have been identified to confer insulin resistance caused by 
glucocorticoids. Our previous studies showed that Dex-induced insulin resistance 
is improved in angiopoietin-like 4 (Angptl4) null mice (Angptl4-/-). Angptl4 is a GR 
primary target gene encoding a secreted protein in liver and adipose tissue. 
Glucocorticoid-induced insulin resistance was improved in both liver and skeletal 
muscle of Angptl4-/- mice (see Chapter 1). Other reports showed that the 
reduction of osteoclacin expression by glucocorticoids in osteoblasts play a role 
in the development of insulin resistance [35]. Interestingly, while deletion of 
skeletal muscle Pik3r1 reversed Dex-inhibited insulin response only in skeletal 
muscle but not in liver and eWAT, insulin sensitivity of both liver and skeletal 
muscle is improved in Dex-treated Angptl4-/- mice. In contrast, osteoclacin 
appears to reverse glucocorticoid-induced hepatic insulin resistance. It is 
conceivable that more GR primary target genes are involved in the development 
of insulin resistance, which is a necessary physiological responding to stress. 

 Overall, in this report we showed that GR occupies the Pik3r1 GRE 
previously identified in C2C12 myotubes in gastrocnemius muscle and identify 
the mechanism of glucocorticoid-activated Pik3r1 gene transcription in vivo. The 
key role of Pik3r1 in glucocorticoid-induced skeletal muscle insulin resistance is 
also established. This work also highlights the potential of reducing skeletal 
muscle Pik3r1 as a potential approach to improve metabolic disorders caused by 
excess or chronic exposure to glucocorticoids.  
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Material and methods 

Mice and treatment 

 Mice with conditional allele of Pik3r1 gene flanked with LoxP sites at exon7 
(Pik3r1Flox/Flox) were provided by the laboratory of Lewis Cantley (Weill Cornell Medical 
College, New York). Mice expressing Cre recombinase driven by muscle creatine kinase 
promoter (Ckmm-Cre) were purchased from Jackson Laboratory. Muscle specific Pik3r1 
knockout mice (MKO) were generated by crossing Pik3r1Flox/Flox with Ckmm-Cre mice. 
The Office of Laboratory Animal Care at the University of California, Berkeley (Approval 
number AUP-2014-08-6617) approved all animal experiments conducted.  

 The fol lowing primers were used for genotyping: Pik3r1_loxP_F 
( C A C C G A G C A C T G G A G C A C T G ) , P i k 3 r 1 _ l o x P _ R 
(CCAGTTACTTTCAAATCAGCACAG), Ckmm_Cre_F (TAAGTCTGAACCCGGTCTGC), 
Ckmm_Cre_R (GTGAAACAGCATTGCTGTCACTT). In MKO mice, ~310 bps amplified 
by Pik3r1_loxP_F and Pik3r1_loxP_R primers and ~500 bps amplified by Ckmm_Cre_F 
and Ckmm_Cre_R primers were observed. In Pik3r1 flox/flox (WT) mice only ~310 bps 
amplified by Pik3r1_loxP_F and Pik3r1_loxP_R primers were observed.   

 Eight-weeks old male MKO and WT mice were injected intraperitoneally with 10 
mg/kg body weight of dexamethasone (Dex, water soluble dexamethasone, Sigma 
D2915) or PBS (control) for 1, 4 or 7 days. At the end of the treatment period, blood, 
inguinal and epididymal adipose tissues, liver and gastrocnemius muscle were isolated 
from mice for protein expression analysis. The Office of Laboratory Animal Care at the 
University of California, Berkeley (Approval number R306-0111) approved all animal 
experiments conducted in this paper.  

Western Blot.  

 The protein concentration for samples were measured with Bradford protein dye 
(BioRad). Proteins (~ 30 μg) were mixed with sample buffer and boiled for 5 min before 
apply to SDS PAGE. Following are the antibodies we used in this study: anti-Gapdh 
(Santa Cruz, sc-25778), anti-Pik3r1 (Cell Signaling, 4292s). The intensity of the bands  
was  quantified  using  Image  J  software (National Institute of Health) and normalized 
to Gapdh. 

Intraperitoneal Glucose Tolerance Test (GTT) 

 Eight-weeks old male MKO and WT mice were treated with 4 mg/kg body weight 
of Dex or PBS control via drinking water. After 15 hr fasting, mice for intraperitoneal 
glucose tolerance test (GTT) were injected with 1g/kg body weight glucose 
intraperitoneally. Tail vein blood was used to monitor blood glucose level at different 
time points: 0 (before glucose injection), 15, 30, 60 90, and 120 mins after glucose 
injection using a Blood Glucose meter (Contour, Bayer). 
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Insulin Tolerance Test (ITT) 

 Fed mice for experiment were injected with 1 unit/kg body weight insulin (Sigma, 
I0516-5ML) intraperitoneally. Tail vein blood was used to monitor blood glucose level at 
different time points: 0 (before glucose injection), 15, 30, 60 90, and 120 mins after 
glucose injection using a Blood Glucose meter (Contour, Bayer). 

Muscle Chromatin Immunoprecipitation 

 Wild type mice were intraperitoneally injected with 10 mg/kg body weight of 
dexamethasone (Dex, water soluble dexamethasone, Sigma D2915) for 4 days. On the 
last day, gastrocnemius muscles were harvested and snap frozen with liquid nitrogen. 
Frozen muscles were ground to fine powder with pestle. Then, tissue powder was 
cross-linked with 1% formaldehyde in 20 ml PBS at 37°C for 10 min with gentle shaking. 
After quenching the cross-linking reaction with 125 mM glycine, samples were 
centrifuged at 1,000 rpm, 4°C for 5 min. Pellets were washed with ice-cold PBS, then 
resuspended in 3 ml buffer S (50 mM Tris pH 8.0, 1% SDS, 10 mM EDTA, 1mM DTT, 
100 mM MG 132 and protease inhibitor cocktail). Samples were incubated on ince for 
10 min, then sonicated with Branson Sonifier 250 sonicator for 50 seconds (60% output, 
10s pulse with 40s reset). After spin for 10 min at 32,000 rpm, 4°C, supernatant, which 
contains sheared DNA fragments, was collected and mixed with one sample volume of 
buffer D (0.01% SDS, 1.1% Triton x-100, 1.2 mM EDTA, 16.7mM Tris [pH 8.0], 167 mM 
NaCl, 100 mM MG132 and protease inhibitor cocktail). Diluted sample was then 
incubated with 100 μl of 50% protein A/G agarose beads (sc-2003, Santa Cruz) for 1hr 
at 4°C with gentle shaking to pre-clean the sample. After spinning at 4,000 rmp for 3 min 
at 4°C to pellet the agarose beads, supernatant was used to set up the IP reactions. 
The following antibodies were used in this study: anti-IgG (sc-2027, Santa Cruz), anti-
GR (a gift from Pufall lab, USC), anti-H3 histone (ab1791, abcam), anti-H4 (05-858, 
Millipore), anti-AcH3 (ab47915, abcam), anti-AcH4 (06-866, Millipore), anti-H3K4me3 
(ab8580, abcam), anti-H3K4me1 (ab8895, abcam), and anti-p300 (sc-584, Santa Cruz). 
Samples were allowed to react with antibody for 18 hrs (overnight incubation) at 4C with 
gentle shaking. Then, 50 μl of 50% protein A/G agarose beads were added into each IP 
reaction and rotate for 2 hr at 4°C. Then, agarose beads were washed with the following 
conditions: 1x low-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM 
Tris [pH 8.0] and 150 mM NaCl), 1x high-salt wash buffer (0.1% SDS, 1% Triton X-100, 
2mM EDTA, 20 mM Tris [pH 8.0], and 500 m NaCl), 1x LiCl wash buffer (0.25M LiCl, 1% 
NP-40, 1% sodium deoxycholate, 1mM EDTA and 10 mM Tris [pH 8.0]) and 2x Tris-
EDTA buffer. After last wash, all supernatant was removed, then 400 μl of elution buffer 
(10 mM DTT, 1% SDS and 0.1M NaHCO3) was added. Samples were rotated at room 
temperature for 1hr, then spin at 8,000 rmp for 1 min. Supernatant was transferred to 
new tube and mix with 16 μl of 5M NaCl, then incubated at 65°C for overnight. On the 
last day, 16 μl of Tirs [pH 6.5], 8 μl of 0.5 M EDTA, and 1.5 μl of protease K were added 
into the sample and incubate at 55°C for 3hr. The immune-precipitated DNA fragment 
were extracted with PCR clean up kit, then applied to qPCR to quantify the IP result. 
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Cell culture 

 The C2C12 cells were purchased from the Cell and Tissue Culture Facility at the 
University of California, Berkeley. They were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM; Mediatech) containing 10% fetal bovine serum (FBS; Tissue Culture 
Biologicals) and incubated at 37°C with 5% CO2. The 95~100 % confluent C2C12 
myoblasts were differentiated into myotubes with 2% horse serum (J.R. Scientific) in 
DMEM. The C2C12 cells were maintained in 2% horse serum-containing DMEM, 
changed every 2 days, until fully differentiated into myotubes, taking about 4-6 days. 

Cell ChIP 

 Fully differentiated C2C12 myotubes were treated with 1 µM Dex or EtOH 
(control) for 30 min, cross-linked with 2% formaldehyde for 3 min at room temperature 
and reactions were quenched with 0.125 M glycine. The cells were washed with ice-cold 
1x PBS, scraped and resuspended in cell lysis buffer (50 mM HEPES-KOH at pH 7.4, 1 
mM EDTA, 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, supplemented with 
protease inhibitor cocktails (Calbiochem)). The cell lysates were then incubated for 1h 
at 4°C, and the nuclei was collected by centrifugation at 500xg for 5 min at 4°C. The 
nuclei were resuspended in 1 mL of ice-cold RIPA buffer (10 mM Tris-HCL at pH 8.0, 1 
mM EDTA, 150 mM NaCl, 5% glycerol, 1% Triton X-100, 0.1% sodium deoxycholate, 
0.1% SDS, supplemented with protease inhibitor). The chromatin was fragmented with 
Branson Sonifier 250 sonicator (13 min sonication with 20 sec pulse at 35% power 
followed by 40 sec pause). Samples were the spun at 13,000 rpm for 15 min at 4°C to 
remove the cell debris. Supernatants were used for IP with the following antibody: anti-
IgG (negative control, sc-2027, Santa Cruz Biotechnology) and anti-CCAR1 
(A300-435A, Bethyl Laboratories) with overnight incubation. On next day, 50 µL of 50% 
protein A/G agarose beads (sc-2003, Santa Cruz Biotechnology) were added into each 
IP reaction then incubated at 4°C for 2h with rotation. The beads were then washed 
twice with RIPA buffer, twice with RIPA buffer containing 500 mM NaCl, twice with LiCl 
buffer (20 mM Tris at pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5% 
sodiumdeoxycholate) and one time with RIPA buffer, all supplemented with protease 
inhibitor. After removing the remaining wash buffer, 75 µL of proteinase K solution (TE 
buffer [pH 8.0] with 0.7% SDS and 200 µg/ml proteinase K) was added to each IP 
reaction, followed by incubation at 55°C for 3h, then 65°C for overnight to reverse 
formaldehyde cross-linking. ChIP DNA fragments were purified with QIAquick PCR 
purification kit (Qiagen) and used for qPCR reaction to quantify the IP results. 
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Lentiviral infection 

 Mouse C2C12 myoblasts were grown to 70-80% confluent, then infected with 
p300 shRNA lentiviral particle (sc-29432v, Santa Cruz Biotechnology) or control shRNA 
lentiviral particle (sc-108080, Santa Cruz Biotechnology) expressing scramble shRNA. 
Infected cells were then selected with 5 μg/ml puromycin for several days. Sh-p300 or 
scramble-shRNA control myoblasts were then differentiated into myotubes. Three days 
after differentiation, cells were treated with1 μM Dex or EtOH (control) for 6 h, followed 
by RNA extraction, RT-qPCR gene expression assay.  

Plasma insulin analysis 

 Plasma insulin level were examined by using ultra sensitive mouse insulin ELISA 
kit (Crystal Chem Inc., Cat. No: 90080). 

Akt pAkt ELISA 

 The Akt and pAkt levels were studied by using Akt (Total) ELISA kit (Invitrogen, 
KHO0101) and Akt (pS473) ELISA kit (Invitrogen, KHO0111) respectively. 

Statistics 

We utilized Student’s t test, and data were expressed as standard error of the 
mean (S.E.M) for each group. P values below 0.05 were considered significant. 
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