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Abstract

Aim: Defects in hepatic glycogen synthesis contribute to post-prandial hyper-
glycaemia in type 2 diabetic patients. Chromogranin A (CgA) peptide Catestatin
(CST: hCgA;5, 57,) improves glucose tolerance in insulin-resistant mice. Here, we
seek to determine whether CST induces hepatic glycogen synthesis.

Methods: We determined liver glycogen, glucose-6-phosphate (G6P), uridine
diphosphate glucose (UDPG) and glycogen synthase (GYS2) activities; plasma
insulin, glucagon, noradrenaline and adrenaline levels in wild-type (WT) as well
as in CST knockout (CST-KO) mice; glycogen synthesis and glycogenolysis in
primary hepatocytes. We also analysed phosphorylation signals of insulin recep-
tor (IR), insulin receptor substrate-1 (IRS-1), phosphatidylinositol-dependent ki-
nase-1 (PDK-1), GYS2, glycogen synthase kinase-3p (GSK-3), AKT (a kinase in
AKR mouse that produces Thymoma)/PKB (protein kinase B) and mammalian/
mechanistic target of rapamycin (mTOR) by immunoblotting.

Results: CST stimulated glycogen accumulation in fed and fasted liver and in
primary hepatocytes. CST reduced plasma noradrenaline and adrenaline lev-
els. CST also directly stimulated glycogenesis and inhibited noradrenaline and
adrenaline-induced glycogenolysis in hepatocytes. In addition, CST elevated the
levels of UDPG and increased GYS2 activity. CST-KO mice had decreased liver
glycogen that was restored by treatment with CST, reinforcing the crucial role of
CST in hepatic glycogenesis. CST improved insulin signals downstream of IR and
IRS-1 by enhancing phospho-AKT signals through the stimulation of PDK-1 and
mTORC2 (mTOR Complex 2, rapamycin-insensitive complex) activities.
Conclusions: CST directly promotes the glycogenic pathway by (a) reducing
glucose production, (b) increasing glycogen synthesis from UDPG, (c) reducing
glycogenolysis and (d) enhancing downstream insulin signalling.

KEYWORDS
catestatin, glucose-6-phosphate, glycogen, glycogen synthase, hyperglycaemia, phospho-AKT

See related editorial: Raza GS., Herzig KH. 2022. Hepatic glucose production and storage as a potential strategy for type 2 diabetes treatment -The effect of catestatin —* just
another new kid in town?” Acta Physiol (Oxf). e13808.
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1 | INTRODUCTION

Obesity, a major risk factor for type 2 diabetes (T2D)," re-
sults in the development of insulin resistance and post-
prandial hyperglycaemia.** In the United States, >50%
of the population have either diabetes or pre-diabetes.’
Obesity-induced T2D is, thus, emerging as a global health
problem threatening to reach pandemic levels by 2030.%7
Chronic hyperglycaemia causes glucotoxicity,&9 which re-
sults in decreased secretion of insulin and increased insulin
resistance.>'° The liver plays a central role in the mainte-
nance of blood glucose homeostasis. In the post-prandial
state, the liver responds to an increase in portal vein blood
glucose and insulin levels by absorbing glucose via glucose
transporter 2 (GLUT2) and converting it to glycogen. The
stimulation of net glycogen synthesis is a major, direct
physiological function of post-prandial insulin on hepato-
cytes.'! In the post-absorptive state, the liver produces glu-
cose by glycogenolysis and gluconeogenesis.'* In the liver,
glucose metabolism is determined largely by the glucose
concentration in the portal vein (substrate supply) and is
regulated by feed-forward activation mechanisms."*'* Liver
glycogen synthesis is impaired in patients with T2D.'*"
Glycogen synthesis is also impaired in other organs, as for
instance, the reduced glucose uptake in skeletal muscle in
T2D subjects is partly accounted for by reduced glycogen
synthesis.'® Defects in the hepatic glycogen synthesis have
been shown to contribute to post-prandial hyperglycaemia
of patients with poorly controlled insulin-dependent dia-
betes mellitus>*”*® and non-insulin-dependent diabetic
subjects.'** Therefore, targeting hepatic glucose storage
or production is a potential therapeutic strategy for T2D.

Glucose homeostasis is controlled by several hor-
mones, with insulin being the most important anabolic
hormone and glucagon and catecholamines being the
most catabolic hormones. Glucagon and catecholamines
act by the following mechanisms: (a) inhibiting secretion
of insulin via an a-adrenergic mechanism,* (b) stimulat-
ing glucagon secretion, (c) stimulating hepatic glucose
production (HGP) via both p- and a-adrenergic regula-
tion of hepatic glycogenolysis and gluconeogenesis, >
(d) mobilizing gluconeogenic substrates such as lactate,
alanine and glycerol from extrasplanchnic tissues to the
liver”” and (e) decreasing glucose clearance by direct inhi-
bition of tissue glucose uptake.”®** In addition, both glu-
cagon and the catecholamines counteract insulin-induced
hypoglycaemia by stimulating glycogenolysis and gluco-
neogenesis and augmenting HGP.***!

Chromogranin A (CgA), a~49 kDa proprotein, gives rise
to peptides with opposing regulatory effects.***® Although
pancreastatin (PST: hCgA,s,3;) is an anti-insulin and
proinflammatory peptide,*”® catestatin (CST: CgAss, 37,)
is a proinsulin and anti-inflammatory peptide®*° and is

a risk factor for cardiovascular diseases in patients under-
going dialysis.*! The lack of all CgA peptides makes the
CgA knockout mice (CgA-KO) more sensitive to insulin
despite being obese.*” In addition, opposite to wild-type
(WT) mice, CgA-KO mice can maintain insulin sensitivity
even after 4 months of high-fat diet (HFD).® Lack of both
CgA and Chromogranin B (CgB) also caused increased
sensitivity to insulin with aging.** In contrast, CST knock-
out (CST-KO) mice are obese and display insulin resistance
and hyperinsulinemia even on normal chow diet (NCD).*
We have recently shown that supplementation of CST-KO
mice with CST not only restored insulin sensitivity but also
normalized plasma insulin levels in CST-KO mice.*’ In
HFD-induced obese (diet-induced obese [DIO]) mice, CST
improved insulin sensitivity by attenuating inflammation,
inhibiting infiltration of proinflammatory macrophages
into the liver and inhibiting gluconeogenesis.”” We have
also shown that CST improves insulin sensitivity in DIO
mice by attenuating HFD-induced endoplasmic reticulum
stress.*> Another mechanism by which CST could poten-
tially control hyperglycaemia in insulin-resistant mice is by
inducing synthesis of glycogen in the post-absorptive state.

Since CST inhibits both catecholamine secretion®***°
and gluconeogenesis (by inhibiting expression of glucose
6-phosphatase gene (G6pc)),*® we reasoned that glucose-
6-phosphate (G6P), the substrate for G6pc, would accu-
mulate after CST treatment, leading to stimulation of
glycogenesis. To address this, we measured plasma insu-
lin, glucagon, noradrenaline and adrenaline in CST-KO
mice and DIO mice treated with CST and determined their
effects on glycogen levels. This enabled us to determine
whether the improved glucose tolerance that we reported
earlier in DIO mice by CST,* was due to CST’s interaction
with pancreatic and adrenomedullary hormones leading
to mobilization of G6P from the gluconeogenic to the
glycogenic pathway. Therefore, in the present communi-
cation, we have tested the glycogenic effects of CST on ge-
netically obese and insulin-resistant CST-KO mice as well
as in insulin-resistant DIO mice and compared the effects
of CST with insulin.

2 | RESULTS

2.1 | CSTinduces hepatic glycogen
synthesis in an insulin-independent
pathway

One of the major pathways by which the liver removes glu-
cose after a meal is through insulin-induced conversion of
glucose into glycogen (glycogenesis).'™" This is reflected
by the presence of >3.5-fold more glycogen in fed liver
compared with fasted liver (Figure 1A), likely because
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FIGURE 1 Effects of chronic catestatin (CST) and acute insulin treatments on hepatic glycogen contents in both fed and fasted normal
chow diet wild-type (NCD-WT) mice. Mice were treated with CST (2 pg/g body weight/day for 15 days or 1 hr; intraperitoneal) followed by
fasting (8 hr) and treatment with saline or insulin (0.4 mU/g body weight for 30 min; intraperitoneal) before harvesting tissues under deep
anaesthesia. A, Liver glycogen content in fed (n = 12) and fasted (n = 15) NCD-WT mice. Two-way ANOVA: Interaction: P < .001; Food:

P < .001; Treatment: P < .001. B, Plasma insulin levels in fed and fasted WT-NCD mice (n = 14). Student's ¢ test. C, Liver glycogen content
in fed and fasted WT-NCD mice treated with saline (Sal; n = 43), acute CST for 1 hr (Acu; n = 12) or chronic CST for 15 days (Chr; n = 43).
Three-way ANOVA: Food: P < .001; Acute vs Chronic: P < .001; Saline vs CST: P < .001; Food X Acute vs Chronic: ns; Food x Saline vs
CST: P < .05; Acute vs Chronic X Saline vs CST; P < .001; Food X Acute vs Chronic X Saline vs CST: ns. D, Liver glycogen content after
saline (n = 20), insulin for 30 min (n = 9), acute CST plus insulin (n = 9) or chronic CST for 15 days plus insulin for 30 min (n = 11)
treatment in fasted NCD-WT mice. One-way ANOVA. E, Glycogen content in fed NCD-WT gastrocnemius muscle after saline or CST

(2 pg/g body weight/day for 15 days; intraperitoneal) treatment (n = 10). Student's ¢ test. F, Morphometric analysis of transmission electron
microscopy (TEM) micrographs showing glycogen granules in saline and CST-treated subsarcolemma and myofibril. Two-way ANOVA:
Interaction: P < .01; Treatment: P < .001; Zone: P < .001. G, Morphometric assessment of lipid content in the TEM micrographs of steatotic
liver of diet-induced obese mice after saline or chronic CST treatments. Student's ¢ test. *P < .05; P< .01; *p < .001
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insulin levels are reduced in fasted mice (Figure 1B).
Supplementation with insulin (30 minutes) restored gly-
cogen level in fasted mice (Figure 1A). Interestingly, like
insulin, both acute (1 hour) and chronic (10-15 days)
treatment with CST (2 pg/g body weight) raised glycogen
levels in fasted mice (Figure 1C). Moreover, CST treat-
ment caused a greater increase in glycogen levels com-
pared with insulin even in fed mice (Figure 1A,C). The
combined treatment of insulin and CST elicited an addi-
tive effect on glycogen in fasted mice (Figure 1D), sug-
gesting that parallel pathways for CST and insulin actions
may exist. Ultrastructural changes of glycogen granules
(GGs) strengthen and support the biochemical findings of
glycogen levels (Figure S1). GG granules in the liver were
increased both in fed and fasted mice after CST treat-
ment (Figure S1A-E). It was revealed that CST caused a
dose-dependent (10 ng/g-25 ug/g body weight) increase
in glycogen levels with an ECs, of ~13 ng/g body weight
(Figure S1F). The half-life of CST in plasma in fed mice
was ~6.7 hours (Figure S1G).

2.2 | CST elevates muscle
glycogen content

The bulk of post-prandial glucose uptake takes place in the
skeletal muscle.”® Although ~80% of the glucose that en-
ters muscle fibres in human in response to insulin is con-
verted to glycogen,’"** the rest is being oxidized to provide
energy for muscle function.'® Being an insulin-sensitizing
peptide,*® CST increased the glycogen content in gas-
trocnemius muscle of NCD-fed WT mice (Figure 1E).
Electron microscopy revealed three distinct intracellular
pools of glycogen®*: (a) subsarcolemmal glycogen, just
beneath the sarcolemma (Figure S2A,B), (b) intermyofi-
brillar glycogen, located beneath the myofibrils (Figure
S2C,D); and (c) intramyofibrillar glycogen, in the myofi-
bril, mainly near the z-line. Exercise has been reported to
cause marked depletion of intramyofibrillar glycogen, un-
derscoring glycogen's key roles in muscle function.”> CST

increased the number of GGs both in the subsarcolemmal
and intramyofibrillar region (Figure 1F; Figure S2A-D).
As previously shown,*’ CST decreased lipid density in the
liver of DIO mice (Figure 1G, Figure S2E,F), thereby re-
ducing steatosis.

2.3 | Contribution of
catecholamines and glucagon

Glycogenolysis, controlled by the counterregulatory hor-
mones such as glucagon, noradrenaline and adrenaline,”*
helps the liver to maintain blood glucose concentrations
during the early stage of fasting. We measured the effect
of CST on these hormones. While plasma noradrenaline
and adrenaline levels were reduced upon CST treatment
in both fed and fasted state, no changes in glucagon levels
were detected in the fed state (Figure 2A). These findings
suggest that one of the mechanisms by which CST restores
and increases hepatic glycogen content in the early stage
of fasting, could be by inhibiting catecholamine-induced
glycogenolysis. Interestingly, acute insulin treatment (for
30 minutes) raised plasma noradrenaline and adrena-
line levels only in the fasted state but not in the fed state
(Figure 2B,C). Exogenously administered insulin therefore
seems to play a dual role in the fasting state to maintain
glucose levels, stimulating gluconeogenesis by catecho-
lamines but also promoting glycogenesis (Figure 1A,D).
Since in the fasted state, insulin not only increased liver
glycogen content but also increased plasma catechola-
mines, insulin mediated inhibition of glycogenolysis dom-
inates over catecholamine induced glycogenolysis.
Because the glycogenic function of the liver is com-
promised in T2D,"*?° we tested the effects of CST on the
hepatic glycogen content in insulin-resistant DIO mice. A
schematic diagram shows the diet, peptide treatment and
tissue harvesting (Figure 2D). Chronic treatment of DIO
mice with CST caused a >1.5-fold increase in liver glyco-
gen content (Figure 2E). Like in NCD mice, the effects of
combined CST and insulin treatment in hepatic glycogen

FIGURE 2 Effects of chronic catestatin (CST) and acute insulin treatments on plasma counterregulatory hormone levels in both fed and
fasted normal chow diet wild-type (NCD-WT) mice. Fed or fasted NCD-WT mice were treated with CST (2 pg/g body weight/day for 15 days:
intraperitoneal) before harvesting tissues under deep anaesthesia after 24 hrs of last injection. A, Noradrenaline (n = 16), adrenaline

(n = 16) and glucagon (n = 6) levels in fed and fasted NCD-WT mice. Three-way ANOVA: Hormones: P < .001; Fed vs Fast: P < .001; Saline
vs CST: P < .001; Hormones X Fed vs Fast: P < .05; Hormones X Saline vs CST: ns; Fed vs Fast X Saline vs CST: P < .001; Hormones X Fed
vs Fast x Saline vs CST: P < .001. B, Noradrenaline levels in saline or insulin-treated fed or fasted NCD-WT mice (n = 7). Two-way ANOVA:
Interaction: P < .01; Treatment: P < .05; Food: P < .01. C, Adrenaline levels in saline or insulin-treated fed or fasted NCD-WT mice (n = 7).
Two-way ANOVA: Interaction: P < .01; Treatment: P < .001; Food: P < .001. D, Schematic diagram showing age, diet, CST treatments,
glucose and insulin tolerance tests and tissue harvesting. E, Liver glycogen content in fed and fasted diet-induced obese (DIO-WT) mice after
saline (n = 27) or CST (n = 16) treatments. Two-way ANOVA: Interaction: P < .01; Treatment: P < .001; Food: P < .001. F, Effects of saline
(n = 47), insulin alone (n = 9; 30 min) or in combination with chronic CST (n = 12) on glycogen content in fasted DIO-WT mice. One-way

ANOVA: P < .001. 'P < .01; *P < .001; ns, not significant
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content were additive, indicating that these compounds
both promote glycogenesis via divergent and synergistic
pathways (Figure 2F). When values in Figure 2E,F were
compared, it appeared that in the fasted state, CST treat-
ment increased liver glycogen content more than insulin
in DIO mice. Thus, CST was more effective in inducing

glycogenesis than insulin in DIO mice. We have previ-
ously shown that CST inhibits nicotine-induced secretion
of noradrenaline from PC12 cells*****® as well as nor-
adrenaline and adrenaline from mouse.*’” Unlike in NCD
mice, CST caused a decrease only in noradrenaline lev-
els but did not change adrenaline and glucagon levels in



BANDYOPADHYAY ET AL.

BE A -TA PHYSIOLOGICA

fed DIO mice (Figure S3). In fasted mice, the effects of
CST on counterregulatory hormones were comparable
between NCD and DIO mice (Figure 2A and Figure S3).
Importantly, insulin-induced glycogen synthesis is re-
duced in DIO mice, but CST is equally effective in NCD or
DIO mice (Figures 1C and 2E).

2.4 | Dose-dependent improvement of
glucose tolerance by CST in DIO mice

We have recently shown that CST reduces inflammation
in DIO mice, resulting in an improvement in insulin sen-
sitivity.*” In our previous work, we also demonstrated
improvement of glucose tolerance by CST.*’ Here, we
confirmed this finding by conducting a dose-response
study of CST (0.1-1.0 pg/g body weight) on glucose
tolerance by the oral glucose tolerance test (ip-GTT)

DIO-WT

(Figure 3A,B), showing that CST caused a dose-dependent
improvement in glucose tolerance with an ICs, of ~0.41
ug/g body weight (Figure 3A,B). We have also con-
ducted a time-course of oral CST action by oral-GTT
(Figure 3C,D) demonstrating that CST improved glu-
cose tolerance in DIO mice already after 1 day of treat-
ment (Figure 3C,D). The absolute blood glucose values at
0 minute are as follows: Pre-treatment: 149.9 + 7.32 mg/
dL; 1 day after CST: 142.7 + 8.836 mg/dL; 3 consecutive
days of CST treatment: 138.6 + 8.16 mg/dL; 5 consecutive
days of CST treatment: 134.0 + 11.66 mg/dL; 10 consecu-
tive days of CST treatment: 128.9 + 11.9 mg/dL. Oral de-
livery of CST did not result in a significant reduction of
the body weight (Figure S4A). The intraperitoneal insulin
tolerance test (ip-ITT) showed improvement in insulin
tolerance in DIO mice by CST (Figure 3E,F). The abso-
lute blood glucose values at 0 minute are as follows: sa-
line: 155.5 + 10.62 mg/dL; CST: 121.2 4+ 9.63 mg/dL. Oral
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FIGURE 4 Effects of chronic catestatin (CST) and acute insulin treatments on hepatic glycogen content and plasma levels of
counterregulatory hormones levels in normal chow diet (NCD)-CST-knock-out (KO) mice. NCD-WT and NCD-CST-KO mice were treated
with CST (2 ug/g body weight/day for 15 days; intraperitoneal) followed by treatment with insulin (0.4 mU/g body weight for 30 min) before
tissue harvesting. Tissues were harvested from fed or fasted (8 hr) mice under deep anaesthesia. A, Hepatic glycogen content in fed and
fasted NCD-CST-KO mice compared with NCD-WT mice (n = 12). Two-way ANOVA: Interaction: P < .001; Treatment: P < .001; Food:

P < .001. B, Effects of insulin (30 min) on glycogen content in fed and fasted NCD-CST-KO mice (n = 12). Two-way ANOVA: Interaction:
ns; Time: Treatment: P < .05; Food: P < .001. C, Liver glycogen content in fasted and fed NCD-CST-KO mice after saline (n = 26) chronic
CST treatment (n = 14). Two-way ANOVA: Interaction: ns; Time: Treatment: P < .05; Food: P < .001. D, Effects of insulin (30 min)

alone or in combination with chronic CST on liver glycogen content in fasted CST-KO-NCD mice (n = 12). One-way ANOVA: P < .001.

E, Plasma insulin levels in fed or fasted NCD-CST-KO mice (n = 14). Student's ¢ test. F, Noradrenaline (n = 15), adrenaline (n = 15) and
glucagon (n = 6) levels in fed or fasted NCD-CST-KO mice after chronic treatments with CST. Three-way ANOVA: Hormones: P < .001;
Fed vs Fast: P < .01; Sal vs CST: P < .001; Hormones X Fed vs Fast: ns; Hormones X Sal vs CST: P < .001; Fed vs Fast x Sal vs CST: P < .05;
Hormones X Fed vs Fast x Sal vs CST: ns. G, Noradrenaline and adrenaline levels in saline or insulin (30 min)-treated fed and fasted CST-
KO-NCD mice (n = 6). Three-way ANOVA: Catecholamines: P < .001; Fed vs Fast: P < .001; Sal vs Insulin: P < .01; Catecholamines X Fed
vs Fast: P < .001; Catecholamines X Sal vs Insulin: P < .05; Fed vs Fast x Sal vs CST: ns; Catecholamines X Fed vs Fast x Sal vs CST: ns.

*P < .05; *P < .001; ns, not significant
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CST treatment also suppressed the expression of genes
coding for enzymes involved in the gluconeogenesis: the
G6Pase gene (G6pc) and phosphoenol-pyruvate kinase
gene (PckI) (Figure S4B,C), indicating that CST will limit
de novo formation and hydrolysis of G6P. Together, these
findings strengthen our previous findings* that CST im-
proves the GTT and ITT and inhibits the gluconeogenesis
in DIO mice.

2.5 | Lower hepatic glycogen content in
CST-KO compared with WT mice

To gain a better understanding of the role of CST in he-
patic glucose homeostasis, we examined NCD-CST-KO
mice, which are genetically obese and insulin-resistant.*
Hepatic glycogen content in fed NCD-CST-KO mice was
lower than in WT mice (Figure 4A), pointing to decreased
insulin sensitivity. In the fed state, insulin failed to in-
crease the hepatic glycogen content (Figure 4B), support-
ing the presence of hepatic insulin resistance in CST-KO
mice.*® In the fasted state, insulin caused only a ~1.4-
fold increase in liver glycogen content in CST-KO mice
(Figure 4B). Chronic treatment of CST-KO mice with CST
resulted in an approximately threefold increase in hepatic
glycogen content in fed mice and >4.2-fold increase in he-
patic glycogen content in fasted mice (Figure 4C). Insulin
alone had no effect on accumulation of hepatic glycogen
content in fasted NCD-CST-KO mice, reinforcing insu-
lin resistance in CST-KO mice (Figure 4D). Insulin in
combination with CST caused a significant increase in
hepatic glycogen content in fasted NCD-CST-KO mice
(Figure 4D). Plasma insulin level in fasting mice were as
follows: WT: 0.66 + 0.04 ng/mL; CST-KO: 1.59 + 0.12 ng/
mL. Thus, fasting plasma insulin in CST-KO mice was
>2.4-fold higher than in WT mice, as shown in our previ-
ous work.*’ Despite the presence of higher plasma insu-
lin levels in the fasted state, fasted CST-KO mice showed
a lower hepatic glycogen content than fasted WT mice
(Figure 4A). These effects of CST correlated with de-
creased levels of plasma counterregulatory hormones

(Figure 4F). Plasma glucagon levels in NCD-CST-KO
mice were higher than in DIO-WT mice (Figure 4F and
Figure S3), but in contrast to DIO-WT mice, the glucagon
levels were lower in CST-KO mice after CST treatment
(Figure 4F and Figure S3).

Like in DIO-WT mice, CST treatment reduced plasma
noradrenaline and adrenaline levels in both fed and fasted
CST-KO mice (Figure 4F). However, CST treatment of
CST-KO mice also lowered glucagon levels (Figure 4F),
suggesting that CST might have aided glycogen accumula-
tion by reducing glucagon-induced glycogenolysis. Acute
insulin treatment only reduced noradrenaline (in contrast
to WT mice) in fasted CST-KO mice, but had no effects
on noradrenaline or adrenaline in fed mice (Figure 4G).
Thus, CST-KO mice display lower hepatic glycogen con-
tent compared with WT mice, and this is elevated by CST
supplementation.

2.6 | CST enhances glycogen
synthesis and suppresses glycogenolysis

To confirm the in vivo studies and assess whether CST
directly affects glycogenesis and glycogenolysis in hepato-
cytes, we measured glycogen synthesis from radio-labelled
glucose and glycogenolysis from pre-labelled stored glyco-
gen in cultured primary hepatocytes. We found that CST
and insulin alone caused a modest (>1.4-fold by CST;
~1.8-fold by insulin) increase in glucose incorporation
into glycogen, while CST and insulin in combination re-
sulted in a >2.6-fold increase in glycogen accumulation
(Figure 5B), consistent with a previous report.'? Analysing
the dose-dependent effects of CST on net glycogenesis, the
ECs, turned out to be ~43.4 nM (Figure 5A). We also found
that combined treatments of counterregulatory hormones
noradrenaline and adrenaline caused a ~2.3-fold increase
in glucose release from pre-labelled glycogen, which was
inhibited by both CST and insulin (Figure 5C), indicating
that both CST and insulin can directly induce glycogen
synthesis and inhibit catecholamine-induced glycogen-
olysis by hepatocytes.

FIGURE 5 Regulation of glycogenesis and glycogenolysis in hepatocytes by catestatin (CST) and regulation of the levels of glucose-

6-phosphate (G6P) and uridine diphosphate glucose (UDPG) as well as GYS2 activity in mouse liver by CST. A, Dose-dependent effects of

CST on glycogenesis from **C-glucose in cultured primary lean hepatocytes. The ECs, was calculated using GraphPad PRISM software. B,

Effects of insulin and/or CST on glycogenesis (n = 4-5). One-way ANOVA: P < .001. C, Effects of insulin (Ins), adrenaline, noradrenaline
and/or CST on glycogenolysis from preloaded radio-labelled glycogen (n = 6). One-way ANOVA: P < .001. D, Effects of CST on liver G6P
levels in fed or fasted normal chow diet (NCD)-wild-type (WT) mice (n = 6). Two-way ANOVA: Interaction: ns; Treatment: P < .001; Food:
ns. E, Effects of CST on liver G6P levels in fed or fasted diet-induced obese (DIO)-WT mice (n = 6). Two-way ANOVA: Interaction: ns;
Treatment: ns; Food: P < .01. (F) and (G) Effects of CST on UDPG in the liver of fasted NCD-WT or DIO-WT mice (n = 4). Student's ¢ test.
(H) and (1) Effects of CST on GYS2 activities in the liver of fasted NCD-WT and DIO-WT mice (n = 6). Student's ¢ test. For GYS2 activity, the
activation ratios in the presence of low (0.1 mM) and high (10 mM) G6P are shown (n = 6). Tissues were from the same experiments shown

in Figures 1and 2. *P < .05; TP < .01; *P < .001, ns, not significant
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2.7 | CSTincreases G6P and UDPG levels

After entry of glucose into hepatocytes, glucose is imme-
diately phosphorylated to G6P followed by conversion
to glucose-1-phosphate (G1P) by phosphoglucomutase,
and then to UDPG by UDP-glucose pyrophosphorylase
to provide the substrate for glycogen synthesis. Glycogen
synthase (GYS) or liver-specific GYS2 catalyses the trans-
fer of glucosyl units from UDPG to glycogen by the syn-
thesis of a-1,4 bonds. A strong positive correlation exists
between the activation of GYS and intracellular G6P.>>°
On binding to GYS, G6P causes allosteric activation of the
enzyme through a conformational rearrangement that si-
multaneously converts it into a better substrate for protein
phosphatases.’”> Dephosphorylation results in the acti-
vation of GYS.

CST increased G6P levels in both fed (>1.68-fold) and
fasted (>1.88-fold) NCD-WT mice (Figure 5D). In con-
trast, CST did not increase G6P levels in both the fed and
fasted states in DIO-WT mice (Figure 5E). However, the
basal G6P levels in fed DIO-WT mice seemed to be al-
ready higher than the basal levels in fed NCD-WT mice,
almost close to the levels of CST-treated NCD-WT mice
(Figure 5E). Because UDPG levels were increased by
CST in fasted NCD-WT and DIO-WT mice (Figure 5F,G),
these results underscore the critical role of UDPG-
pyrophosphorylase in CST action in DIO mice, where G6P
levels were not changed.

2.8 | CST augments GYS2 activity
by inactivating GSK-3f through
phosphorylation

GYS activity is controlled by covalent modification
of the enzyme,®® allosteric activation by G6P>*°! and
enzymatic translocation by insulin.®® Therefore, we
measured GYS2 activity by following incorporation of
UDP-'*C-glucose into glycogen in the presence or ab-
sence of saturating concentrations of G6P. CST stim-
ulated GYS2 activity in fasted NCD-WT and DIO-WT
mice (Figure 5H,I). In addition to the allosteric activa-
tion of GYS2 by G6P, GYS2 is regulated by multi-site
phosphorylation, which causes inactivation. GYS2
is phosphorylated on nine serine residues by kinases
such as glycogen synthase kinase (GSK)-3p.°>%* GSK-3p
in turn is inactivated by phosphorylation of its Ser9
site by protein kinase A (PKA), the serine/threonine
kinase AKT and p90 ribosomal s6-kinase (p90RSK)
and activated by autophosphorylation of Tyr216.5>
Phosphorylation of GYS2 results in its progressive in-
activation and decreased sensitivity to allosteric ac-
tivators.®” GYS2 dephosphorylation is regulated by

hormones like insulin and is mediated by phosphatases
like protein phosphatase 1.

2.9 | CST stimulates AKT signalling
without affecting insulin-induced tyrosine
phosphorylation of insulin receptor and
insulin receptor substrate-1

Insulin binding to the insulin receptor (IR) stimulates ty-
rosine phosphorylation (pY) of the IR (through auto phos-
phorylation by IR tyrosine kinase) and insulin receptor
substrate-1 (IRS-1) (by the IR tyrosine kinase). These are
the key initial steps of the insulin signalling pathway.”
We tested whether CST has any effect on these early steps.
As expected, insulin stimulated tyrosine phosphorylation
of IR and IRS-1 in cultured hepatocytes. However, the
levels of phosphorylation were not significantly changed
upon CST treatment (Figure 6A-D), suggesting that the
proximal part of the insulin signalling pathway is separate
from the pathway for CST action.

Because CST had no effects on the phosphoryla-
tion of IR and IRS1, we tested whether CST exerts any
post-IR signalling. Interestingly, CST, like insulin, stim-
ulated PI3-kinase activity (Figure 6E). This enzyme
primarily phosphorylates inositol lipids like phosphatidyl-
inositol-phosphates, such as phosphatidylinositol
(4,5)-bisphosphate (PI-4,5 P,; PIP2), at the 3 position of
the inositol moiety, to form PI (3,4,5)-triphosphate (PI-
(3,4,5)P4; PIP3) which is a bioactive lipid. However, in this
activity assay using anti-p85 immunoprecipitate (which
pulls down catalytic subunit p110) as the source of the
enzyme and phosphatidyl-inositol phosphate (PI), instead
of PIP2, as the substrate, the product was PI 3-phosphate
(PI3P; as shown in Figure 6E). Thus, both insulin and CST
treatment promoted production of PI3P, and combined
treatment with insulin and CST seems to have an additive
effect.

PIP2 and PIP3 bind to the PH (Pleckstrin Homology) do-
main of AKT”" as well as to mTORC2.”* PIP2/PIP3 binding
to AKT allows phosphorylation of AKT by phosphatidyl-
inositol phosphate-dependent kinase-1 (PDK-1) at thre-
onine 308 residue.” Downregulation of PDK-1 protein
expression by si-RNA (Figure 7A,B) led to the decreased
PAKT (T308) signals (Figure 7C,D), reenforcing the no-
tion that the phosphorylation of AKT (T308), stimulated
by insulin and CST, is PDK-1 dependent.

Another interesting aspect of the regulation of AKT
phosphorylation is the existence of a positive feedback
loop through which pT308-AKT phosphorylates the
SIN1 subunit of mTORC2 at the T86 residue enhancing
mTORC?2 kinase activity, which leads to further phosphor-
ylation of AKT at S473 (pS473-AKT) by mTORC2, thereby
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FIGURE 6 Unchanged tyrosine phosphorylation of insulin
receptor (IR) and insulin receptor substrate-1 (IRS-1) and increased
PI3-kinase activity by catestatin (CST) in primary hepatocytes.

A, Immunoblots show tyrosine phosphorylation (pY) of IR in
response to insulin and CST (n = 3). B, Imnmunoblots show
tyrosine phosphorylation (pY) of IRS-1 in response to insulin and
CST (n = 3). C, Corresponding density ratio of phospho-/total IR
signals. One-way ANOVA: P < .001. D, Corresponding density
ratio of phospho-/total IRS-1 signals. One-way ANOVA: P < .01.
E, Autoradiograph of thin layer chromatography plate showing
the formation of phosphatidyl inositol-3-phosphate (PI3-P) due to
increased PI-3-kinase activity in the anti-p85-immunprecipitates
after stimulation with insulin and/or CST. *P < .05; P < .01;ns,
not significant

catalysing full activation of AKT.”> Thus, mTORC2 is
activated by both PIP3 as well as pT308-AKT. CST en-
hanced phosphorylation of mTOR at S2481 (pS2481)
(Figure 8A,B). This phosphorylation is known to increase

ACTA PHYSIOLOGICA S

functional integrity of the mTORC2 complex,”* causing
increased AKT phosphorylation at S473 (Figure 8C,D).

Therefore, CST plays double roles in AKT activation,
one by providing PIP3 (via activation of PI3-kinase and
PDK-1) and the other by strengthening the integrity of
mTORC2 complex.

2.10 | CST augments GYS2 activity
by inactivating GSK-3f through
phosphorylation

Activation of AKT leads to phosphorylation of GSK-3f
causing inactivation of GSK-3p, which in turn prevents
subsequent phosphorylation and inactivation of GYS2.
In addition to the allosteric activation, GYS2 is regulated
by multi-site phosphorylation, which causes inactiva-
tion. GYS2 is phosphorylated on nine serine residues by
kinases such as GSK-3p.°*®* GSK-3p, in turn, is inacti-
vated by phosphorylation of its Ser9 site by PKA, AKT
and p90RSK are activated by autophosphorylation of
Tyr216.°°%® Phosphorylation of GYS2 results in its pro-
gressive inactivation and decreased sensitivity to allosteric
activators.”” GYS2 dephosphorylation is regulated by hor-
mones like insulin and is mediated by phosphatases like
protein phosphatase 1.%®

Immunoblotting revealed that in fasted NCD-WT and
DIO-WT mice, CST and insulin alone increased GSK-3f
Ser9 phosphorylation (Figure 9A,B). The effects of CST in
combination with insulin were additive in DIO-WT mice
but not in NCD-WT mice (Figure 9A,B). Because Ser641 is
one of the GSK-3p target sites in GYS2, we also measured
Ser641 phosphorylation by immunoblotting. In fasted
NCD-WT mice, CST or insulin alone caused dephosphor-
ylation of Ser641, while their combination caused a small
additive effect (Figure 9A,C). However, in DIO-WT mice,
neither CST nor insulin reduced Ser641 phosphorylation,
but the combination did (Figure 9A,C). In summary, CST
increases glycogen production in the liver by increasing
UDPG levels, increasing phosphorylation of GSK-3f and
dephosphorylation of GYS2.

3 | DISCUSSION
In the post-prandial state, a major pathway that contrib-
utes to the removal of glucose from the portal vein by the
liver is conversion of glucose into glycogen’>’® and defects
in hepatic glycogen synthesis contribute to post-prandial
hyperglycaemia in patients with poorly controlled insulin-
dependent diabetes mellitus."

The present study shows that CST induces hepatic
glycogenesis in both the fed and fasted state in both lean
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(NCD) and obese (DIO) mice. CST caused an almost
doubling of G6P levels in lean mice. In the liver of obese
mice, basal G6P levels are already higher than in the liver
of lean mice. Therefore, CST had no additional effects
on G6P levels. In both lean and obese mice, GYS2 activ-
ity was stimulated by CST, resulting in the efficient con-
version of G6P to glycogen. It is likely that the elevated
G6P allosterically activates GYS to allow greater glycogen
synthesisss’57’58 after CST treatment. In fasted lean mice,
CST or insulin alone induced >fivefold increase in he-
patic glycogen content, while their combination caused
an additive effect. This additive effect indicates that CST
and insulin use divergent signalling pathways to induce
hepatic glycogenesis in the post-absorptive state. Such an
effect was limited in DIO mice because of insulin resis-
tance. Nevertheless, CST also elevated glycogen content in
the liver of DIO mice.

In CST-KO mice, supplementation of oral CST results
in a 4-5 nM concentration in plasma in about 15 hours,
which is comparable with the circulating level of CST.”’

To our knowledge, this is the first report showing plasma
levels of CST after oral administration. Physiologically,
such a concentration of CST could sustain a significant
increase in glycogen formation. Together with insulin,
this concentration of CST could boost glycogen loading
even in obese mice, thus reducing circulating glucose
levels, implicating that delivery of circulatory glucose
from G6P will be reduced by suppressing expression of
Gé6pc with consequent diversion towards the glycogenic
pathway.

Part of the CST effect in vivo could be indirect through
changes in catecholamines. Indeed, CST decreased the
levels of plasma catecholamines in the fed state, whereas
insulin had no effect. However, CST did not change
plasma glucagon levels. These findings indicate that
CST restores and increases hepatic glycogen content by
inhibiting catecholamine-induced glycogenolysis in the
early stage of fasting. In contrast, insulin-induced he-
patic glycogenesis is associated with increased plasma
catecholamines in the fasted mice. The contribution of
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catecholamine-induced glycogenolysis to glucose pro-
duction is well known.?*”® Suppression of catecholamine
levels by CST can have dual indirect impacts as it could
reduce both the gluconeogenic as well as the glycogeno-
lytic effects of catecholamines.”

Our results in hepatocytes showed that CST and insulin
inhibit catecholamine-induced glycogenolysis. Although
under stressed conditions (starvation) insulin elevates cat-
echolamine levels, its inhibitory effects on glycogenolysis
may still dominate allowing accumulation of glycogen. In
cultured hepatocytes, both glucose and insulin suppress
glycogenolysis by inhibiting glycogen phosphorylase a,
in a process possibly involving protein phosphatase 1.”
Protein phosphatase 1 inactivates glycogen phosphorylase
via dephosphorylation of phosphorylase kinase (phos-
phorylated by PKA) as well as activates GYS2 by dephos-
phorylation.® The net result of this is increased glycogen
accumulation.

Studies in humans show a dichotomy of adrenaline
and noradrenaline responses during the oral glucose tol-
erance test: decreased plasma adrenaline and increased
plasma noradrenaline,®' where the authors did not find
a correlation between changed noradrenaline and adren-
aline with glucose tolerance in mice. CST deficiency in
CST-KO mice creates glucose intolerance and insulin

resistance even in NCD-fed CST-KO mice. As would be
predicted, CST-KO mice stored less glycogen in the liver
than WT mice. In the absence of CST, elevated pancre-
atic glucagon and higher plasma noradrenaline may
contribute to the glucose intolerance which could be
corrected by insulin or CST. The glycogenic function of
the liver is compromised in both T2D subjects and DIO
mice.'”? CST increased the hepatic glycogen content in
fed DIO mice and was more effective than insulin in in-
ducing hepatic glycogenesis in fasted DIO mice. These
findings indicate that the increased hepatic glycogenesis
in both fed and fasted DIO mice by CST may be due to
the increased insulin sensitivity that we have reported
earlier.* Besides the indirect effects through the cat-
echolamines, CST seems to exert a direct effect on gly-
cogenesis in hepatocytes. Both CST and insulin inhibit
glycogenolysis in isolated hepatocytes, but there is no
additive effect, suggesting a common signalling pathway.
In contrast, CST and insulin have an additive effect on
glycogen accumulation that may indicate a divergence of
CST and insulin effects at the level of glycogen synthesis.
The fact that CST alone stimulates glycogen synthesis in
insulin-resistant DIO mice and in isolated hepatocytes,
supports a direct, insulin-independent regulatory role of
CST in glycogenesis. CST treatment increased cellular
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FIGURE 9 Catestatin (CST) augments hepatic GYS2 activity (ie, increased dephosphorylation) and decreases GSK-3p activity (ie,
increased phosphorylation) in fasted normal chow diet (NCD)-wild-type (WT) and diet-induced obese (DIO)-WT mice. A, Immunoblots
showing total and phosphorylated signals for GSK-3p and GYS2 in NCD-WT and DIO-WT mice. B, Densitometry values of GSK-3p in NCD-
WT mice (n = 4). One-way ANOVA: P < .001. C, Densitometry values of GSK-3p in DIO-WT mice (n = 4). One-way ANOVA: P < .001.

D, Densitometry values of GYS2 in NCD-WT mice (n = 4). One-way ANOVA: P < .01. E, Densitometry values of GYS2 in DIO-WT mice

(n = 4). One-way ANOVA: P < .001. Tissues were from the same experiments as shown in Figures 1 and 2. *P < .05; P < .001; ns, not

significant

G6P levels, which is consistent with our previous finding
that CST suppresses expression of the Gépc gene,* thus
reducing hydrolysis of G6P back to glucose. The present
findings demonstrate that G6P is also directed by CST
into the glycogenic pathway by stimulation of GYS and
inhibition of glycogenolysis. Consistent with glucose in-
tolerance in CST-KO mice,* we found here the reduced
ability in CST-KO mice to convert glucose to glycogen
owing to lack of CST.

The nature of the relationship between insulin and
CST-induced signalling pathways is incompletely un-
derstood. We show here that CST does not affect the
proximal part of insulin signalling pathway, involving
tyrosine phosphorylation of IR and IRS-1. On the other
hand, under insulin resistant conditions (in DIO mice),
insulin and CST cooperate to produce an additive effect
on phosphorylation of GSK-3f and dephosphorylation
of GYS2, suggesting that CST improves the weak insulin
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response in obese mice. How might this happen? Our
results suggest a two-prong effect of CST: (a) stimula-
tion of PI3-kinase-mediated production of PIP3 lead-
ing to increased phosphorylation of AKT at T308 in a
PDK-1-dependent manner and (b) increased autophos-
phorylation of mTOR at S2481 leading to improved in-
tegrity of the mTORC2 complex, which allows increased
phosphorylation of AKT at Ser473.”*%* The mTORC2
pathway and its effects on AKT signalling has been
extensively discussed in the literature.®** A third mech-
anism could be the stimulation of a positive feedback
loop, as suggested in the literature, where it was shown
that activation of AKT (at T308) results in direct phos-
phorylation of the SIN1 subunit of the mTORC2 com-
plex and enhances phosphorylation of AKT at S473.”
That may mean CST, like insulin, could be an operator
of an activation loop between PDK-1 and mTORC2 lead-
ing to phosphorylation of AKT at two sites, T308 and
S473. Thus, the canonical insulin pathway and this al-
ternative pathway for CST action may explain the addi-
tive effects seen with a combination of insulin and CST.
The pathways of actions of insulin and CST are illus-
trated in Figure 10.

We have shown here three ways how CST causes gly-
cogen accumulation. The first is to raise the substrate lev-
els of glycogen synthesis (G6P and UDPG), one of which

FIGURE 10 Schematic diagram
showing insulin and catestatin-mediated
signalling pathways involved in the
regulation of hepatic glucose and glycogen
metabolism
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(G6P) is a known allosteric activator of GYS. The second
is to enhance dephosphorylation of GYS by phosphory-
lating (and inactivating) GSK-3f. The third is to inhibit
glycogenolysis. The insulin-independent stimulatory ef-
fect of CST on glycogenesis but not on glycogenolysis
in hepatocytes, suggests that stimulation of glycogenesis
by CST is the major pathway through which CST con-
trols hepatic glucose production and improves glucose
intolerance in obese mice. Given these characteristics,
CST could be a new therapeutic peptide to treat both
glucose intolerance and inflammation (in diabetes) as
well as hypertension (due to its anti-adrenergic activity).

4 | CONCLUSION

CST improves glucose tolerance in obese and insulin-
resistant mice by the following mechanisms: (a) reduced
HGP from G6P, (b) increased glycogen synthesis from
G6P via formation of UDPG, (c) phosphorylation of AKT
at S473 and T308 by stimulating mTOR and PDK1, re-
spectively, and (d) reduced glycogen breakdown (due to
suppression of plasma catecholamine levels). The net
result is reduced free available glucose. These conclu-
sions were verified in CST-KO mice and in hepatocyte
cultures.
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5 | MATERIALS AND METHODS

5.1 | Animals, diets and treatments

We used only male mice in this manuscript as CgA is espe-
cially overexpressed in male patients with hypertension.®
DIO mice were created by feeding male WT mice (C57BL/6),
starting at 8 weeks of age with HFD (Research diets D12492,
60% of calories from fat) for 112 days (16 weeks). Mice
were kept in a 12:12 hour dark/light cycle; food and water
were always available. Male CST knockout (CST-KO) mice
with C57BL/6 background were also used. Both control
WT mice as well as CST-KO mice were fed NCD (14% of
calories from fat). Mice were injected intraperitoneally or
orally with CST (2 ug/g body weight: GenScript Corp) for
1 hour (acute) on 168-day-old mice (24 weeks) or 15 days
(chronic) on 153-day-old mice. This dose of CST has been
chosen from previous publications in rodents.***>*° In
chronic treatments, tissues were harvested 24 hrs after the
last injection. Acute CST treatment (1 hour) was carried out
in fasted mice 1 hour before killing. A group of mice were
fasted for 8 hours. Both fed and fasted mice were treated
with saline or insulin (0.4 mU/g body weight) for 30 min-
utes before killing for tissue collection that was done in the
same way and at the same time of the day (8:00-9:30 AM).
Animals had access to food before harvesting tissues under
deep anaesthesia. Tissues for biochemical assays were col-
lected between 8:00 and 9:30 AM, rapidly snap-frozen in
liquid nitrogen and kept in —80°C freezer. Previously, we
reported that CST treatment did not reduce body weight
and did not change food intake in WT mice.* In accord-
ance with NIH animal care guidelines, all procedures and
animals were housed and handled with the approval of The
Institutional Animal Care and Utilization Committee. All
the material submitted is conform with good publishing
practice in physiology.”!

5.2 | Glucose tolerance test and insulin
tolerance test

For GTT, glucose (1 mg/g) was injected intraperitoneally
(ip-GTT) or gavaged orally (O-GTT) (at time zero) after
an 8-hour fast. Food was removed from the cages between
12:00 PM and 0:30 AM. Glucose and insulin were injected
on fasted (8 hours) mice between 8:00 and 8:30 AM, re-
spectively, for GTT and ITT. Tail-vein glucose levels were
measured using a glucometer at 0, 15, 30, 60, 90 and
120 minutes. For ITT, insulin (0.4 mU/g) was injected
intraperitoneally, and blood glucose levels were meas-
ured using a glucometer at the indicated time points.
Because the plasma insulin level is low (1.17 + 0.07 vs
0.61 + 0.04 ng/mL) in fasted state, we injected insulin in

fasted mice. GraphPad Prism software was used to deter-
mine the area under the curve for each line curve.

5.3 | Hepatocyte isolation, culture and
assay for glycogen synthesis

Male mice (16-week-old) were fed NCD and used for per-
fusion of the liver. Mice were perfused for 5 minutes with
a calcium-free buffer and followed by collagenase perfu-
sion in a calcium-containing buffer for another 5 min-
utes. Perfusion was carried out by inserting a catheter
through inferior vena cava and passing buffer through
a tube and allowing buffer to come out through portal
vein which was cut for this purpose. The procedure was
a modified version® of a published article.”” Livers, after
collagenase digestion, were excised out, hepatocytes were
squeezed out in a petri dish inside a culture hood, filtered
through 100-micron nylon filter, centrifuged at 50g for
5 minutes, and pellets were collected. The suspensions of
cell pellets were then passed through 30% isotonic per-
coll by centrifuging at 100g for 10 minutes. Pellets were
washed in buffer and suspended in culture medium
(Williams E) containing glutamax, 10% FBS, 10 nM dexa-
methasone and antibiotics. Hepatocytes were seeded on
collagen I coated plates. Cells were cultured in Williams E
medium and then depleted of glycogen store by incubat-
ing in Hepes Krebs Ringer Bicarbonate buffer for 8 hours
followed by switching to serum-free Williams E medium
(25 mM glucose) with or without the presence of insu-
lin (10 nM), CST (100 nM) or insulin +CST, incubated
for 24 hours in the presence of **C-glucose (10 uCi/mL,
5 mM). At the end of incubation, cultures were washed,
and cells were dissolved in 30% KOH, boiled for 20 min-
utes, glycogen was precipitated by 60% ethanol (in the
presence of 5 pug glycogen as carrier), pellets washed with
70% ethanol, dried free of traces of ethanol, dissolved in
water and counted.

5.4 | Glycogen and enzyme analysis
in the liver

Fresh and frozen liver (25-30 mg) and muscle (90-100 mg)
tissues were collected from fed or fasted mice (collected
between 8:00 and 9:30 AM under deep anaesthesia).
Glycogen was extracted by boiling with 30% KOH solution
as described previously.”® Extracted glycogen was precipi-
tated in cold by 66% ethanol and washed with 70% etha-
nol. After drying to remove traces of ethanol, the pellets
were dissolved in water and then subjected to colorimetric
determination of glycogen using anthrone reagent (0.05%
anthrone and 1% thiourea) in concentrated H,SO,.
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A group of lean and obese mice were fasted for 8 hours
(12:00 PM-0:30 AM) and treated with saline or insulin for
15 minutes. Mice were killed (8:00-8:30 AM), and livers
were subjected to analysis of GYS2 activity and immuno-
blotting. GYS2 activity was measured by the incorporation
of UDP-'*C-glucose into glycogen in the presence of 10
and 0.1 mM G6P, an activator, and *C-glycogen formed
was spotted on GF/A filter paper, washed with 70% eth-
anol, dried and counted for radioactivity. Counts were
subsequently normalized against protein. Results are pre-
sented as activation ratio (0.1 mM G6P/10 mM G6P).

5.5 | Measurement of catecholamines

Blood was drawn from the heart between 8:00 and 9:30 AM
under deep isoflurane-induced anaesthesia (1-2 minutes)
and kept in potassium-EDTA tubes. Plasma catecholamines
were measured by ACQUITY UPLC H-Class System fitted
with Atlantis dC18 reversed-phase column (100A, 3 pm,
2.1 mm X 150 mm) and connected to an electrochemical
detector (ECD model 2465) (Waters Corp, Milford, MA)
as described previously.” The mobile phase (isocratic:
0.3 mL/min) consisted of phosphate-citrate buffer and ace-
tonitrile at 95:5 (vol/vol). For the determination of plasma
catecholamines, DHBA (2 ng) was added to 150 uL plasma
and adsorbed with ~15 mg of activated aluminium oxide for
10 minutes in a rotating shaker. After washing with 1 mL of
water, adsorbed catecholamines were eluted with 100 pL of
0.1N HCI. 10 uL of the eluate was injected into UPLC where
the ECD range was set at 500 pA. The data were analysed
using Empower software 3 (Waters Corp). Catecholamine
levels were normalized with the recovery of the internal
standard. Plasma catecholamines are expressed as nM.

5.6 | Analysis of glycogenolysis in
hepatocytes

Radio-labelled glycogen was synthesized in hepatocytes
from *C-glucose (10 uCi/mL) as described above in the
presence of insulin only (no CST). Cultures were washed
(Krebs-Ringer bicarbonate buffer) to remove external ra-
dioactivity and then exposed to buffer (basal), noradrena-
line (10 uM), adrenaline (10 uM), insulin (100 nM) and
CST (100 nM) alone and in various combinations and
incubated for 60 minutes. Incubation media were col-
lected for radioactive counting. Cells were washed with
cold buffer followed by cell lysis. An aliquot of each lysate
was saved for protein assay, and the rest was treated with
0.2 M barium hydroxide and 5% zinc sulphate (to precipi-
tate protein) and centrifuged at 10 000g for 10 minutes.
Supernatants were passed through 100 mg mixed bed
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ion-exchange resins (both cationic and anionic). Resins
were washed twice with water and counted for bound ra-
dioactivity (glucose phosphates liberated from hydrolysis
of radio-labelled glycogen will remain bound to the resins).
For each incubation, total radioactivity was determined
by combining the incubation medium, resin flow through
and the radioactivity bound to the resin. The total radio-
activity was normalized with protein, and it represented
14C-glucose (phosphorylated and non-phosphorylated) re-
leased from '*C-glycogen due to glycogenolysis.

5.7 | Measurement of G6P and UDPG

G6P levels were measured in liver tissues harvested be-
tween 8:00 and 9:30 AM by a commercial kit (Sigma-
Aldrich) and UDPG levels were measured by an UPLC-UV
detection method in the UCSD core facility.

5.8 | Assay for PI-3-kinase activity

CST (100 nM for 1 hour), insulin (10 nM for 10 minutes) and
untreated hepatocyteswere lysed, and proteins were subjected
to immunoprecipitation with anti-p85 antibody (from Cell
Signaling Technology). After extensive washing, immuno-
precipitates were analysed for kinase activity in the presence
of phosphatidylinositol (PI) and y->*P-ATP (PerkinElmer)
followed a published method.”* Extracted radio-labelled
lipids, mixed with reference lipids, were analysed by TLC
using a developing solvent, CHCl,-MeOH-H,0-NH,OH
(25%), 45:35:8.5:1.5 (vol/vol). Reference spots were identified
by exposing to iodine vapor in a closed chamber. TLC plates
were exposed to X-ray film for 72 hours at —80°C. Reference
spots for PI3P were counted for radioactivity.

5.8.1 | Real-time PCR

Total RNA from liver samples was isolated using RNeasy
Mini Kit and reverse-transcribed using qScript cDNA syn-
thesis kit. cDNA samples were amplified using PERFECTA
SYBR FASTMIX L-ROX 1250 and analysed on an Applied
Biosystems 7500 Fast Real-Time PCR system. All PCRs
were normalized to Rplp0, and relative expression levels
were determined by the AAC, method.

5.9 | Immunoblotting

Homogenization of livers were made in a lysis buffer
supplemented with phosphatase and protease inhibi-
tors. Homogenates were subjected to 10% SDS-PAGE and
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immunoblotted. The following primary antibodies were
obtained from Cell Signaling Technology: GSK-3p (Catalog
#9315) and pSer9-pGSK-3f (Catalog #5558), mouse mono-
clonal phospho-tyrosine 4G10 (Catalog #96215), rabbit
monoclonal GYS (Catalog #3886) and rabbit monoclo-
nal, pSer641/640-GS (Catalog #3891). According to Cell
Signaling Technology, this phospho-GYS antibody (Catalog
#891) works to detect both muscle (pSer640) and liver
(pSer641) signals. The antibodies against insulin receptor
b (Catalog #sc-373975) and IRS-1 (Catalog #sc-8038) were
purchased from Santa Cruz Biotechnology. Primary anti-
bodies against PDK1, Heat shock protein-90 (HSP-900),
p85 (a PI-3-kinase subunit), pT308-AKT, and pS473-AKT
were purchased from Cell Signaling Technology.

510 | Downregulation of PDK-1
by siRNA

Four siRNAs targeting mouse PDK-1 and a non-targeting
siRNA pool were purchased from Dharmacon (Lafayette,
CO). Hepatocytes were transfected with targeting and
non-targeting siRNAs using Lipofectamine RNAiMax rea-
gent (ThermoFisher Scientific) as the transfection reagent
following manufacturer's protocol. Transfection was con-
tinued for 48 hours before cells were homogenized. CST
treatment (100 nM) was for 1 hour, and insulin (10 nM)
was for 10 minutes before cell homogenization.

511 | Statistical analysis

Statistics were performed with PRISM 8 (version 8.4.3)
software (San Diego, CA). Normality was assessed by
either D’Augustino-Pearson omnibus normality test or
Shapiro-Wilk normality test. After passing the normality
test, data were analysed using either unpaired two-tailed
Student's t test for comparison of two groups or one-way
or two-way analysis of variance (ANOVA) for comparison
of more than two groups followed by Tukey's post-hoc test
if appropriate. All data are presented as mean + SEM and
significance were assumed when P < .05.
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