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Abstract

The anti-hyperglycaemic drug metformin is the first-line oral therapy for Type 2
Diabetes, yet its mechanism of action remains contentious. We tested the hypothesis
that metformin counteracts the effect of high glucose on gene regulation in hepatocytes
by lowering cell glucose 6-phosphate (G6P) and we investigated the possible candidate

mechanisms for the lowering of G6P by metformin.

Rat and mouse hepatocytes were treated with metformin (0.1-1.0mM) in incubation
conditions to achieve cellular loads of metformin within the therapeutic range and
higher (1-10 nmol / mg protein) as determined from cellular accumulation of [1*C]
metformin. Rates of flux of glucose metabolism were determined using 3H-labelled (2,3
and 5 positions) or *C-labelled glucose (1,6 or uniformly labelled) in hepatocytes
incubated with metformin, allosteric activators of AMPK (AMP-activated protein kinase),

and allosteric modulators of enzymes that alter flux and G6P levels in hepatocytes.

Metformin, at cellular loads corresponding to the therapeutic range (1-2 nmol/mg),
counteracted the elevation in G6P caused by 15-25mM glucose, dihydroxyacetone,
xylitol and fructose in conditions where cell adenosine triphosphate (ATP) levels were
maintained, but had little effect on cell G6P at basal glucose (5mM). In conditions of high
glucose or gluconeogenic precursors the metformin efficacy in lowering G6P was greater
at high cell G6P levels as occurs during compromised hydrolysis of G6P with a
chlorogenic acid inhibitor of the G6P-transporter encoded by S/ic37a4. Metformin also
counteracted the effects of high glucose on both gene induction (Pklr and G6pc) and Gck
gene repression and the latter was not mimicked by AMPK activators. The G6P lowering
effect of metformin was not mimicked by pharmacological activators of AMPK
(A769662, C13 and 991) but was mimicked by inhibitors of complex 1, mitochondrial
uncouplers, an inhibitor of nicotinamide nucleotide transhydrogenase (NNT) which is
coupled to the mitochondrial proton gradient, and phenazine methosulphate which
oxidizes NADPH. Inhibition of glucokinase and glucose phosphorylation were excluded as
a mechanism for the lowering of G6P by therapeutic concentrations of metformin.
However, inhibition of glucose phosphorylation, estimated from metabolism of [2-3H]
glucose, and glucokinase translocation occurred with diverse selective AMPK activators

and also at higher metformin concentrations 21.0mM. We excluded the possibility that



metformin lowers G6P by stimulating glycogen synthesis or inhibiting glycogen
degradation from measurement of glycogen accumulation and correlation of glycogen
synthesis with G6P using an allosteric inhibitor of phosphorylase. These studies showed
inhibition of glycogen synthesis by metformin which paralleled the lowering of G6P
suggesting that it is “secondary to” rather than “causative of” the G6P lowering.
Metformin raised cell NADP indicating possible increased flux of G6P through the
pentose phosphate pathway, and dehydroepiandrosterone (DHEA), an inhibitor of
glucose 6-phosphate dehydrogenase (G6PD), abolished the increase in NADP with
0.5mM metformin and partially counteracted the decrease in G6P consistent with a
possible increased pentose phosphate pathway flux by metformin. However, this could
not be confirmed by knock down of G6PD. We excluded the possibility that inhibition of
NNT by metformin is a major mechanism in lowered G6P because metformin lowered
G6P in hepatocytes from mice with a deletion in the NNT gene. With high glucose as
substrate, low metformin increased production of lactate and pyruvate, and metabolism
of [3-3H] glucose but not [2-3H] glucose in conditions of negligible inhibition of [U-14C]
glucose oxidation indicating increased glycolysis downstream of G6P. Targeting the first
regulated site of glycolysis by allosteric inhibition of phosphofructokinase-1 (with either
aurintricarboxylic acid a potent inhibitor, or by selective lowering of fructose 2,6-P; by
expressing a kinase-deficient variant of PFKFB1) caused marked elevation in G6P for a
small fractional inhibition of flux through glycolysis. This suggests the
phosphofructokinase-1 / fructose bisphosphatase-1 site is a strong candidate target for
the stimulation of glycolysis and lowering of G6P by metformin. Elevated inorganic
phosphate was identified as one candidate allosteric activator of phosphofructokinase-1

that is raised by metformin.

In summary, metformin lowers G6P in hepatocytes at least in part by stimulation of
glycolysis and most likely by altered allosteric control at phosphofrucokinase-1 through
raised inorganic phosphate or other effectors. The stimulation glycolysis by metformin is
not mimicked by allosteric activators of AMPK. The lowering of hepatocyte G6P by
metformin contributes to the counter-effects of metformin on gene regulation by high

glucose.
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1.1 Type 2 Diabetes

Diabetes is a chronic disease characterised by raised blood glucose levels that is
prevalent in an estimated 425 million adults (age 20-79) worldwide. This is predicted to
increase to 629 million by 2045 (International Diabetes Federation., 2017). Type 2
diabetes mellitus (T2D) (previously known as non-insulin-dependent or adult-onset
diabetes) accounts for around 90% of all diabetes cases. The pathogenesis of this
disorder is multifactorial resulting from a combination of lifestyle, genetic and epigenetic
factors which lead to dysfunction of the B-cells in the pancreas and insulin resistance.
Under normal conditions a feedback system between islet B-cells in the pancreas and
insulin-sensitive tissues operates to maintain blood glucose homeostasis. When blood
glucose is elevated, stimulation of B-cells results in insulin release which targets the liver
to supress hepatic glucose production and stimulates the uptake of glucose, amino acids
and lipids in muscle and adipose tissue to maintain blood glucose within a narrow range.
When these tissues develop insulin resistance the B- cells compensate by increasing
insulin output, and an inability to do so results in impaired glucose tolerance and

manifests as T2D (Kahn et al., 2014).

1.2 Metformin background

According to national and international guidelines metformin (1,1-dimethylbiguanide
hydrochloride) is the first line oral therapy for the treatment of T2D and is taken by over
150 million people each year (UK Prospective Diabetes Study (UKPDS) group., 1998; An
& He., 2016; Sanchez-Rangel & Inzucchi., 2017). Metformin is a member of the
biguanide family of insulin-sensitising drugs which effectively lower insulin resistance
and improve insulin sensitivity, reducing blood glucose in states of hyperglycaemia in
T2D (Bailey., 2017; Rena et al., 2017). Biguanides were developed from the compound
guanidine (figure 1.1) extracted from the plant Galega (French lilac) which has been
used for centuries as a treatment for diabetes due to its blood glucose lowering
properties (Witters., 2001; Bailey., 2017; Rena et al., 2017). Metformin was first
proposed as a treatment for adult-onset diabetes in 1957, yet the more potent
biguanides phenformin and buformin (figure 1.1) were more commonly used until their
withdrawal in 1977 due to the high risk of lactic acidosis. Further research led to the

clinical introduction of metformin which is preferential to its counterparts phenformin
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and buformin as it effectively reduces hepatic gluconeogenesis with a lower risk of
unwanted side effects such as hypoglycaemia, weight gain, or potentially fatal lactic

acidosis (Bailey., 2017).

Metformin (200-250 mg/kg) demonstrates properties as an anti-tumour agent by
inhibiting mTORC1 involved in the metabolism, growth and proliferation of cancer cells
via AMPK activation (Manning et al., 2012). Metformin has also demonstrated
properties as an anti-aging agent (Cabreiro et al., 2013; Martin-Montalvo et al., 2013;
Wau et al., 2016; Sosnicki et al., 2016; Novelle et al., 2016; Heckman-Stoddard., 2017;
Valencia et al., 2017; Wang et al., 2017; Howell et al., 2017) and has exhibited effects
that could lower the risk of cardiovascular disease (Bannister et al., 2014; Vasamsetti et
al., 2015; Cameron et al., 2016; Griffin et al., 2017; Wang et al., 2017; Varjabedian et al.
2018) and neurodegenerative diseases (such as Alzheimer, Parkinson, Huntington and
dementia) (Wang et al., 2017). Additionally, it is a current treatment for polycystic ovary
syndrome alleviating its metabolic symptoms likely through increased insulin sensitivity
(Wang et al., 2017; Patel., 2018). However, the mechanism of metformin action in T2D
has not yet been fully elucidated as it was discovered before the use of targeted drug

discovery techniques (Rena et al., 2013; Rena et al., 2017).

1.2.1 Metformin uptake and excretion

Metformin is administered as an oral dose of 500-1000mg with a maximum dose of
2550-3000mg/day (2000mg/day in children) and is rapidly absorbed into the small
intestine (Bailey et al., 2008; Graham et al., 2011; Gormsen et al., 2016; Bailey., 2017). It
takes approximately 2.5 hours for metformin to reach its maximum plasma
concentration (Tmax) (of 8-23uM for a 0.5-1.5g dose in man) with an oral bioavailability of

50-60% and a half-life (t2) of 5 hours (Graham et al., 2011; Bailey., 2017).

There are a number of metformin transporters present at varying levels in different
tissues involved in the absorption, distribution and excretion of cationic drugs. In the
small intestine the cation transporters plasma membrane monoamine transporter
(PMAT encoded by SLC29A4) and OCT3 (encoded by SLC22A3, a member of the solute
carrier family 22) are responsible for metformin uptake from the gut lumen into
enterocytes, whereas OCT1 (encoded by SLC22A1) facilitates the transport of metformin
into the interstitium (figure 1.2) (Wang et al., 2002; Zhou et al., 2009; McCreight et al.,

3
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2016; Florez., 2017). These transporters account for 5-10% of metformin uptake, as the
majority of metformin is transported via the paracellular route although metformin
accumulation in the enterocyte is high (Proctor et al., 2008; Bailey et al., 2008). In the
gut metformin increases glucose uptake and utilisation, and also increases levels of
glucagon-like peptide 1 (GLP-1) (Bailey et al., 1994; Massollo et al., 2013; McCreight et
al., 2016., Buse et al., 2016; DeFronzo et al., 2016; Preiss et al., 2017) and has been
implicated as a major site for metformin action and its associated side effects (Cubeddu
et al., 2000; Zhou et al., 2009; Cabreiro et al., 2013; Shin et al., 2014; Forslund et al.,
2015; Duca et al., 2015; Zhou et al., 2016; Dujic et al., 2016 (a); Dujic et al., 2016 (b);
Buse et al., 2016).

Further to its role in the small intestine, in humans OCT1 is principally expressed in the
liver transporting metformin into hepatocytes (figure 1.2) (McCreight et al., 2016).
Metformin uptake and accumulation is significantly reduced in OCT1 knock out mice,
and the ability of metformin to lower fating plasma glucose is lost (Shu et al. 2007).
Furthermore, polymorphisms in the SLC22A1 gene encoding OCT1 affect the
pharmacokinetics of metformin suggesting the liver is an important target of metformin
(Shu et al., 2007; Sundelin et al., 2017). In liver OCT3 (figure 1.2) is expressed to a lesser
extent than OCT1 (Nies et al., 2009) and the reduction of blood glucose by metformin is

not apparent in OCT3 knockout mice (Chen et al., 2015).

Metformin is a small molecule which does not bind to plasma proteins allowing it to be
readily filtered at the glomerulus. It is also a substrate for several kidney transporters
including OCT1, MATE1 (multidrug and toxin extrusion 1) and MATE2 (multidrug and
toxin extrusion 2) which promote the transport of metformin into urine (figure 1.2).
OCT2 is mainly expressed in the kidney facilitating metformin uptake into renal epithelial
cells for its excretion (figure 1.2). Reabsorption of metformin by passive diffusion is

insignificant due to its low lipid solubility (McCreight et al., 2016).

It is acknowledged that metformin is excreted unchanged with peak concentrations of
metformin in the urine of > 5mM after an oral dose of 50mg/kg and a urinary excretion
t1/2 of 20 hours (Wilcock & Bailey., 1994), however in some studies 14-20% of the drug
was unaccounted for in urine (Graham et al., 2011). One possibility is that a small
percentage of metformin is metabolised to guanylurea in heaptocytes (figure 1.3) (Gabr
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et al., 2017). Although only a small percentage of metformin may be subject to
metabolism, the drug is taken in large quantities meaning the metabolite could have a

considerable role in its therapeutic mechanism (Gabr et al., 2017).

1.2.2 Metformin levels in animal models

The antihyperglycaemic effects of metformin are attributed to targeting of multiple
tissues including stimulation of glucose absorption and stimulation of glucose utilisation
in the small intestine, stimulation of glucose uptake and oxidation in skeletal muscle,
and inhibition of gluconeogenesis in the liver (Wilcock & Bailey., 1994). Wilcock &
Bailey., (1994) showed that when mice were given an oral load of 50mg/kg metformin,
accumulation was greatest in the gastrointestinal tract particularly in the small intestine
where metformin accumulated at concentrations greater than 1000umol/kg wet weight
of tissue over a 4-hour time period and fell to <2% of peak values after 24 hours. High
metformin concentrations were also observed in the kidney and fell to <2% of the
maximum values after 24 hours. The plasma concentrations after 0.5 hours in the
hepatic portal vein were 52uM and 62uM in the normal mouse and the diabetic mouse
respectively, and the hepatic content at 0.5 hours was significantly higher in the diabetic
mouse at 282umol/kg wet weight in comparison with 182umol/kg wet weight in the
normal mouse. Therefore, assuming a hepatocyte number per gram of liver of 100
million and a hepatocyte protein content of 1.7mg per million cells, the liver metformin
content at 0.5h after an oral therapeutic load was 1-2nmol/mg cell protein. After 4
hours liver metformin concentration fell to 3% of the peak concentration. These values
equate to the maximum concentrations observed in humans after a single dose of 0.5 or
1.5g of metformin, indicated by the maximum inferior vena cava plasma concentration
of around 30umol/l (Wilcock & Bailey., 1994). Furthermore, rats treated orally with
50mg/kg [**C] metformin accumulated a maximum metformin concentration of
15umol/l in the hepatic portal vein after 1 hour and the metformin in the liver declined
to a half-maximal concentration at 4 hours. The majority of [**C] metformin was
localised to the cytosol, with 7-10% localised in the mitochondrial and lysosomal fraction

(Wilcock & Bailey 1991).



Chapter 1: Introduction

1.2.3 Metformin inhibits gluconeogenesis in the liver

Chronic therapy with metformin in man for ~ 3 months shows a lowering of blood
glucose by 25-30% which is attributed to inhibition of hepatic glucose production by
inhibition of gluconeogenesis (Stumvol et al.,1995; Hundal et al., 2000; Petersen et al.,
2017) although inhibition of glycogenolysis had also been reported (Cusi et al.,1996). A
lowering of plasma free fatty acids by metformin was also reported in some (Hundal et
al., 2000) but not in other (Stumvoll et al., 1995) studies of gluconeogenesis, suggesting
a potential role of the lowering of free fatty acids in contributing to the decrease in
gluconeogenesis, because elevated fatty acid levels stimulate gluconeogenic flux
through raised levels of mitochondrial acetyl-CoA levels with activate pyruvate
carboxylase or other mechanisms (Rui., 2014). Whether the decrease in gluconeogenesis
by metformin in man is due to changes in gene expression of gluconeogenic enzymes or
a direct inhibitory effect of metformin on gluconeogenic flux is not known. However, a
study testing the rapid effects of metformin in man by intravenous infusion of
metformin to plasma concentrations of 13-50 uM in conjunction with a hyperglycaemic
clamp found no effect of metformin on either uptake of glucose by the periphery or on
inhibition of glucose production, and concluded that the therapeutic effect on inhibition
of glucose production results from chronic therapy (Sum CF et al., 1992) and presumably

therefore either indirect mechanisms or changes in liver gene expression.

Several studies reported inhibited of gluconeogenesis by metformin in perfused rat liver
(Radzuik J et al., 1997) and in isolated rat hepatocytes by a direct effect that is most
likely not secondary to changes in gene expression because it manifests within a few
hours (Wollen & Bailey., 1988; Argaud et al 1993; Owen et al., 2000; Fulgencio et al.,
2001; Zhou et al., 2001; Foretz et al., 2010; Madiraju et al., 2014). However, inhibition of
gluconeogenesis by metformin in hepatocytes through changes in gene expression has
been observed (Kim et al., 2008; He et al., 2009; Lee et al., 2010; Kim et al., 2012; Sajan
et al., 2013; Cao et al., 2014). There is no evidence for inhibition of glycogenolysis by
metformin in hepatocytes although inhibition of glycogen synthesis in hepatocytes has
been reported (Otto et al., 2003; Hansen et al., 2002). The animal studies concur with
the conclusion that inhibition of glucose production in man by metformin is through

inhibition of gluconeogenesis.
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1.3 Metformin mechanism- Inhibition of complex 1

Metformin is positively charged and accumulates in hepatocytes because of the
electrochemical gradient (Owen et al., 2000; Bridges et al., 2014). Likewise, it
accumulates slowly in the mitochondria in accordance with mitochondrial membrane
potential where it is proposed to inhibit mitochondrial respiratory chain complex 1
(NADH: ubiquinone oxioreductase) (figure 1.4) (Schafer et al., 1976; Pryor et al., 1987,
Owen et al., 2000; EI-Mir et al., 2000; Ota et al., 2009; Bridges et al., 2014). Complex 1 is
a multi-subunit protein that couples the transfer of electrons from NADH to ubiquinone
reduction providing electrons to respiratory complex Il and complex IV for the reduction
of oxygen to water, which drives proton transport across the inner membrane to
generate a protonmotive force for ATP synthesis, and produces reactive oxygen species
dependent on the NADH/NAD* pool in the mitochondrial matrix (Bridges et al., 2014). El-
Mir et al., (2000) showed that high concentrations of metformin (1-10mM) inhibited
complex 1 in hepatocytes, likely by an indirect mechanism, accompanied by a decrease
in the ATP/ ADP ratio. Owen et al., (2000) also showed inhibition of complex 1 by 10mM
metformin and a decrease in the ATP/ ADP ratio, although they proposed that this was a
direct effect of metformin. Bridges et al., (2014) also proposed that metformin is a
reversible non-competitive inhibitor of complex 1 that stabilises complex 1 in its inactive
conformation, and inhibits the rate determining step that is mechanistically coupled to
ubiquinone reduction, and that metformin inhibits ATP synthesis consequently to
complex 1 inhibition. It was also reported that metformin binds to mitochondrial copper
ions which may inhibit mitochondrial function, also this is less well understood (Logie et

al., 2012; Repiscak et al., 2014; Quan et al., 2015).

These studies used high metformin concentrations that exceed the pharmacological
dose. Bridges et al., (2014) proposed that metformin can accumulate in mitochondria at
concentrations of up to 1000 times greater than the extracellular environment, justifying
the use of high concentrations of metformin in mitochondrial experiments although they
exceed the clinical extracellular levels. However, metformin does not accumulate to this
degree in organs, and radioactive metformin accumulation has not been observed in

Xenopus laevis oocyte mitochondria at concentrations that inhibit complex 1 suggesting
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metformin accumulation in the mitochondria may not reach the required concentrations

for complex 1 inhibition (Fontaine et al., 2014).

1.3.1 AMPK activation is implicated in the metformin mechanism

Zhou et al., (2001) reported that metformin exerts its effects by stimulating AMP-
activated protein kinase (AMPK), a serine/ threonine kinase responsible for sensing and
regulating intracellular and whole-body energy metabolism, and that this mechanism
provides a unified explanation for its diverse metabolic effects on gluconeogenesis,
lipogenesis and fatty acid oxidation. One possible mechanism is that metformin
inhibition of complex 1 and the subsequent inhibition of mitochondrial ATP production
increases the cytoplasmic ADP: ATP and AMP: ATP ratios leading to activation of AMPK
which restores the energy balance by stimulating catabolic processes to generate ATP
and by reducing energy consumption, for example by inhibiting gluconeogenesis (figure
1.4) (Rena et al., 2017). Zhou et al., (2001) showed that metformin (10-2000uM)
activated AMPK and suppressed acetyl CoA-carboxylase (ACC) activity, a downstream
target of AMPK that catalyses fatty acid synthesis and is negatively regulated by AMPK
mediated phosphorylation. They also showed stimulation of fatty acid oxidation and
inhibition of fatty acid and lipogenic gene expression by metformin (0.2-0.5mM) (Zhou
et al.,, 2001).

In response to an increase in cellular AMP and its binding to the y unit of AMPK, the
upstream serine/ threonine kinase liver kinase B1 (LKB1) phosphorylates the conserved
threonine residue in the activation loop of AMPKa (Thr172a1), activating AMPK (Zhang
et al., 2013). Shaw et al. (2005) suggested that AMPK activation is required for the
therapeutic effects of metformin as metformin (250mg/kg) was unable to reduce blood
glucose in mice lacking hepatic LKB1 which exhibit a marked decrease in AMPK
phosphorylation. Cao et al. (2014) also showed that metformin was unable to
phosphorylate AMPK and inhibit glucose production in LKB1 knockdown hepatocytes.
Therefore, the increase in AMP by metformin could account for stimulation of AMPK.
Furthermore, chronic metformin treatment (50mg/kg) failed to inhibit hepatic glucose
production in ACC double knock-in (ACCDKI) mice with alanine-knock in mutations at
both ACC1 (at Ser79) and Acc2 (at Ser212) (Fullerton et al., 2013) consistent with the
study by Zhou et al., (2001) that inhibitory phosphorylation of ACC by AMPK is involved
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in the therapeutic actions of metformin. Meng et al., (2015) showed that metformin
(0.1-1.0mM) inhibited hepatic gluconeogenesis and gluconeogenic gene expression, and
stimulated AMPK phosphorylation and activity. When AMPK was overexpressed in
hepatocytes, metformin stimulated AMPK phosphorylation and enhanced the
suppression of glucose production (He et al., 2016) suggesting the action of metformin is

mediated by AMPK.

1.3.1.1 Gene regulation of gluconeogenic enzymes by AMPK mediated mechanisms
Glucagon signalling activates cAMP-PKA and phosphorylation of the transcription factor
cAMP response element binding protein (CREB) and dephosphorylation of CREB-
regulated transcriptional co-activator 2 (CRTC2) forming the CREB-CBP-CRTC2 complex
on a cAMP response element site. This complex increases transcription of gluconeogenic
genes including peroxisome proliferator-activated receptor-y coactivator-1a (PGC-1a)
and its downstream targets phosphoenolpyruvate carboxykinase (PEPCK) and G6pc
(figure 1.4) (He et al., 2009). He et al. (2009) showed that both metformin and the AMPK
activator Amino-4-imidazolecarboxamide riboside (AICAR) stimulated CBP (CREB binding
protein) phosphorylation dissociating this complex and subsequently inhibiting
gluconeogenic gene expression. This was also mimicked by AMPK overexpression

suggesting this effect of metformin involves activation of AMPK.

AMPK activation also phosphorylates CRTC2 inhibiting gluconeogenic gene expression
(Koo et al., 2005; He et al., 2009). Lee et al. (2010) proposed that acute metformin
treatment activates AMPK promoting CRTC2 phosphorylation, whereas chronic
metformin treatment inhibits gluconeogenic gene expression by induction of SHP (small
heterodimer partner) gene expression. SHP gene expression in hepatocytes inhibits
CRTC2 binding to CREB and CRE (cAMP response element) promotor activity inhibiting
PEPCK and G6pc gene expression. In this study, metformin (0.1-1.0mM) upregulated SHP
gene expression in hepatocytes. Additionally, with constitutively active CRTC2 the ability
of metformin (2mM) to inhibit glucose production was lost in SHP knockdown
hepatocytes. SHP knockdown also blocked AMPK mediated inhibition of PEPCK and G6pc
promotor activity (Lee et al., 2010). Together this suggests AMPK activation by

metformin inhibits gluconeogenic gene expression by upregulating SHP.
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Kim et al. (2012) provided evidence that metformin stimulates SHP gene expression
through activation of ATM (ataxia telangiectasia mutated gene) which encodes a serine/
threonine protein kinase, counteracting the effect of growth hormone (GH) on
gluconeogenic gene expression. GH stimulates PEPCK and G6pc gene expression and
glucose production, which is inhibited by 2mM metformin (Kim et al., 2012). It has been
proposed that activation of ATM by metformin activates AMPK (Zhou et al., 2001; Kim et
al., 2012), upregulating SHP, inhibiting GH mediated induction of gluconeogenic gene
expression (Kim et al., 2012). However, these studies used the ATM inhibitor KU-55933
to draw this conclusion and Yee et al. (2012) observed that metformin-mediated AMPK
phosphorylation with the ATM inhibitor KU-55933 was due to inhibition of metformin
uptake via OCT1 independently of ATM rather than direct AMPK activation. Therefore,
the results in which metformin-mediated inhibition of gluconeogenic gene expression
and glucose production was counteracted by KU-55933 (Kim et al., 2012), may have
been due to inhibition of metformin uptake by KU-5933, questioning whether

metformin exerts its effects via activation of ATM.

1.3.1.2 Metformin activates AMPK by inhibiting AMP deaminase independently of
LKB1

Ouyang et al., (2011) proposed that metformin activates AMPK by inhibiting AMP
deaminase (AMPD) which converts AMP to IMP (inosine monophosphate). Metformin
(10mM) inhibited purified rabbit muscle AMPD activity and stimulated AMPK
phosphorylation, glucose uptake and fatty acid oxidation in L6 cells which was mimicked
by the AMPD inhibitor erythro-9-(2-hydroxy-3-nonyl)-adenine (EHNA), the effects which
were not additive (Ouyang et al., 2011) suggesting metformin and EHNA exert their
effects by similar mechanisms. Additionally, metformin failed to stimulate glucose
uptake in AMPD1 knockdown cells and LKB1 knockdown had no effect on metformin
stimulated glucose uptake indicating glucose uptake is affected by the metformin effect
on AMPD rather than via LKB1 (Ouyang et al., 2011). Vytla et al., (2013) showed that
metformin stimulated fatty acid oxidation in L6 cells whereas the complex 1 inhibitor
rotenone had the converse effect, and that both metformin (15mM) and EHNA raised

cell AMP without affecting ATP. Therefore, metformin could inhibit AMPD by stimulating
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electron transport in the mitochondria rather than via inhibition of complex 1 (Vytla et

al., 2013).

1.3.1.3 Metformin activates AMPK through a lysosomal pathway through LKB1

AMPK activation by LKB1 is initiated on the late endosome/ lysosome. Under conditions
of glucose starvation AXIN bound LKB1 translocates to the endosome where it interacts
with the v-ATPase-Ragulator complex and AMP bound AMPK allowing AMPK
phosphorylation by LKB1, switching on catabolic metabolism (Zhang et al., 2013; Zhang
et al., 2014). Zhang et al., (2016) proposed that metformin promotes AXIN/LKB1
translocation onto the lysosome surface where it forms a complex with v-ATPase-
Ragulator resulting in AMPK activation. They found that metformin (50mg/kg/day)
mediated AMPK phosphorylation and activation was not observed in AXIN-liver-specific
knockout mice (AXIN'©) and in AXIN'C hepatocytes treated with 70uM metformin.
Metformin mediated AMPK phosphorylation and activation was also lost with knockout
and knockdown models of the regulator complex components (LAMTOR1 and ATP6vOc),
indicating metformin activates AMPK by promoting the formation of the v-ATPase-
Ragulator-AXIN/LKB1-AMPK complex on the lysosomal surface. Subsequently the v-
ATPase-Ragulator complex dissociates Raptor and mTOR, inactivating mTORC1- a

regulator of anabolic pathways (Zhang et al., 2016).

1.3.2 Metformin effects that are AMPK independent and associated with
gluconeogenesis

The studies discussed above prove evidence for inhibition of gluconeogenesis by
metformin in an AMPK dependent manner. However, Foretz et al., (2010) reported that
metformin was able to inhibit gluconeogenesis independently of AMPK as metformin
(0.25-1mM) retained its ability to inhibit glucose production in AMPK ala2-null
hepatocytes (knockout) in the absence of AMPK/ ACC phosphorylation. The AMP
mimetic AICAR also inhibited glucose production in wild type and AMPK knockout
hepatocytes whereas the direct AMPK activator A769662 did not have a significant
effect on glucose production in either the wild type or the knockout. Metformin and
AICAR also inhibited gluconeogenic gene expression (G6pc) in wild type and AMPK
knockout hepatocytes whereas A769662 (<100uM) had no effect on either wild type or
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knockout (Foretz et al., 2010). Therefore, both metformin and AICAR were able to inhibit

gluconeogenesis independently of AMPK.

As discussed above, Lee et al., (2010) proposed that metformin activates AMPK,
promoting CRTC2 phosphorylation, inhibiting transcription of gluconeogenic genes.
However, Foretz et al., (2010) showed that CRTC2 dephosphorylation was similar in both
wild type and AMPK knockout hepatocytes, and that metformin stimulated CRTC2
phosphorylation in wild type but not AMPK knock out hepatocytes, suggesting
metformin inhibits glucose production by a CRTC2 independent mechanism. Metformin
also inhibited glucose production in LKB1 knock out hepatocytes in the absence of
CRTC2 phosphorylation suggesting the LKB1 pathway does not mediate the inhibition of
glucose production by metformin. These effects were also observed with AICAR and
both metformin and AICAR lowered cell ATP, with metformin (0.2-2mM) also increasing
the AMP/ ATP ratio. This was not mimicked by A769662 suggesting metformin inhibits
hepatic gluconeogenesis independently of LKB1 and AMPK due to the decrease in the
hepatic energy state (Foretz et al., 2010). Hawley et al., (2010) also showed that both
AICAR and metformin activated AMPK in wild type cells but not HEK293 cells carrying
the R531G mutated form of AMPK (RG) which is insensitive to AMP. However, the direct
AMPK activator A769662 activated AMPK signalling in both wild type and RG cells
suggesting metformin activates AMPK by raising cell AMP rather than direct AMPK

activation (Hawley et al., 2010).

1.3.2.1 Inhibition of glucokinase translocation

The enzyme glucokinase (GK) catalyses the phosphorylation of glucose in the first step of
glucose metabolism. In the post-absorptive state when blood glucose is 5mM, GK is
bound to its regulatory inhibitory protein (GKRP) and sequestered in the nucleus in an
inactive form. When the glucose concentration is elevated in the portal vein after a meal
GK dissociates from GKRP and translocates to the cytoplasm where it resides in its active
form. GK activity is also affected by allosteric regulators of GKRP such as the negative
regulator fructose 1-phosphate (F1P) (the first intermediate of fructose metabolism) and
the positive regulator fructose 6-phosphate (F6P) (an intermediate of glycolysis) (Choi et
al., 2013; Agius., 2016). Guigas et al., (2006) showed that both metformin (3-10mM) and

AICAR inhibited liver glucose phosphorylation, correlating with AMPK activation and an
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increase in ACC phosphorylation however, this relationship was not linear suggesting
AMPK activation could not fully explain inhibition of glucose phosphorylation. Both
metformin and AICAR also inhibited glucokinase translocation (GKT) in both wild type
mice and in mice lacking AMPK a1 and a2 catalytic subunits (AMPKo azis77) indicating
that inhibition of glucose phosphorylation was due to impaired GKT independently of
AMPK. The ATP synthase inhibitor oligomycin had similar effects as metformin and
AICAR on glucose phosphorylation, and all three compounds were associated with a
drop in ATP- a substrate for GK. Therefore Guigas et al. (2006) proposed that metformin
depletes intracellular ATP, inhibiting GK translocation to the cytosol resulting in

inhibition of glucose phosphorylation.

However, Mukhtar et al. (2008) found that AICAR (50-200uM) inhibited glucose-induced
GKT and glucose phosphorylation in conditions where ATP was not depleted. This
involved phosphorylation of 6-phosphofructo-2-kinase/ fructose-2,6-bisphosphatase
(PFK2) and phosphorylation of GKRP. In this study metformin (0.5mM and 5mM)
stimulated AMPK and inhibited GKT at concentrations that lowered ATP meaning the
role of ATP depletion could not be measured independently of AMPK activation

(Mukhtar et al., 2008).

1.3.2.2 Inhibition of glucagon signalling by AMP

Binding of glucagon to its receptor on hepatocytes activates adenylyl cyclase and
stimulates production of the second messenger cyclic AMP (cAMP) causing activation of
protein kinase A (PKA) which increases glucose output by phosphorylating target
proteins. Miller et al., (2013) reported that metformin (125uM-1Mm) raised cell AMP, an
allosteric inhibitor of adenylyl cyclase, and inhibited glucagon stimulated cAMP
accumulation and glucose output in primary hepatocytes (figure 1.4). Metformin
(500mg/kg) also counteracted the increase in cAMP and PKA activity as well as the
phosphorylation of the PKA target proteins PFK1/FBP1 (6-Phosphofructo-2-
Kinase/Fructose-2,6-biphosphatase 1) and IP3R (inositol-1,4,5-trisphosphate receptor) in
both fasted and diabetic mice indicating metformin inhibits glucagon signalling.
Although metformin activated AMPK, phenformin and AICAR antagonised the

accumulation of cAMP by glucagon in AMPKa deleted hepatocytes suggesting
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biguanides inhibit glucagon signalling by increasing AMP and independently of AMPK
activation (figure 1.4) (Miller et al., 2013).

1.3.2.2.1 Inhibition of glucagon signalling by AMPK activation

Johanns et al., (2016) also found that metformin inhibited glucagon signalling although
they suggested this was an AMPK dependent effect. They found that direct AMPK
activation with an allosteric activator compound 991 (1-10uM) inhibited glucagon
signalling and phosphorylation of its targets (glycogen phosphorylase and CREB) without
altering intracellular adenine nucleotide concentrations. This action of compound 991
was dependent on phosphodiesterase (PDE) activation and was lost in AMPK deleted
hepatocytes (AMPK al”-/a2'7/") although, glucagon still activated PDE in knockout mice
as AMPK and PKA phosphorylate and activate PDE at distinct sites. Therefore Johanns et
al., (2016) suggested that hepatic AMPK activation activates PDE4B which counteracts
glucagon signalling (figure 1.4). Metformin (100-300uM) increased the activity of PDE
suggesting that metformin inhibits glucagon signalling by stimulation of AMPK either

directly or indirectly via an increase in AMP (Johanns et al., 2016).

1.3.2.3 Inhibition of mitochondrial glycerophosphate dehydrogenase independently of
AMPK or ATP depletion

Madiraju et al., (2014) proposed that metformin inhibits hepatic gluconeogenesis by
non-competitive inhibition of the mitochondrial enzyme glycerophosphate
dehydrogenase (mGPD) (figure 1.4), a flavin linked respiratory chain dehydrogenase that
operates at the intersection between glycolysis, oxidative phosphorylation and fatty acid
metabolism, catalysing the oxidation of glycerol-3-phosphate (G3P) to dihydroxyacetone
phosphate (DHAP). They reported that metformin treatment (50mg/kg) in rats increased
the hepatic lactate/ pyruvate ratio and decreased the B-hydroxybutyrate/ acetoacetate
ratio suggestive of an increase in cytoplasmic NADH/ NAD* ratio and a decreased
mitochondrial NADH/ NAD* ratio respectively (Madiraju et al., 2014). However, whether
the latter can be explained by a decrease in plasma fatty acids as was shown previously
in a metformin study in man (Hundal et al., 2000) was not discussed. It was assumed
that a more reduced cytosolic redox state and more oxidised mitochondrial redox state
could be explained by metformin inhibition of mGPD, and that the latter could also

explain inhibition of gluconeogenesis from lactate (Madiraju et al., 2014). Consistent
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with this, both metformin and knockdown of mGPD inhibited glucose production when
the lactate: pyruvate ratio was high but not when the redox state was lowered in
primary hepatocytes. Additionally, metformin inhibited glucose production from lactate
and glycerol which are reduced substrates and were proposed to require mGPD for the
conversion to DHAP in gluconeogenesis. However, metformin did not inhibit glucose
production from DHAP, alanine and pyruvate which do not require changes in the
cytosolic redox state for gluconeogenesis. This substrate selectivity was also observed in
mGPD knockdown hepatocytes. Therefore, Madiraju et al., (2014) proposed that
metformin inhibits mGPD, increasing cytosolic NADH and inhibiting the conversion of

lactate and glycerol to glucose.

However, Baur & Birnbaum (2014) proposed a number of issues arising from this
conclusion and the experimental methods used. Firstly, previous studies have shown an
increase in both the cytoplasmic and mitochondrial NADH/NAD" ratios in hepatocytes
with biguanides (Owen et al., 2000) consistent with inhibition of complex 1 by
metformin. Baur & Birnbaum., (2014) suggested the increase in cytosolic NADH may
represent NADH production by cGPD (cytosolic glycerophosphate dehydrogenase)
operating in reverse rather than inhibition of mGPD. Additionally, the NADH generated
from lactate dehydrogenase in the conversion of lactate to pyruvate is used by GAPDH
meaning the importance of mGPD in gluconeogenesis in uncertain. Furthermore, the
glycerophosphate shuttle accounts for only ~0.5% of ATP production indicating it would
have little effect on gluconeogenesis from lactate, because the malate-aspartate shuttle
is more prominent in humans than the glycerophosphate shuttle. Likewise, the malate
aspartate shuttle is also more important in mice and its disruption lowers fasting
glycaemia whereas disruption of the glycerophosphate shuttle has no effect on

glycaemia in mice (Saheki et al., 2007; Baur & Birnbaum 2014).

Madiraju et al., (2014) also found that acute and chronic treatment of 50mg/kg
metformin inhibited endogenous glucose production in rats, in parallel with AMPK/ ACC
activation and reduced CREB phosphorylation after chronic treatment but not after
acute exposure. On this basis they argued that acute inhibition of gluconeogenesis was

independent of AMPK however, they could not rule out an increase in AMP and
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consequent inhibition of adenylyl cyclase rather than direct AMPK activation or mGPD

inhibition (Madiraju et al., 2014; Baur & Birnbaum., 2014).

1.4 AMPK maintains intracellular ATP homeostasis

AMPK is a serine/ threonine kinase responsible for sensing and regulating intracellular
and whole-body energy metabolism (Cool et al., 2006). Its activation leads to the
generation of ATP by activation of catabolic pathways such as fatty acid oxidation
(Velasco et al., 1997), and inhibition of anabolic enzymes involved in fatty acid synthesis
(such as acetyl-CoA carboxylase) and ATP consuming processes such as gluconeogenesis
(Zhou et al., 2001) in order to maintain homeostasis of intracellular ATP, ADP and AMP.
AMPK exists as a heterotrimer comprised of a catalytic a subunit with protein kinase
activity, a scaffolding B subunit and a regulatory y subunit which exist in multiple
isoforms (figure 1.5). The a and B subunit are encoded by 2 genes each, while the y
subunits is encoded by 3 genes generating the isoforms al/ a2, 1/ B2 and y1/y2/y3
resulting in 12 potential heterotrimeric combinations which vary in their tissue
distribution, regulatory properties and subcellular localisations. AMPK is activated by
phosphorylation of Thr172 within the activation loop of the kinase domain of the a
subunit (a-KD) which is catalysed by the upstream kinases liver kinase B1 (LKB1) and
calcium/ calmodulin- dependent protein kinase kinase 2 (CaMKK2) (Hardie et al., 2012;
Ross et al., 2016 a; Ross et al., 2016 b; Hardie et al., 2018). At low levels of AMP, AMPK is
maintained in its inactive conformation by the autoinhibitory domain (a-AID) which is
connected to the C-terminal domain (a-CTD) by the regulatory a-linker segment. In
conditions of energy depletion cell AMP exceeds that of ATP as a product of the reaction
catalysed by adenylate kinase. AMP binds directly to the cystathionine-B-synthase (CBS)
domain of the AMPK y subunit promoting phosphorylation of Thr172 within the a-KD by
LKB1 and decreasing the rate of Thr172 dephosphorylation by protein phosphatases,
activating AMPK 100-fold. In the presence of AMP, the catalytic subunit is more closely
associated with the nucleotide binding module physically protecting Thr172 from
dephosphorylation, while binding of the a-linker to the y subunit also separates the a-
KD from the a-AlD contributing to the allosteric activation of AMPK by AMP which can
increase P-AMPK activity by more than 10-fold (Cordero et al., 2016; Hardie et al., 2018;
Olivier et al., 2018). AMPK can also be activated by CaMKK2 which is activated in
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response to increased intracellular Ca?* concentrations mediated by hormones.
Downstream of its activation, AMPK phosphorylates and inactivates both isoforms of the
enzyme acetyly-CoA carboxylase (ACC1/ ACC2) which requires ATP to produce malonyl-
CoA for the synthesis of fatty acids. This relieves malonyl-CoA inhibition of carnitine

palmitoyltransferase (CPT1) and stimulates fatty acid oxidation (Hardie et al., 2018).

Furthermore, AMP is an allosteric inhibitor of the gluconeogenic enzyme fructose-1,6-
bisphosphatase (FBP1), potentially inhibiting glucose production (McGrane et al., 1983)
and like fructose 2,6-bisphosphate, AMP is an allosteric activator of the glycolytic
enzyme PFK1. The inhibition of gluconeogenesis by AICAR (see below) -which when
phosphorylated functions as an AMP analogue- is explained by inhibition of FBP1
(Vincent et al., 1991). In addition to AICAR, a number of small molecule activators of

AMPK are available which are discussed below.

1.4.1 Small molecule AMPK activators

1.4.1.1 AICAR

AICAR (5-aminoimidazole-4- carboxamide-1-B-D-ribofuranoside) was identified as an
inhibitor of gluconeogenesis and potential anti-hyperglycaemic compound (Vincent et
al., 1991; Vincent et al., 1992) and was later shown to cause activation of AMPK (Sullivan
et al., 1994). AICAR itself is not a direct AMPK activator, but it is taken up in cells and
phosphorylated by adenosine kinase into ZMP (5-aminoimidazole-4- carboxamide-1-3-D-
ribonucleotide) (figure 1.6) which is a structural analogue of AMP (Corton et al., 1995;
Cordero et al., 2016). Therefore, it mimics the effects of AMP, activating AMPK
allosterically and promoting its phosphorylation without altering intracellular levels of
ATP/ADP/AMP (Corton et al., 1995). Like AMP, AICAR also allosterically inhibits FBP1 in
rat hepatocytes and this was the proposed mechanism for the inhibition of
gluconeogenesis (Vincent et al., 1991). AICAR has also been shown to inhibit glycolysis in
hepatocytes and other cell types although it was concluded that AICAR is a stronger

inhibitor of glycolysis than gluconeogenesis (Vincent et al., 1992).

1.4.1.2 A769662
The selective AMPK activator A769662 discovered by Cool et al., (2006) is a

thienopyridone that is specific for heterotrimers containing the B1 subunit (figure 1.7). It
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reversibly binds to the “ADaM” (allosteric drug and metabolite) site on AMPK located at
the interface between a-KD and carbohydrate-binding module (CBM) of the B subunit,
stabilising the a-KD in the active conformation. Like AMP, A769662 is an allosteric
activator of AMPK which requires autophosphorylation on Ser108 within the CBM
(Sanders et al., 2007; Scott et al., 2008; Xiao et al., 2013; Landgraf et al., 2013; Scott et
al., 2014; Calabrese et al., 2014). Goransson et al. (2007) showed that A769662 (100uM)
and ionomycin (which activates AMPK via increasing intracellular Ca* and activating
CaMKKP) phosphorylated and activated AMPK in Hela cells which lack LKB1 expression.
This was counteracted by the CaMKKp inhibitor STO-609, although phosphorylation of
ACC by A769662 remained indicating A769662 activates non-phosphorylated AMPK.
Furthermore, Sanders et al. (2007) showed that STO-609 inhibited A769662 (200uM)
mediated AMPK activation in LKB1 knockout CCL13 cells but not in HEK293 cells
expressing LKB1, and A769662 did not directly affect AMPK phosphorylation by LKB1 and
CaMKKP in cell-free assays suggesting A769662 acts independently of upstream kinases.
A769662 also inhibited Thr172 dephosphorylation on the a subunit by inhibiting protein
phosphatase (PP-2Ca) (Sanders et al., 2007) and A769662 (1uM) protected purified rat
liver AMPK incubated with recombinant PP-2Ca against P-Thr172 dephosphorylation to
a greater extent than with 200uM AMP (Goransson et al., 2007).

Cool et al. (2006) showed that A769662 directly stimulated partially purified rat liver
AMPK (ECs50=0.8uM in comparison with AMP ECso=38uM) and did not significantly alter
the AMP: ATP ratio in primary rat hepatocytes. Additionally, both A769662 (30mg/kg)
and metformin (500mg/kg) reduced the respiratory exchange ratio (VCO/ VO;) and
reduced malonyl-CoA in the liver, indicating increased fatty acid utilisation and reduced
fatty acid synthesis. Like metformin (450mg/kg) and AICAR (375mg/kg), A769662
lowered fed plasma glucose and liver triglycerides in chronically treated diabetic ob/ob
mice in parallel with reduced ACC activity and a decrease in G6pc, PEPCK and FAS gene
expression (Cool et al., 2006). Additionally, in hepatocytes from B1 knock-out mice the
ability of 100uM A769662 to stimulate fatty acid oxidation and AMPK/ACC
phosphorylation was lost highlighting its preference for B1 containing isomers (Hawley
et al., 2012). Ducommun et al. (2014) showed that AMPK phosphorylation and activation
by 1-30uM A769662 was synergistic with AICAR, and AICAR-induced phosphorylation of
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the AMPK downstream targets ACC and CRTC2 as well as the inhibition of lipogenesis
was enhanced in the presence of A769662 in hepatocytes (Foretz et al., 2010). A769662
and AICAR also behaved synergistically in protecting hepatocytes against PP2Ca
mediated AMPK dephosphorylation (Ducommun et al., 2014), and both AMP and the
direct AMPK activator C2 activated AMPK synergistically with A769662 in A-phosphatase
treated AMPK-al complexes (Langendorf et al., 2016) highlighting distinct target sites of
AMP/ ZMP and A769662.

1.4.1.3 Compound 991

Like A769662, the cyclic benzimidazole derivative compound 991 (also known as ex229)
binds AMPK at the ADaM site (figure 1.7) although with 5-10 times greater potency than
A769662, and lower concentrations are needed to activate AMPK and to protect against
Thr172 dephosphorylation. Compound 991 also preferentially binds to the AMPK B1
subunit with 10 times greater affinity than the 2 isoform (Xiao et al., 2013). In rat
skeletal muscle compound 991 increased AMPK activity in al, a2, f1 and B2 containing
complexes and stimulated glucose uptake without altering intracellular adenine
nucleotide levels. Compound 991 also stimulated fatty acid oxidation in L6 myotubes,
and the increase in glucose uptake and ACC phosphorylation by compound 991 was
abolished in AMPKal1/az2 catalytic subunit double knock out myotubes (Lai et al., 2014).
In mouse primary hepatocytes 991 (0.1-30uM) stimulated hepatic fatty acid oxidation
and inhibited lipogenesis which was not observed in AMPKala2 knock out mice
(Boudaba et al., 2018). Additionally, co-treatment of compound 991 with either AICAR or
the AMPK activator C13 enhanced stimulation of AMPK activity and inhibition of
lipogenesis in mouse hepatocytes, and enhanced activation of AMPKy1/3 containing

complexes and glucose transport in skeletal muscle cells (Bultot et al., 2016).

1.4.1.4 Compound-13

The prodrug compound-13 (C13) (figure 1.7) is converted by intracellular esterases to its
active form C2 which behaves as an AMP analogue directly activating AMPK (Hardie et
al., 2014) in the absence of altered adenine nucleotide levels (Hunter et al., 2014). C2 is
selective for al containing isoforms and activates human AMPK (ECs50=6.3nM in
comparison with AMP EC50=5.9uM) similarly to rat AMPK (EC50=21nM) (Gomez-Galeno

et al., 2010) as well as recombinant human AMPK complexes (EC50=10-30nM) in
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comparison with AMP (ECs0=2-4uM)), and sensitivity of AMPK to C2 is lost in the y2-
R531G AMP insensitive mutant (Hunter et al., 2014). Two C2 molecules bind at the
interface of the CBS binding sites 1,3 and 4 with the phosphate groups overlapping the
phosphate binding sites of AMP at sites 1 and 4 (y-pSite-1 and y-pSite-4) (Langendorf et
al., 2016). Like AMP, C2 protects against Thr172 dephosphorylation although it has no
effect on AMP-regulated enzymes such as glycogen phosphorylase, PFK1 or FBP1 at up
to 100uM suggesting it is a selective AMPK activator (Hunter et al., 2014). Gomez-
Galeno et al., (2010) showed that administration of 30mg/kg of the prodrug compound-
13 in rat reached plasma concentrations of 200-300puM and inhibited de novo
lipogenesis, Boudaba et al., (2018) demonstrated that 1-30uM of compound-13
stimulated hepatic fatty acid oxidation and inhibited lipogenesis in mouse primary

hepatocytes.

1.5 Glucose regulated gene expression is mediated by the transcription factor ChREBP-
Mix

T2D is associated with increased expression of enzymes involved in gluconeogenesis and
lipogenesis in the liver (Brown & Goldstein., 2008). Because insulin inhibits
gluconeogenesis but stimulates lipogenesis, one hypothesis that has been proposed by
Brown & Goldstein (2008) to explain the simultaneous elevation of both pathways in
T2D is of selective insulin resistance of the gluconeogenic pathway but not the lipogenic
pathway. This hypothesis assumes that the changes in gene expression in liver in T2D are
explained exclusively by defects in insulin signalling. An alternative explanation is that
T2D represents a condition of either relative glucose excess or relative elevation of
intracellular glucose 6-phosphate (G6P) and downstream intermediates of metabolism

(Agius., 2014).

The transcription factor carbohydrate response element binding protein (ChREBP)
mediates the changes in gene expression in response to raised intracellular
concentrations of phosphate ester metabolites of glucose and is found at high levels in
liver and adipose tissue. ChREBP belongs to the Mondo family of transcription factors. It
comprises of a basic helix-loop-helix-leucine zipper (bHLHLZ) which upon activation
heterodimerizes with Max-like protein X (MIx) (a member of the Myc/Max family of

bHLHLZ transcription factors) (Stoeckman et al., 2004; Havula & Hietakangas., 2012;
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Filhoulaud et al., 2013). Under fasting blood glucose levels ChREBP is sequestered in the
cytosol by cAMP dependent protein kinase (PKA) phosphorylation of serine 196 on the
N-terminus. An elevation in blood glucose results in increased cellular levels of
phosphorylated intermediates of glycolysis, for example G6P (formed in the first step of
glycolysis), xylulose 5-phosphate (Xu-5P) and fructose-2,6-bisphosphate (F-2,6-P;) which
promotes ChREBP activation and nuclear entry allowing heterodimerization with Mlix
(Kabashima et al., 2003; Li et al., 2010; Dentin et al., 2012; Arden et al., 2012). The
ChREBP-MIx complex can then bind to specific regulatory sites in the promotor regions
of glucose regulated genes named carbohydrate response elements (ChoRE), inducing
genes encoding enzymes of glycolysis, lipogenesis and gluconeogenesis (Shih et al.,
1994; Koo et al., 2000; Yamashita et al., 2001). The ChoRE sequence consists of a
tandem E-box element separated by five nucleotides (5'-CACGTGnnnnnCACGTC) (Shih et
al., 1994). The loop region of the MIx bHLHLZ domain mediates the interaction of two
heterodimers which each binds an E box, stabilising the ChREBP-MIx-ChoRE interaction

(Billin et al., 1999; Meroni et al., 2000).

ChREBP-Milx is a key transcription factor that mediates the effects of high glucose on
hepatic gene expression (Ma et al., 2006). Targets of ChREBP-MlIx include enzymes of
glycolysis and the pentose phosphate pathway (e.g. pyruvate kinase (Pklr) and glucose 6-
phosphate dehydrogenase (G6PD)), fatty acid synthesis (e.g. acetyl-coA carboxylase
(ACC)), triglyceride formation (e.g. glycerol 3-phosphate dehydrogenase (GPDH)), lipid
metabolism (e.g. fatty acid synthase (FAS)) and gluconeogenesis (e.g. glucose 6-
phosphatase (G6pc)) (Wang et al., 2002; Ishii et al., 2004; Ma et al., 2005; Ma et al.,
2006; Wang et al., 2006; lizuka et al., 2009; Havula & Hietakangas., 2012).

Initially, Kabashima et al., (2003) proposed that the pentose phosphate pathway
intermediate Xu-5P activated protein phosphatase 2A (PP2A) promoting
dephosphorylation of ChREBP and its subsequent activation. However, Tsatsos et al.
(2006) and Davies et al. (2008) showed that high glucose could activate ChREBP
independently of PP2A activation suggesting other mechanisms are involved in its
regulation. The phosphorylated intermediate G6P is formed by glucokinase (GK)
mediated phosphorylation of glucose as well as by gluconeogenesis and glycogenolysis.

G6P has been implicated as a regulator of ChREBP as the glucose analogue 2-
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deoxyglucose (which like glucose is phosphorylated by GK to 2-deoxyglucose 6-
phosphate but is not metabolised further) stimulated ChREBP activation in proliferating
cell lines (Li et al., 2010), and stimulates Gal4-ChREBP activity in HepG2 cells (Dentin et
al., 2012). A key consideration is that the effect of 2-deoxyglucose on induction of
ChREBP target genes is not observed in hepatocytes (Towle et al., 1997; Arden et al.,
2012; Al-Oanzi et al., 2017) but only in proliferating cell lines. Although this does not rule
out a role for G6P, it clearly suggests that metabolites other than G6P that are elevated
by glucose but not by 2-deoxyglucose are essential. One such metabolite is F-2,6-P; an
allosteric activator of PFK1 and inhibitor of FBP1 (Van Schanftingen., 1993). Arden et al.
(2012) showed that depletion of F-2,6-P; in hepatocytes by expressing a kinase deficient
variant of the bifunctional protein PFK2/FBP2 (PFK2-KD) increased cell G6P and
prevented glucose induced ChREBP translocation and binding to the G6pc promotor and
its transcription. Additionally, overexpression of the wild type PFK2/FBP2 variant
enhanced ChREBP mediated G6pc transcription. This implicates F-2,6-P; as an essential
regulator of glucose regulated ChREBP mediated gene expression, although the
mechanism remains unknown. This does not exclude the involvement of additional

metabolites such as G6P.

ChREBP also regulates transcription of thioredoxin interacting protein (TXNIP) which is
induced by high glucose concentrations and is implicated in the regulation of glucose
transport in several cell types that express GLUT1 and GLUT4 transporters. Shaked et al.
(2011) and Li et al. (2015) showed that metformin repressed TXNIP transcription in
pancreatic B-cells and also in endothelial cells, and that metformin inhibited the nuclear
accumulation of ChREBP and its negative regulator forkhead box O1 (FOXO1) as well as
its binding to the TXNIP promotor with high glucose that cannot be explained fully by
AMPK activation (Li et al., 2015). Sato et al. (2016) proposed that AMP allosterically
inhibits the nuclear localisation of ChREBP by stimulating its interaction with 14-3-3
proteins that regulate nuclear/cytosol trafficking of ChREBP in rat liver. Therefore, the
increase in AMP/ ATP ratio with metformin may explain the inhibition of ChREBP nuclear
localisation. Like F-2,6-P», AMP is also an allosteric inhibitor of FBP1 and an increase in
AMP by metformin inhibits gluconeogenesis both directly and also indirectly by changes

in gene expression (Rena et al., 2013).
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1.6 Metformin lowers cell G6P in hepatocytes

Several studies have reported that metformin lowers G6P in hepatocytes (Owen et al.,
2000; Fulgencio et al., 2001). Owen et al., (2000) showed that metformin (2mM)
inhibited gluconeogenesis in rat hepatocytes and also lowered cell G6P and F6P by
approximately 50%. Additionally, rats administered with 150-200mg/kg or 450-
600mg/kg metformin lowered hepatic G6P content by 60% and 61% respectively. This
was accompanied by a drop in the ATP/ ADP ratio (by >70%) (Owen et al., 2000).
Fulgencio et al., (2001) showed that metformin (5mM) lowered G6P by ~50% in
hepatocytes and lowered cell ATP by 70%. Guigas et al. (2006) also observed that
metformin (5mM) lowered G6P by 20% and lowered ATP by approximately 40%. These
studies on isolated hepatocytes or freeze clamped liver determined several metabolites
of glycolysis. They showed lowering of F6P and elevation of triose phosphates. In the
study on freeze-clamped liver, cell fructose 1,6-bishosphate (F1,6P,) was not decreased
by metformin (Owen et al., 2000). Therefore, a tentative hypothesis is that metformin
lowers G6P and F6P (which are assumed to be in near equilibrium because of the high
activity of phosphoglucose isomerase (PGI) (Zalitis & Oliver., 1967)), but not more distal

metabolites of glycolysis.

1.6.1 Potential mechanisms for the lowering of G6P by metformin

The metabolite G6P lies in the intersection of a number of metabolic pathways meaning
there are a number of possible target sites that may be implicated in the lowering of
G6P by metformin in hepatocytes (figure 1.8). In the GK reaction, G6P is formed by the
ATP dependent phosphorylation of glucose at carbon 6. Under basal glucose conditions
GK is bound and sequestered by its inhibitory protein glucokinase regulatory protein
(GKRP) in the nucleus of hepatocytes. In response to elevated glucose concentrations
GKRP dissociated from GK allowing GK translocation (GKT) from the nucleus to the
cytoplasm and subsequent glucose phosphorylation. One possible explanation for the
lowering of G6P by metformin is inhibition of glucose induced GKT and glucose
phosphorylation which has been observed at high metformin concentrations in
conditions of ATP depletion (Guigas et al., 2006) and maintained ATP (Mukhtar et al.,
2008).
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In the final step of glucose production from gluconeogenesis and glycogenolysis, G6P is
hydrolysed by the membrane bound enzyme glucose 6-phosphatase (G6pc) in the
endoplasmic reticulum (ER) after transport of G6P into the ER by the SLC37 family of ER
associated sugar-phosphate/ phosphate (Pi) exchangers consisting of 4 members
(SLC37A1-4). SLC37A4 (also known as the glucose 6-phosphate transporter or G6PT) is a
Pi-linked G6P antiporter that is associated with Gépc (figure 1.9). (Chen et al., 2008; Pan
et al., 2011). Both SLC37A1/ A2 also exhibit Pi-linked G6P antiporter activity however
unlike SLC37A4 they are not coupled with G6pc and are expressed at low levels in the
liver suggesting they are not involved in the control of blood glucose homeostasis (Pan
et al., 2011). Therefore, metformin could lower cell G6P by activating G6PT (Van de
Werve et al., 2000) or G6pc as occurs during overexpression of Gépc in hepatocytes
(Seoane et al., 1997; Aiston et al., 1999). Functionally it is possible to distinguish
between SLC37A4 and the other transporters (SLC37A1-3) by using chlorogenic acid
derivatives which selectively inhibit SLC37A4 (Arion et al., 1997; Herling et al., 1998;
Harndahl et al., 2006) but not SLC37A1-3 (Pan et al., 2011).

G6P is also metabolised by glycolysis to pyruvate and lactate. Stimulation of glycolysis by
metformin at a number of potential target sites could in principle deplete cell G6P. One
possibility is stimulation of phosphofructokinase-1 (PFK1) at the first regulated site of
glycolysis. Alternatively, inhibition of gluconeogenesis by metformin by inhibition of

fructose 1,6-bisphosphatase-1 (FBP1) would explain the decrease in G6P (figure 1.8).

Another potential site for lowering G6P is the pentose phosphate pathway. In the
cytoplasm glucose 6-phosphate dehydrogenase (G6PD) catalyses the metabolism of G6P
to 6-phosphogluconolactone generating NADPH from NADP in the rate limiting step of
the pentose phosphate pathway (Stincone et al., 2015). In the ER, hexose 6-phosphate
dehydrogenase (H6PD) catalyses the first two reactions of the pentose phosphate
pathway, essentially the NADP dependent conversion of G6P to phosphogluconate,
thereby providing NADPH for luminal reductases (Senesi et al., 2010). In addition, the ER
mechanism may involve transport of F6P into the ER by a mechanism that is insensitive
to chlorogenic acid derivatives (Senesi et al., 2010). Metformin may target either G6PD

in the cytoplasm or H6PD in the ER, lowering G6P (figure 1.8).
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G6P is an allosteric activator of glycogen synthase and it promotes its dephosphorylation
by stabilising a conformation that is a better substrate for synthase phosphatase (Villar-
Palasi & Guinovart., 1997; Pederson et al., 2000). Likewise, glycogen phosphorylase also
has a binding site (Johnson et al., 1993) and raised G6P in hepatocytes promotes net
dephosphorylation of phosphorylase (Agius., 2015). This in turn leads to activation of
glycogen synthase because the phosphorylated form of phosphorylase is a potent
allosteric inhibitor of glycogen synthase phosphatase through the glycogen targeting
protein encoded by PPP1R3B (Hampson & Agius 2005; Aiston et al., 2003). Therefore,
one possibility is that metformin lowers G6P by either stimulating glycogen synthesis or
inhibiting glycogen degradation. G6P is also a substrate for glutamine: fructose-6-
phosphate amidotransferase (GFAT) in the hexosamine biosynthesis pathway, a possible

target for metformin stimulation and G6P depletion (Robinson et al., 1995) (figure1.8).

1.7 Current status of hypotheses on the metformin mechanism

There remains a long-standing debate on which of the proposed mechanisms of
metformin described above can account for the metformin mechanism including: (i)
inhibition of Complex 1; (ii) activation of AMPK either by mechanisms downstream of
Complex 1 or by other mechanisms which manifest at lower drug concentration; (iii)
AMPK independent mechanisms linked to ATP depletion; (iv) inhibition of glucagon

signalling by raised AMP; (v) inhibition of cAMP signalling or (vi) mGPD inhibition.
Three factors can be considered for this lack of consensus on the mechanism:

1. Experimental versus therapeutic doses of metformin: One view is that many of
the cellular studies on the metformin mechanism have used concentrations that
are far higher than the therapeutic range. It is thought that at therapeutic doses
of the drug, metformin may have several effects that are individually small but
collectively effective at lowering blood glucose. The latter assumes that inhibition
of complex 1, ATP depletion and possibly also activation of AMPK may not be
major components of the metformin mechanism at therapeutic doses of the drug
(Wilcock and Bailey., 1994; He & Wondisford., 2015).

2. Chronic versus acute effects: Another consideration is that metformin may be

more effective during chronic therapy and may be relatively ineffective after a
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single exposure at therapeutic doses in T2D in man (Sum et al., 1992). Indeed,
most of the clinical evidence for inhibition of glucose production by metformin is
based on chronic rather than acute studies (Stumvol et al.,1995; Hundal et al.,
2000; Petersen et al., 2017). Although there are relatively few acute studies,
there is evidence that there are no significant short-term effects observed in man
on either glucose production or peripheral glucose disposal during an
intravenous metformin infusion (Sum et al 1991).

3. Compromised versus non-compromised metabolic homeostasis: Another
important consideration is that the effect of metformin on blood glucose is
dependent on the physio-pathological state. Accordingly, in animal models,
metformin (300 mg/kg) is much more effective at lowering blood glucose in a
model of obesity and T2D than in the non-diabetic state (Lloyd et al., 2013). This
contrasts with the effect of other classes of drugs such as sulphonylureas or

direct activators of glucokinase, which are similarly effective.

Previous work has focused on the role of AMPK in the metformin effect on
gluconeogenic gene expression observed in isolated hepatocytes (as discussed above).
One of the key target genes repressed by metformin in the db/db mouse is G6pc (Heishi
et al., 2006) which is regulated by AMPK mediated signalling (Lee et al., 2010; Cao et al.,
2014) and also by ChREBP in response to raised levels of glucose metabolites in
hepatocytes (e.g. F-2,6-P, and G6P) (Arden et al., 2011; Arden et al., 2012). G6pc is one
of a number of genes induced by high glucose (Al-Oanzi et al., 2017). Previous work has
shown that high glucose (25mM) elevates cell G6P and downstream phosphorylated
intermediates in hepatocytes, stimulating the expression of ChREBP target genes
including G6pc and Pklir (Al-Oanzi et al., 2017). Work leading up to this project showed

that:

e Metformin (ImM) counteracted the effect of high glucose on the recruitment of
ChREBP-MiIx to the G6pc and Pkir promotors and on the induction of these genes
but did not affect gene expression at basal glucose (Al-Oanzi et al., 2017).

e Additionally, metformin lowered F-2,6-P, (Al-Oanzi et al., 2017) which regulates
ChREBP translocation (Arden et al., 2012; Arden et al., 2011).
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e Furthermore, a higher metformin concentration (5mM) lowered cell ATP and
inhibited GK translocation (Guigas et al., 2006). Whether this effect of
metformin occurs at concentrations where ATP is maintained has not been

explored.

G6P, the first intermediate of glucose metabolism, is also generated from glycogen
breakdown and gluconeogenesis, and is metabolised by several pathways (figure 1.8).
Changes in G6P could therefore arise as a result of altered activity of several enzymes,
and the effects of metformin on lowering G6P could be a consequence of metformin
targeting multiple possible sites. Accordingly, G6P can be used as a marker to investigate

the effects of metformin on these candidate pathways.

HYPOTHESIS:

The aims of this study were to test the hypothesis that the counter-regulatory effect of
metformin on gene regulation at high glucose is due to inhibition of GK translocation
and glucose phosphorylation, and thereby due to lowering of cell G6P and downstream

metabolites. To investigate this, a number of research questions need to be considered:

e First, does metformin counteract the effect of high glucose on elevated G6P at
cellular metformin levels that are within the therapeutic range for this drug?

e Does this effect of metformin occur in conditions of maintained or compromised
ATP?

e |sthe metformin effect mediated by activation of AMPK?

e s the effect of metformin on cell metabolites in conditions of elevated glucose
fully accounted for by inhibition of GK translocation or does it involve effects of
metformin on other metabolic pathways?

e Does the lowering of G6P by metformin account for its counter-regulatory effect

on gene regulation?
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Figure 1.1 Chemical structure of metformin and the biguanide family of insulin-

sensitising drugs (Bailey., 2017)
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Figure 1.2 Transporters involved in metformin uptake and excretion (Florez et al., 2017)
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Figure 1.3 Chemical structure of metformin and its metabolic product, guanylurea
(Trautwein et al., 2014)
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Figure 1.4 Proposed mechanisms by which metformin inhibits hepatic gluconeogenesis

(1) Metformin is taken up into hepatocytes by OCT1 (2) and accumulates in the
mitochondria where it inhibits complex 1. This results in an increased AMP: ATP ratio
which activates AMPK. (3) Alternatively, metformin may activate AMPK by a lysosomal
pathway. (4) An increase in AMP also inhibits fructose-1,6-bisphosphatase (FBPase)
inhibiting gluconeogenesis, and inhibits glucagon signalling by inhibition of cAMP
production. (5) Activated AMPK phosphorylates ACC, promoting fatty acid oxidation. (6)
AMPK activation also phosphorylates and activates phosphodiesterase 4B (PDE4B),
lowering cAMP production. (7) Glucagon signalling stimulates cAMP production and
activates protein kinase A (PKA), phosphorylating and inactivating PFKFBP1, lowering
fructose-2,6-bisphosphate which is an allosteric activator of phosphofructokinase (PFK1)
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and inhibitor of FBPase, stimulating gluconeogenesis. (8) PKA also phosphorylates and
inactivates pyruvate kinase (Pyr K) in glycolysis and (9) stimulates gluconeogenic gene
expression. (10) AMPK activation counteracts the effect of PKA on phosphoenolpyruvate
carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase) expression, inhibiting
gluconeogenic gene expression. (11) Metformin is also proposed to inhibit mitochondrial
glycerophosphate dehydrogenase (mGPD) (adapted from Rena et al., 2017).

Ac-CoA,acetyl coenzyme A; BPG,1,3-bisphosphoglycerate; DHAP, dihydroxyacetone phosphate;
FBP, fructose 1,6-bisphosphate; F6P, fructose 6-phosphate; G3P, glyceraldehyde 3-phosphate;
G6P, glucose 6-phosphate; Ma-CoA, malonyl coenzyme A; OAA, oxaloacetate; PEP,
phosphoenolpyruvate; 3PG, 3-phosphoglycerate.
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Figure 1.5 Crystal structure of AMPK consisting of a, B and y subunits

AMPK is phosphorylated at a-Thr172 and B-Ser108. AMP binds at the CBS
(cystathionine-B-synthase) sites in the y subunit. A769662 binds at the interface
between the a-kinase domain and B- glycogen binding domain (GBD) (Olivier et al.,
2018).
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Figure 1.6 AICAR is transported across the plasma membrane and phosphorylated into
ZMP in the cytoplasm (Corton et al., 1995)
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Figure 1.7 Structures of direct small molecule AMPK activators and inhibitors

Small molecule AMPK activators and inhibitors bind to the ADaM site selective for the
B1- isoform (turquoise frame), or both B1 and B2 containing isoforms (turquoise/ blue
frame), bind to the y isoform (purple frame) or with unknown interaction (grey frame)

(Olivier et al., 2018).
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Figure 1.8 G6P formation and metabolism

G6P is generated by glucokinase (GK), glycogen degradation by glycogen phosphorylase (GPa) and in gluconeogenesis. G6P is metabolised by
glycolysis, glycogen synthesis by glycogen synthase (GS), glucose 6-phosphate dehydrogenase (G6PD) in the pentose phosphate pathway, and
by glucose 6-phosphatase (G6pc) and hexose 6-phosphate dehydrogenase (H6PD) in the endoplasmic reticulum (yellow).

6-PG, 6-phosphogluconate; DHA, dihydroxyacetone; DHAP, dihydroxyacetone phosphate; F16P,, fructose 1,6-bisphosphate; F1P, fructose 1-phosphate;
F26P,, fructose 2,6-bisphosphate; F6P, fructose 6-phosphate; FBP1, fructose 1.6-bisphosphatase; FBP2, fructose 2,6-bisphosphatase; G3P, glycerol-3-
phosphate; G6P, glucose 6-phosphate; G6pc, glucose 6-phosphatase; G6PD, glucose 6-phosphate dehydrogenase; GA3P, glyceraldehyde 3-phosphate;
GFAT, glutamine: fructose 6-P amidotransferase; GK, glucokinase; GIK, glycerol kinase; GPa, glycogen phosphorylase; GPDH, glycerol-3-phosphate
dehydrogenase; GS, glycogen synthase; H6PD, hexose 6-phosphate dehydrogenase; LDH, lactate dehydrogenase; PFK1, phosphofructokinase 1; PFK2,
phosphofructokinase 2; PG, phosphoglucose isomerase; Pklr, pyruvate kinase; Xu-5P, xylulose-5-phosphate.
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Figure 1.9 The chlorogenic acid derivative S4048 is an inhibitor of the glucose 6-
phosphate transporter (G6PT)

In the ER, G6P transport is coupled to G6P metabolism by glucose 6-phosphatase (G6pc).
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2.1 Materials

2.1.1 Animals

Male Wistar rats (body weight 200-300g) were obtained from Envigo (Bicester, UK).

Male C57BL/6J mice aged 8-10 weeks were obtained from Charles River (UK).

Male C57BL/6J-OlaHsd mice aged 8-10 weeks were obtained from Envigo (Bicester, UK).

Hexose 6-phosphate dehydrogenase knockout mice were obtained from Professor G.

Lavery, University of Birmingham, UK (Lavery et al., 2006).

2.1.2 Chemicals and Reagents

General chemicals and solvents were obtained from BDH, VWR, Sigma or Santa Cruz.

Other reagents are indicated in Table 2-1.

Chemical Supplier Catalogue Number
Ammonium Chloride BDH 10017
Ammonium Molybdate Fisher Scientific A7302
Aminooxyacetic Acid Sigma A4508
Aurintricarboxylic Acid (ATA) Sigma A1895
Adenosine triphosphate (ATP) | Sigma A3377
A769662 Tocris 3336
Benzamidine Sigma B6506
Berberine Sigma B3412
Protein Assay Dye Reagent Bio-Rad 5000006
Concentrate
Bovine Serum Albumin Sigma A2153
Calyculin A Sigma C5552
CB72 ChemBridge 6049458

Gift from Pfizer Global
?dlcn:t(imll;lrr[\(liz)zg)hid roxy-3- | tesearchand
oxo-1-(phenylmethyl)propyl]- | Development
1H-indole-2-carboxamide (Groton/New London
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CP-91149 Laboratories, Groton,

CT)
Dihydroxyacetone (DHA) Sigma PHR1430
Dehydroepiandrosterone US Biological 78590177
(DHEA)
2-Deoxy-D-glucose Sigma D6134
6-Diazo-5-oxo-L-norleucine Sigma D2141
(DON)
Dithiothreitol (DTT) Sigma D5545
Emodin Sigma E7881
Folin-Ciocalteau’s Phenol Sigma F9252
Reagent
Fructose Sigma FO127
Glucokinase Activator (GKA) Axon MedChem RO281675
Glucosamine Sigma G4875
Glucose BDH 28450
Glucose 6-phosphate Sigma G7879
Glycerol 3-phosphate Sigma G7886
L-Lactic Acid Sodium Salt Sigma L7022
Malachite Green Sigma 229105
Mannoheptulose Brunschwig Chemicals M4375
Menadione Sigma M5625
Metformin Sigma D5035
Metyrapone Sigma 856525
Miconazole Sigma M1880000
NAD* Calbiochem 481911
NADH Calbiochem 481913
NADP Sigma NO505
Perchloric Acid Sigma 244252
Phosphate Standard Sigma 20-103
Protease Inhibitor Cocktail Sigma P8340
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Phenazine Methosulfate Sigma P9625
Phenylmethanesufonyl Sigma P7626
Fluoride (PMSF)
Sodium Pyruvate Sigma P2256
Random Primers Roche 11034731001
Resazurin Sodium Salt Sigma R7017
Rhein Sigma 275611
Rotenone Sigma R8875
S4048 Gift from Dr. D. Schmoll,
(1-[2-(4-chloro-phenyl)- Aventis, Pharma GnbH,
Cihycron 5. (smicarolas. | Frankfrt Germany
b]pyridin-1-yl-3-
phenylacryloyloxy)-
cyclohexanecarboxylic acid)
Sodium Borohydride Sigma $9125
5-Sulfosalicylic Acid Sigma S2130
LightCycler Faststart DNA Roche 3003230
Master SYBR
TRIS VWR 0826
TRIzol ThermoFisher Scientific | 15596018
UK5099 Tocris 4186
Xylitol Sigma X3375
S4048 Gift from Dr. D. Schmoll,

Aventis, Pharma GnbH,

Frankfurt, Germany
[1-14C] glucose ARC ARC0120A
[1-14C] glucose Hartmann Analytic MC228
[2-3H] glucose Perkin Elmer NET238C005MC
[3-3H] glucose Perkin Elmer NET331A250UC
[5-3H] glucose Perkin Elmer NET531005MC
[6-14C] glucose ARC ARC0121B
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benzoxazole

dichlorobenzenesulfonamido)]-

[U-14C] Glucose Perkin Elmer NEC042B005MC
[*4C] Metformin Hartmann Analytic MC2043
2,4-Dinitrophenol (DNP) Sigma 81F5051
5-Chloro-2-[N-(2,5- Calbiochem 344267

Table 2-1 Chemicals and Reagents

2.1.3 Enzymes

Commercial enzymes are indicated in Table 2-2.

Enzyme Supplier Catalogue Number
Amyloglucosidase (from Sigma A7420
Aspergillus niger)

Diaphorase (from Sigma D2197
Clostridium kluyveri)

DNase | (RNase free) Roche 04716728001
Glucose 6-phosphate Roche 10127655001
dehydrogenase (from

Yeast)

Glycerol 3-phosphate Roche 10127752001
dehydrogenase (from

Rabbit muscle)

Hexokinase (from Yeast) Roche 11426362001
L-lactate dehydrogenase Roche 10127884001
(from Rabbit muscle)

Luciferin-luciferase Sigma FLAA

M-MLV reverse Promega M1701
transcriptase

Phosphoglucose isomerase | Roche 10128139001
(from Yeast)

42



Chapter 2: Materials and Methods

6-phosphogluconic Sigma P4553
dehydrogenase (from
Yeast)

Table 2-2 Enzymes

2.1.4 Antibodies

Commercial antibodies are indicated in Table 2-3.

Antibodies Host Supplier Catalogue Number
Acetyl-CoA Rabbit Cell Signaling 3662
Carboxylase Technology
Alexa fluor 488 Goat | Goat ThermoFisher A11008
anti-Rabbit I1gG Scientific
AMPK a Rabbit Cell Signaling 2603

Technology
G6PD2 Rabbit Proteintech 172191AP
GAPDH Mouse HyTest 5G4
GK H-88 Rabbit Santa Cruz Sc7908
Biotechnology, Inc.
Glucokinase (GK) Rabbit AstraZeneca
Glucokinase Rabbit AstraZeneca
Regulatory protein
(GKRP)
Mouse Rabbit Dako P0260
Immunoglubulins
(HRP-conjugated)
Phospho-Acetyl-CoA | Rabbit Cell Signaling 3661
Carboxylase (Ser79- Technology
P)
Phospho-AMPK a Rabbit Cell Signaling 2535
(Thr172-P) Technology
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Rabbit Goat
Immunoglubulins

(HRP-conjugated)

Dako

P0448

Table 2-3 Antibodies

2.1.5 Adenoviral vectors

Adenoviral vectors are indicated in Table 2.4.

Adenoviral Vector

Source

Catalogue Number/
Reference

Ad-CMV-GKL Gift from Dr. C. Newgard Becker et al., 1996
(Duke University, Durham,
NC)

Ad-CMV-GKRP Rat liver GKRP cDNA De la Iglesia et al., 2000

Ad-GFP-U6-m-G6PDX-
shRNA

VectorBiolLabs, Malvern
PA, USA

shADV-279685

PFK-KD

Gifts from A. Lange

Arden et al., 2012

Table 2-4 Adenoviral Vectors

2.1.6 Primers for Real time RT-qPCR

Primers for PCR are indicated in Table 2.5.

Gene

Primers

Glucokinase (GK)

FWD: GATACCTGGGGAACAGCAAA
REV: TAGGTGGAGACCCTGCTGAT

Glucose 6-phosphatase (G6pc)

FWD: CTACCTTGCGGCTCACTTTC
REV: ATCCAAGTGCGAAACCAAAC

(G6PD)

Glucose 6-phosphate dehydrogenase

FWD: TTAAATGGGCCAGCGAAG
REV: TGCTCTGCCATGATGTTTTC

L-type Pyruvate Kinase (Pkir)

FWD: CTGGAACACCTCTGCCTTCTG
REV: CACAATTTCCACCTCCGACTC

Nicotinamide Nucleotide

Transhydrogenase (NNT) EXON7

FWD: GGAAGGGTCAGTTGTTGTGG
REV: CCGGCTTAGTCGTTTCAAAG

Table 2-5 Primers for real time RT-qPCR
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2.2 Hepatocyte isolation and culture

2.2.1 Rat hepatocytes

Hepatocytes were prepared by a two-step collagenase perfusion of the liver of male
Wistar rats (200-300g body weight) obtained from Harlan, Bicester, UK. They were
allowed free access to standard rodent chow and water ad libitum on a 12h light / 12h
dark cycle at 20 + 2 °C and a controlled relative humidity of 50 + 10%. Procedures
conformed to Home Office Regulations and were approved by the University Ethics
Committee. The rat was anaesthetized in a chamber containing 15ml isoflurane (IsoFlo
100%, Zoetis UK Ltd). The rat was then removed from the chamber, attached to the
dissection tray, wiped in 70% ethanol and a laparotomy was performed. The portal vein
and superior vena cava were cannulated and the liver was perfused with Ca?* -free
EGTA-containing buffer (148 mM NaCl, 6.7 mM KCI, 10 mM HEPES, 0.2 mM EGTA, 10
pg/ml phenol red, pH 7.4) at 20-30 ml/min for 15 min, followed by Ca?* containing
collagenase buffer (100 ml) (20mg/100 ml collagenase, 124 mM NacCl, 6.7 mM KCl, 2 mM
CaClz, 1 mM MgSQg4, 20 mM HEPES, 10 pg/ml phenol red, pH 7.4) until digestion (15-20
min). On termination of the perfusion the liver was transferred to a petri dish and gently
dissociated in ~ 40 ml Minimum Essential Medium. The medium used for washing and
cell culture was MEM with Earle’s salts (Gibco #21430-020), supplemented with Non-
Essential Amino acids (Gibco #11140-035); 2mM glutamine; penicillin (75mg/I) and
streptomycin sulphate (50mg/l) (designated MEM). The cell suspension was filtered
through 80um nylon mesh and centrifuged at 50 g for 2 min. The cell pellet was washed
3 times and hepatocytes were suspended in Minimum essential medium (MEM)
containing 5 % (v/v) neonatal calf serum. Cell viability was checked with Trypan Blue
(Lonza 19-942E) by mixing equal volumes of cell suspension and Trypan Blue and
checking for dye exclusion. The cells were seeded at cell density of 4 x10* cells / cm3on
gelatin-coated (1mg/ml) multi-well plates. Cells were incubated for 3 hours at 37°C
equilibrated with 5% CO,/ air. After cell attachment (3h) the medium was replaced by
serum-free MEM containing 5mM glucose and 10nM dexamethasone and 1nM insulin

and the hepatocytes were cultured for 18 h.
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2.2.2 Mouse hepatocytes

Male adult mice of the C57BL/6JOlaHsd strain or C57BL/6J strains were housed in the
Comparative Biology Centre at Newcastle University Medical School. They were allowed
free access to standard rodent chow and water ad libitum on a 12h light / 12h dark cycle
at 20 £ 2 °C and a controlled relative humidity of 50 + 10%. Procedures for hepatocyte
isolation conformed to Home Office Regulations and were approved by the University
Ethics Committee. The mouse was anaesthetized in a 2-litre chamber containing 8 ml of
isoflurane (IsoFlo 100%, Zoetis UK Ltd). After 2 min the mouse was weighed, injected
intraperitoneally with 300 pl heparin (Sigma H9399; 3mg (9000U) / ml sterile 150 mM
NaCl) and then returned to the isoflurane chamber. After 4 min from first exposure to
isoflurane the mouse was removed from the chamber, attached to the dissection tray,
wiped in 70% ethanol and dissected to expose the heart and liver. A suture was placed
below the heart under the vena cava. The heart was then gripped with fine forceps from
the right atrium and stretched upwards and a 20 Gauge x 32 mm i.v. catheter (Versatus,
SR+DU2032PX) was inserted into the inferior vena cava. The needle insert was then
removed and when the cannula filled with blood, the suture was tied securely and the
portal vein was cut approximately 1 cm distal to the liver. The cannula was then
connected to a first peristaltic pump linked to calcium-free perfusate (containing per
litre: 8000mg NaCl, 400mg KCl, 130mg KH,PQO4, 76mg EGTA, 20mg phenol red, 10 mmol
HEPES, pH 7.4). The liver was perfused at 5 ml / min for 6 min. The cannula was then
connected to a calcium plus collagenase Hanks medium buffered with 5mM NaHCOs3,
20mM HEPES and containing 10 mg / 100 ml collagenase (Sigma Collagenase Type IV,
Clostiridium histolyticum C5138) and it was perfused for between 15 and 20 min. On
termination of the perfusion the liver was transferred to a petri dish and gently
dissociated in ~ 40 ml Minimum Essential Medium. The medium used for washing and
cell culture was MEM with Earle’s salts (Gibco #21430-020), supplemented with Non-
Essential Amino acids (Gibco #11140-035); 2mM glutamine; penicillin (75mg/l) and
streptomycin sulphate (50mg/l) (designated MEM). The cell suspension was filtered
through a 200pum mesh, sedimented at 50g (2 min) and the pellet was washed at 50g for
2 min. The pellet was suspended in Minimum Essential Medium (as above) but
supplemented with 5% vol/vol newborn calf serum (Gibco, Heat inactivated #26010-

074), 10 nM dexamethasone and 10 nM insulin. Cell viability was checked with Trypan
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Blue (Lonza 19-942E) by mixing equal volumes of cell suspension and Trypan Blue and
checking for dye exclusion. The final cell suspension was ~ 0.5 million cells / ml and the
cells were plated at a density of approximately 10° cells / cm? and placed in an incubator

at 37 °C equilibrated with 5% CO,/ air.

2.3 Methods

2.3.1 Preparation of radioactive substrates for metabolic studies

For radiochemical assays, required amounts of [**C] metformin (0.4uCi/ml), [U-4C]
glucose (0.2-2uCi/ml), [2-3H] glucose (1.5uCi/ml), [3-3H] glucose (1.5uCi/ml), [5-3H]
glucose (1.5uCi/ml), [1-14C] glucose (0.4uCi/ml) and [6-14C] glucose (0.4puCi/ml) were

dried at room temperature to evaporate the ethanol solvent.

2.3.1.1 Determination of metformin accumulation

Total cell accumulation of metformin was determined by pre-incubating hepatocytes
with MEM, [**C] metformin, and indicated metformin concentrations for 2 hours.
Glucose (25mM) was then added to the medium for a further 1 hour. Cells were washed
twice with 300mM sucrose, then extracted in 400ul 0.1M NaOH. 1ml scintillation
cocktail was added to 300ul of cell extract and radioactivity was measured. Results

expressed as nmol of metformin per mg protein.

Calculation

dpm/ pul
nmol metformin/ pl

Specific activity =

= dpm/ nmol

dpm Total vol.of cell ext. 1

SA % Vol of cell ext. measured % Protein
(dpm/nmol)
(mg/ well)
= nmol of metform accumulated in cells per mg of protein

2.3.1.2 Determination of glycogen synthesis
Glycogen synthesis was determined from the incorporation of [U-14C] glucose into

cellular glycogen. Hepatocytes were pre-incubated with indicated conditions for 2 hours,
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then incubated with MEM containing [U-4C] glucose and indicated additions for 3 hours.
50pul of medium was collected for calculation of specific activity. The remaining medium
was then removed and cells were washed with 150mM NaCl, then extracted with 0.1M
NaOH (0.5ml/ well) and frozen. For protein precipitation, 300ul of cell extract was added
to 300ul of 20% trichloroacetic acid (TCA) containing 0.75mg/ ml glycogen. The mixture
was vortexed, then centrifuged at 13,000g, 4°C for 10 minutes. Supernatant (500pul) was
added to 1ml of 95% ethanol and centrifuged at 13,000g, 4°C for 10 minutes. The
supernatant was aspirated and the glycogen pellet was washed twice with 1ml of 66%
ethanol, and centrifuged at 13,000g, 4°C for 15 minutes. After the second wash, the
pellet was left to dry at room temperature. 150ul of deionised water was added to the
pellet and the pellet was left to dissolve overnight. The following day, 1ml of scintillation
cocktail was added to the samples and vortexed until clear. Radioactivity was measured
and results were expressed as nmol of glucose incorporated into glycogen per 3 hours

per mg of protein.
Calculation

dpm/ pl
nmol glucose/ ul

Specific activity =

= dpm/ nmol

dpm Total vol of cell ext.inwell Total vol.of cell ext. +glycogen/ TCA

SA % Vol added to glycogen/ TCA X Vol.added to ethanol
1
X ——
protein
(dpm/nmol)
(mg/ well)

= nmol of glucose incorporated into glycogen per mg of protein.

2.3.1.3 Determination of glucose phosphorylation and glycolysis
Glucose phosphorylation was measured from detritiation of [2-3H] glucose, and

glycolysis was measured from detritiation of [3-3H] glucose and [5-3H] glucose.
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Hepatocytes were pre-incubated with indicated conditions for 2 hours, then incubated
with MEM containing [2-3H] glucose, 25mM glucose and indicated additions for 1 hour.
The medium was collected and acidified with 10% 1M HCI. 50ul unincubated medium
was acidified for calculation of specific activity. Acidified sample (100ul) or unincubated
medium for blank correction was transferred to a 500ul microcentrifuge tube which was
placed inside a 5ml scintillation vial containing 750ul deionised H,O and stoppered. The
tubes were incubated at 37°C for a minimum of 2 days to allow the 3H,0 to equilibrate
between the two solutions. To determine the level of tritiated water, the
microcentrifuge tube was removed and scintillation cocktail was added to the
scintillation vial and counted. Results expressed as nmol of glucose detritiated per 3

hours per mg of protein.
Calculation

dpm/ pl
nmol glucose/ pl

Specific activity =

= dpm/ nmol

dpm samples — dpm blank Vol of medium in well Total vol in well + 1M HCI

X X
SA (dpm/nmol) Vol taken for assay Total vol in well

1 1

X X
Recovery protein (mg/well)

= nmol of glucose detritiated per 3h per mg cell protein

3H,0 in ependorf
3H,0 + 750ul H,0 (total recovery)

Recovery factor =

2.3.1.4 Determination of glucose oxidation

Hepatocytes were plated into gelatine coated 25ml flasks. The following day
hepatocytes were pre-incubated with indicated conditions for 2 hours. Medium
containing [1-14C] glucose, [6-14C] glucose or [U-14C] glucose, 15mM glucose and
indicated additions was added to the flasks. A 2ml microcentrifuge tube containing a
paper wick was inserted carefully into each flask, and the flasks were stoppered and

incubated at 37°C for 2-3 hours. The reaction was stopped by injection of 300ul hyamine
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hydroxide to the microcentrifuge followed by 300l 2M HCl into the main flask and left
for 2 hours to allow for absorption of the *CO, by the hyamine. The outer surface of the
microcentrifuge tubes was rinsed in decontamination solution and transferred into a
20ml vial with 15ml scintillation cocktail and counted. The flasks were rinsed with
150mM NacCl and cells were extracted in 900ul of 1M NaOH. 20ul unincubated medium

was used to calculate specific activity.
Calculation

dpm/ pl
nmol glucose/ pl

Specific activity =

= dpm/ nmol

dpm samples — dpm blank o 1
SA (dpm/nmol) Protein

= nmol of glucose decarboxylated per 2/3 hours per mg of protein

2.3.2 Metabolite determination

2.3.2.1 Glucose 6-phosphate (G6P)

Cell G6P was determined fluorometrically based on G6P oxidation by glucose 6-
phosphate dehydrogenase (G6PD) to yield NADPH which is coupled to the reduction of
resazurin in the presence of diaphorase to produce resorufin. The fluorescence of

resorufin is detected by excitation at 530nm and emission at 590nm on a fluorimeter.
Principle of the reaction:

G6PD
G6P + NADP —» 6-phosphogluconate + NADPH

Diaphorase

NADPH + Resazurin —» NADP + Resorufin (Ex 530 nm, Em 590 nm)
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After incubation, hepatocytes were snap frozen in liquid nitrogen and the plates were
stored at -80°C until extraction. Cells were extracted in 300ul 0.6M perchloric acid (PCA)
or 300ul (2.5% weight/ vol) sulfosalicylic acid (SSA).

SSA extracts were transferred to a microfuge tube and centrifuged at 13,000g, 4°C for 10
minutes. The supernatant (200ul) was neutralised with 3M KOH/ 1M K;HPO4 (1:2,
vol:vol), G6P standards (blank, 2, 5, 10, 20, 40uM) were prepared in 2.5% SSA from a
freshly prepared 10mM stock solution and neutralised similarly to the samples. The
main reagent consisted of 50mM Tris base neutralised with acetic acid to pH 7.8, 2mM
MgCl,, 0.2mM NADP, 0.02uM resazurin, 0.1 units/ ml G6PD, 0.03 units/ ml diaphorase.
The sample volume was 40ul and the main reagent volume was 160ul. G6P was assayed
from resorufin fluorescence at Ex 530 nm, Em 590 nm (Spectramax M5e Microplate
reader) and the G6P concentration in the samples was determined from the standard

curve using Softmax Pro Software.

Perchlorate extracts were transferred to a microfuge tube and centrifuged at 13,000g,
4°C for 10 minutes for precipitating the protein. The supernatant (200ul) was neutralised
with KOH. Samples were cooled to precipitate the potassium perchlorate and
centrifuged at 13,000g, 4°C for 10 minutes. G6P standards (blank, 2, 5, 10, 20, 40uM)
were prepared from a freshly prepared 10mM stock solution in 0.6M PCA and
neutralised similarly to the samples. The main reagent consisted of 50mM Tris base
neutralised with acetic acid to pH 7.8, 2mM MgCl, 0.2mM NADP, 0.1 units/ ml G6PD.
The sample volume was 40ul and the main reagent volume was 160ul. G6P was assayed
from the rate of formation of NADPH. For PCA extracts NADH fluorescence was detected
at Ex 340nm, Em 450nm (Spectramax M5e Microplate reader) and the G6P
concentration in the samples was determined from the standard curve using Softmax

Pro Software.

2.3.2.2 Glycerol 3-phosphate (G3P)

Cell G3P was determine fluorometrically based on G3P oxidation by glycerol 3-
phosphate dehydrogenase (G3PD) to yield NADH which is coupled to the reduction of
resazurin in the presence of diaphorase to produce resorufin. The fluorescence of
resorufin can be detected by excitation at 530nm and emission at 590nm on a

fluorimeter.
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Principle of the reaction:

G3PD
G3P + NAD — Dihydroxyacetone phosphate + NADH

Diaphorase

NADH + Resazurin — > NAD + Resorufin (Ex 530 nm, Em 590 nm)

After incubation, hepatocytes were snap frozen in liquid nitrogen and the plates were
stored at -80°C until extraction. Cells were extracted in 300ul 0.6M perchloric acid (PCA)

or 300ul (2.5% weight/ vol) sulfosalicylic acid (SSA).

SSA extracts were transferred to a microfuge tube and centrifuged at 13,000g, 4°C for 10
minutes. The supernatant (200ul) was neutralised with 3M KOH/ 1M K;HPO4(1:2,
vol:vol). G3P standards (blank, 2, 5, 10, 20, 40uM) were prepared in 2.5% SSA from a
freshly prepared 10mM stock solution and neutralised similarly to the samples. The
main reagent consisted of 0.1M Tris/ hydrazine (pH 9.1), 0.4mM NAD, 0.02uM resazurin,
1.5 units/ ml G3PD, 0.04 units/ ml diaphorase (9ul). The sample volume was 40l and
the main reagent volume was 160pul. G3P was assayed from resorufin fluorescence at Ex
530 nm, Em 590 nm (Spectramax M5e Microplate reader) and the G3P concentration in

the samples was determined from the standard curve using Softmax Pro Software

Perchlorate extracts were transferred to a microfuge tube and centrifuged at 13,000g,
4°C for 10 minutes for precipitating the protein. The supernatant (200ul) was neutralised
with KOH. Samples were cooled and centrifuged at 13,000g, 4°C for 10 minutes to
precipitate the potassium perchlorate. G3P standards (blank, 2, 5, 10, 20, 40uM) were
prepared in in 0.6M PCA from a freshly prepared 10mM stock solution and neutralised
similarly to the samples. The main reagent consisted of 0.1M Tris/ hydrazine (pH 9.1),
0.4mM NAD, 1.5 units/ ml G3PD (18ul). The sample volume was 40ul and the main
reagent volume was 160ul. For PCA extracts NADH fluorescence was detected at Ex
340nm, Em 450nm (Spectramax M5e Microplate reader) and the G3P concentration in

the samples was determined from the standard curve using Softmax Pro Software.
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2.3.2.3 Adenosine triphosphate (ATP)
Cell ATP was determined by a luciferase assay comprising of a 2-step reaction. Luciferase
catalyses the oxidation of luciferin, consuming ATP. Light is emitted in the second step

which is detected by a luminometer.
Principle of the reaction:

Luciferase
ATP + Luciferin e«———> Adenyl-luciferin + PPi

Mg++

Adenyl-luciferin + 0, ——»  Oxyluciferin + AMP + CO; + light

After incubation, hepatocytes were snap frozen in liquid nitrogen and the plates were
stored at -80°C until extraction. Cells were extracted in 300ul PCA or 2.5% SSA and
processed and neutralised as described above or extracted in 300ul 0.1M NaOH. ATP
standards were prepared from a freshly prepared 10mM stock solution and assayed in
parallel (blank, 2, 5, 10, 20, 40uM). The main reagent consisted of buffer (0.1M Tris/
acetate pH 7.75, 10mM Mg-acetate, 1.8mM EDTA, 0.3g/l BSA) and 1:200 (v/v) ATP
bioluminescent assay kit (Sigma). The sample volume was 20ul and the main reagent
volume was 200ul. Light emitted was measured on a luminescence protocol
(Spectramax M5e Microplate reader) and the ATP concentration in the samples was

determined from the standard curve using Softmax Pro Software.

2.3.2.4 Lactate production
Determination of lactate in the medium was based on lactate oxidation by NAD in the
presence of lactate dehydrogenase (LDH) to yield NADH. The increase in NADH

absorbance at 340nm was measured.
Principle of the reaction:

LDH

Lactate + NAD* —— Pyruvate + NADH + H* (340nm)
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After incubation with hepatocytes, 200ul of media was transferred to a 96 well plate and
stored at -20°C until required for assaying. The main reagent consisted of 0.1M Tris/
Hydrazine pH 9.1, 0.2mM NAD and 5.5 units/ml LDH. Lactate standards were prepared in
MEM in from a 10mM stock solution (blank, 50, 100, 200, 500, 1000uM) and assayed in
parallel. Main reagent (160ul) was added to 20ul of thawed media and NADH
absorbance at 340nm was measured (Spectramax M5e Microplate reader). The lactate
concentration in the samples was determined from the standard curve using Softmax

Pro Software.

2.3.2.5 Pyruvate production
Determination of pyruvate in the medium was based on pyruvate reduction by NADH in
the presence of lactate dehydrogenase (LDH) to yield NAD. The decrease in NADH

absorbance at 340nm was measured.
Principle of the reaction:

LDH

Pyruvate + NADH ————— Lactate + NAD* (340nm)

After incubation with hepatocytes, 200ul of media was transferred to a 96 well plate and
stored at -20°C until required for assaying. Thawed media was acidified with 1:5 (v/v)
10% PCA: media. The main reagent consisted of 0.4M potassium phosphate buffer
(K2HPO4/ KH2PO4), 0.14mM NADH and 1.1 units/ml LDH. Pyruvate standards were
prepared in MEM from a 10mM stock solution and were acidified and assayed in parallel
(blank, 25, 50, 100, 200, 500uM). Main reagent (180ul) was added to acidified media
(20ul) and the decrease in NADH absorbance at 340nm was measured (Spectramax M5e
Microplate reader). The pyruvate concentration in the samples was determined from

the standard curve using Softmax Pro Software.

2.3.2.6 Glucose production
Glucose in the medium was measured by 2-step metabolism of glucose. Glucose is

phosphorylated to G6P by hexokinase (HK) in the presence of ATP, then oxidised to 6-
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phosphogluconate by G6PD leading to the formation of NADPH which is measured by

the increase in absorbance and 340nm.
Principle of the reaction:

HK

Glucose + ATP — > G6P + ADP

G6PD

G6P + NADP —— 6-phosphogluconate + NADPH (340nm)

The main reagent consisted of 0.2M Tris pH 8.0, 20mM MgCl;, 0.4mM NADP, 0.4mM
ATP, 0.75 units/ml hexokinase and 0.1 units/ml G6PD. Glucose standards in MEM were
prepared from a fresh 10mM stock solution (blank, 25, 50, 100, 200, 400uM) and were
assayed in parallel. NADH absorbance at 340nm was measured (Spectramax M5e
Microplate reader) and the glucose concentration in the samples was determined from

the standard curve using Softmax Pro Software.

2.3.3 G6PD activity
Determination of G6PD activity was based on Rudack et al., (1971) on the basis that 1

unit of G6PD activity forms 1umol NADPH per minute.
Principle of the reaction:

G6PD
G6P + NADP ——— 6-phosphogluconate + NADPH (340nm)

After incubation hepatocytes were snap frozen in liquid nitrogen and the plates were
stored at -80°C until extraction. Cells were extracted in 100mM KCI, 10mM HEPES and
0.5mM DTT. Samples were sonicated and assayed for protein by a Bradford method
(described below). Samples were centrifuged at 11,000 rpm, 4°C for 10 minutes. The
supernatant was combined with main reagent (100mM Tris, 1.3mM G6P, 0.4mM NADP

and 8mM MgCl, in water) and the absorbance of NADPH at 340nM was measured.
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2.3.4 Cell glycogen determination
The glycogen content in cell extracts is determined in a 2-step process by glycogen

digestion to glucose by amyloglucosidase, then spectrometric determination of glucose.
Principle of the reaction:

Amyloglucosidase

Glycogen » Glucose

HK

Glucose + ATP ——— > G6P + ADP

G6PD
G6P + NADP —— 6-phosphogluconate + NADPH (340nm)

After incubation hepatocytes were snap frozen in liquid nitrogen and the plates were
stored at -80°C until extraction. Cells were extracted in 0.2M NaOH (200ul) and
incubated for 90 minutes with Amyloglucosidase/ acetate buffer (pH 4.8) at 55°C.
Parallel incubations were carried out with either buffer alone or with amyloglucosidase
to subtract from samples. A solution of glycogen (0.2mg/ml) was also incubated similarly

to confirm amyloglucosidase digestion.

Glucose was measured by the hexokinase/glucose-6-phosphate dehydrogenase method

described above.

2.3.5 NADP determination
Cell NADP was determined fluorometrically based on G6P oxidation by NADP to yield
NADPH. The fluorescence of NADPH can be detected by excitation at 340nm and

emission at 450nm on a fluorimeter.
Principle of the reaction:

G6PD
G6P + NADP —— 6-phsophogluconate + NADPH (Ex 340nm, Em 450nm)
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After incubation, hepatocytes were snap frozen in liquid nitrogen and the plates were
stored at -80°C until extraction. Cells were extracted in 300ul 0.6M perchloric acid (PCA)
and transferred to a microfuge tube and centrifuged at 14,000g, 4°C for 10 minutes for
precipitating the protein. The supernatant (200ul) was neutralised with KOH. Samples
were cooled and centrifuged at 14,000g, 4°C for 10 minutes for precipitating the
potassium perchlorate. NADP standards (blank, 1, 2, 5, 10, 20uM) were prepared from a
1mM stock solution in PCA and neutralised similarly to the samples. The main reagent
consisted of 50mM Tris base neutralised with acetic acid to pH 7.8, 2mM MgCl;, 5mM
G6P, 0.1 unit/ml G6PD. The samples were treated with or without G6PD in the main
reagent and NADPH fluorescence was measured in order to subtract the enzyme blanks
to correct for the colour interference in the assay. NADH fluorescence was detected at
Ex 340nm, Em 450nm (Spectramax M5e Microplate reader) and the NADP concentration

in the samples was determined from the standard curve using Softmax Pro Software.

2.3.6 Inorganic phosphate determination
Determination of inorganic phosphate (Pi) was based on Itaya & Ui., (1966) on the basis
that at lower pH malachite green complexes with phosphomolybdate, forming a green

solution, shifing the maximum absorption.

After incubation, the medium was collected and the cells were washed twice with

300mM sucrose, then extracted in 400ul% PCA. Samples were centrifuged at 9000g for
10 minutes. The main reagent consisted of 1% ammonium molybdate in 5M HCI, 0.12%
malachite green in water. Absorbance at 660nm was measured. Pi standards (5, 10, 25,

50, 100uM) were assayed in parallel.

2.3.7 Determination of mRNA expression (RT-qPCR)

MRNA expression was determined by semi-quantitative real-time (RT)-PCR. RNA was
extracted from rat or mouse hepatocyte monolayers using 250 ul Trizol reagent (24-well
plates) and transferred to microfuge tubes, then frozen at -80°C until processing.
Samples were thawed and incubated at room temperature for 10 minutes. 200ul of
chloroform was added and samples were shaken vigorously followed by a 2-minute
incubation at room temperature. Samples were centrifuged at 12,000g, 4°C for 15
minutes and the aqueous upper phase was transferred to a fresh microcentrifuge tube.
An equal volume of isopropanol was added and shaken vigorously followed by a 10-
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minute incubation at room temperature. Samples were centrifuged at 12,000g, 4°C for
15 minutes and the supernatant was removed. Pellets were washed with 250ul 75%
ethanol and centrifuged at 7,500g, 4°C for 5 minutes. Ethanol was aspirated and samples
air dried at room temperature for 50 minutes. The pellets were resuspended in 10ul H,0

and incubated at 55°C for 10 minutes.

2.3.7.1 Reverse transcription

Genomic DNA was removed by treatment with Rnase free Dnase | for 15 minutes at
37°C, followed by denaturation of the enzyme at 70°C for 10 minutes. The RNA was
quantified on Spectromax (260:280nm). Random primers (1pg/ml) were added to 1 pg
RNA and samples incubated for 10 minutes at 70°C. Reverse transcriptase mix (M-MLV
reverse transcriptase buffer (Promega), M-MLV reverse transcriptase (Promega), dNTP
mix and molecular biology H,0) was added to each sample and samples were incubated
at 37°C for 50 minutes followed by a 15-minute incubation at 70°C. Samples were

diluted 1:1 for a final cDNA concentration of 25ng/pl.

RT-PCR was performed with 50ng of reverse transcribed RNA with SYBR mix (Promega)
and 5ng forward and reverse primers using a Roche capillary light cycler. Samples were
denatured at 95°C for 10 minutes, followed by 40 cycles consisting of 95°C for 15

seconds, 58°C for 7 seconds and 72°C for 15 seconds.

2.3.8 Western blotting

For extraction of phosphorylated proteins, hepatocytes were extracted in a buffer
containing 100mM KCI, 10mM EDTA, 20mM Kpi, 0.5mM PMSF, 0.5mM benzamidine,
1mM DTT, 1/1000 calyculin A and 1/1000 protease inhibitor cocktail. For extraction of
unphosphorylated protein, hepatocytes were extracted in a buffer containing 100mM
Tris-HCl (pH 7.4), 100mM NaCl, 2mM EDTA, 25mM NaF, 0.1% triton, 1ImM benzamidine,
0.1mM Na3VOa, 1/1000 protease inhibitor cocktail.

Samples were sonicated and protein concentration was measured by a Bradford assay
(see below). The samples (20ug) were diluted 1:5 with 4x SDS loading buffer containing
120mM Tris pH 6.8, 1:4 (v/v) 10 % SDS, 3mM glycerol, 4% (v/v) mercaptoethanol and 4%
(v/v) 0.1% bromophenol blue in ethanol, and denatured at 100 °C for 5 min. The samples

were loaded into SDS polyacrylamide gel for electrophoresis (90V for 15 minutes, then
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180v for 45 minutes). After electrophoresis, the gels were electrophoretically
transferred (semi-dry) onto PVDF membrane using a Trans-Blott SD semi-dry transfer
cell from Biorad Laboratories Ltd. (Hertfordshire, UK) at 15V for 45 minutes with transfer
buffer consisting of 25mM Tris, 0.2M glycine and 30% methanol in distilled water. After
transfer the membranes were blocked in TBST, pH 7.4 (25mM Tris, 144mM NaCl, 0.2%
concentrated HCI, 0.5% Tween in distilled water) containing 5% BSA (phosphorylated
proteins) or 5% milk (unphosphorylated proteins). Membranes were incubated with the

primary antibody overnight.

The following day, membranes were washed in TBST and incubated with peroxidase
conjugated anti-rabbit/mouse IgG secondary antibody for 1 hour. After incubation, the
membranes were washed in TBST and developed using ECL chemiluminescence reagent
according to the manufacturer’s instructions followed by brief exposure to ECL X-ray

film.

For re-incubation of blots with different primary antibodies, blots were first incubated
with stripping buffer pH 6.7 (0.06mM Tris base, 2% SDS, 0.8% mercaptoethanol in
distilled water), then washed in PBS and TBST before being blocked with 5% milk and re-

probed with primary antibody.

2.3.9 Determination of cellular protein by Bradford method
For western blotting, cellular protein was determined spectrometrically by a Bradford
method. The assay is based on the binding of Coomassie blue to peptidyl residues that

form a coloured complex measured at 595nm.

Samples were diluted 1:10 with 0.05% Triton and standards in 0.05% Triton-X100 (0.025,
0.05, 0.1, 0.2, 0.3, 0.5mg/ml) were used for the assay. Bradford reagent (Bio-Rad)

diluted 1:5 was added to the standard/ samples.

2.3.10 Determination of cellular protein by Lowry method

Cellular protein was determined spectrometrically by a Lowry method. The assay is
based on the reaction between Folin-phenol reagent (phosphomolybdic-tungstic acid)
which is reduced by protein to form a coloured complex which can be measured at 750

nm.
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After incubation hepatocytes were washed twice with 150mM NaCl, then snap frozen in
liquid nitrogen and the plates were stored at -80°C until extraction. Cells were extracted
in 1ml 0.1M NaOH and transferred to a microcentrifuge tube. The main reagent (10%
(w/v) NazCOs3 in 0.5 M NaOH, H,0, CuS0O4.5H,0 and Na*/K* tartate in a 10:40:1:1 ratio) is
activated with Folin and Ciocalteu’s phenol diluted with distilled water in a 1:20 (v/v)
ratio. BSA standards (blank, 0.2, 0.3, 0.4, 0.5, 0.75 and 1 mg/ml in 0.1M NaOH) were

used for the standard curve.

2.3.11 Immunostaining

Immunostaining was performed to determine the changes in subcellular localisation of
glucokinase in response to different compounds in hepatocytes. Hepatocytes were
cultured in 24-well plates on glass coverslips that had been sterilised with ethanol and

dried.

2.3.11.1 Fixation

After incubation, MEM was aspirated and coverslips were washed twice with PBS. Cells
were fixed with 4% paraformaldehyde and incubated for 30 minutes at room
temperature. Paraformaldehyde was then aspirated and coverslips were washed twice

with PBS.

4% paraformaldehyde in 1X PBS: 2g paraformaldehyde was dissolved in 50ml nanopure
H,0 (heated to 70-80°C) with 200l 2M NaOH and 5ml 10x PBS. Paraformaldehyde was

then cooled on ice before being used for fixation.

2.3.11.2 Immunofluorescence

Sodium borohydride (500ul 1mg/ml) (made up in PBS) was added to each coverslip and
incubated for 10 min at room temperature to quench autofluorescence of hepatocytes.
Coverslips were then washed twice with 1x PBS and 500pl 0.2% Triton-X100 (in PBS) was
added and incubated for 10 min at room temperature to permeabilise the cells and
improve antibody penetration. Coverslips were then washed twice with PBS and
transferred onto parafilm. 25ul 1% BSA / 0.2% Triton-X100 was added to each coverslip
and incubated for 10 min at room temperature to act as a blocking solution to reduce

background and unspecific staining. Cells were then washed twice with PBS and 25ul/
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slip of primary GK antibody (GK H-88, Santa Cruz) diluted 1:10 in 1% BSA/ 0.1%

Triton/PBS and incubated at room temperature for 3 hours.

The primary antibody was removed and cells washed with PBS. Cells were incubated
with 25ul/ slip of secondary antibody (Alexa fluor 488 Goat anti-Rabbit) diluted 1:50 in
10% BSA/ 10% triton/ PBS for 1 hour at room temperature. The secondary antibody was
removed and cells were washed with PBS. 0.2ug/ml DAPI was then added to cells and
incubated for 5 min at room temperature to stain nuclei before cells were washed twice

with PBS, then placed on a paper towel and allowed to air dry for 30 minutes

2.3.11.3 Mounting and imaging of coverslips

Coverslips were mounted face down onto glass slides using Mowiol R-4088 containing
2.5% DABCO to help prevent fading of the immunofluorescent dyes. Coverslips were left
to dry and then examined using a Nikon E400 fluorescent microscope. Images were
taken at 40x magnification and captured using a Nikon DXM1200 digital camera. 10
fields were imaged for each incubation condition and the nuclear/ cytoplasmic ratio of

GK was measured.

2.3.12 Statistical analysis
Results are expressed as mean = SEM of the number of experiments indicated. Statistical
analysis was performed with the Student’s paired t-test experiments. A P value of < 0.05

was considered to be statistically significant.
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3.1 Metformin accumulation in hepatocytes

Metformin is positively charged at physiological pH and accumulates in the cells slowly
in accordance with the transmembrane potential (Owen et al., 2000). In vivo the
concentration of metformin in the liver measured at various time points (0.5 to 8 h) after
an oral load of metformin exceeded that in the hepatic portal vein by approximately 2-6
fold (Wilcock & Bailey 1994). It has been reported that in a time course of metformin
uptake in rat hepatocytes, metformin accumulation begins to plateau at around 2 hours
incubation (Al-Oanzi et al., 2017). Therefore, throughout this study we used a pre-
incubation time of 2 hours with metformin, before challenging the hepatocytes with the

substrates indicated.

(Figure 3.1 A) shows the level of [**C] metformin that accumulates in mouse hepatocytes
during a 2-hour incubation with varying concentrations of extracellular metformin.
Metformin accumulated in a dose dependent manner relative to the extracellular
metformin concentration. Furthermore, based on a cellular water content of
hepatocytes of 2 microlitres per mg cell protein (al-Habori et al., 1992) it can be
calculated that the average cellular accumulation of metformin in incubations with 0.1-
0.5mM metformin is 5-7 fold greater than the extracellular concentration, and with
1.0mM metformin is 10 fold greater than the extracellular concentration (figure 3.1 B)
similar to previous reports (Wilcock & Bailey., 1994). Additionally, after incubations with
0.1-0.2mM metformin, cell metformin accumulation was 1.4-2.0 nmol/mg which is
similar to the peak level in hepatocytes after an oral dose of 50mg/kg metformin in mice
based on the cellular protein content of the liver of 200mg protein per 1g wet weight
(Wilcock & Bailey., 1994; Berry et al., 1991, Laboratory Techniques, vol21. Isolated

hepatocytes).

Therefore, we determined that incubating hepatocytes for 2 hours with 0.1-0.2mM
metformin gave a comparable cell load as occurs in vivo after an oral therapeutic dose of
metformin. Subsequent experiments were conducted following a protocol of pre-
incubating hepatocytes for 2 hours with 0.1-1.0mM metformin and 5mM glucose

followed by a 1-hour incubation with either 5mM glucose or substrate challenge to
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determine the effect of metformin on glucose 6-phosphate (G6P) and adenine
nucleotides at pharmacological concentrations of metformin and at concentrations that

exceed the pharmacological dose.

3.2 Metformin lowers cell G6P in hepatocytes incubated with high glucose or
gluconeogenic precursors

The hepatic portal vein provides the liver with the dietary sugars glucose and fructose
(Niewoehner et al., 1984 a; Niewoehner et al., 1984 b). G6P is the first intermediate of
glucose metabolism, generated by glucokinase (GK) mediated glucose phosphorylation.
Owen et al., (2000) observed that cell G6P was decreased by approximately 50% with
2mM metformin in rat hepatocytes after a 3-hour incubation. Similar effects were
observed in rats treated orally with 50-150mg/kg metformin in conjunction with a drop
in the ATP/ ADP ratio (Owen et al., 2000). Additionally, in rat hepatocytes incubated with
10mM glucose, metformin at 3-10mM lowered cell G6P accompanied by a drop in cell
ATP (Guigas et al., 2006). Therefore, the aim of the study was to test the effects of
varying metformin concentrations inclusive of the therapeutic range on cell G6P, and to

investigate whether metformin lowers cell G6P in the absence of lowering cell ATP.

Cellular levels of G6P in hepatocytes are dependent on the extracellular concentration of
substrates (glucose or gluconeogenic precursors), and also on the intrinsic activities of
GK and glucose 6-phosphatase (G6pc), which are major positive and negative
modulators of cellular G6P respectively (Agius et al., 2002). In gluconeogenesis, G6P
enters the endoplasmic reticulum (ER) via the glucose 6-phosphate transporter (G6PT)
and is hydrolysed by the membrane bound enzyme glucose 6-phosphatase (G6pc) (van
Shaftingen et al., 2002). The SLC37A4 exchanger is the only sugar-phosphate/ Pi
exchanger in the liver that is coupled with G6pc (Chou & Mansfield., 2014) and that is
inhibited by the chlorogenic acid derivative S4048 (1-[2-(4-chloro-phenyl)-
cyclopropylmethoxy]-3,4-dihydroxy-5-(3-imidazo[4,5-b]pyidin-1-yl-3-phenyl-acryloloxy)-
cyclohexanecarboxylic acid), a potent competitive inhibitor of G6PT (Herling et al., 1999;
Harndahl et al., 2006). S4048 is both an inhibitor of G6P hydrolysis and it also enhances
the elevation in cell G6P during substrate challenge. To investigate the mechanism by
which metformin affects G6P in hepatocytes we tested a variety of substrates in the

absence or presence of S4048.
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First, we compared the effects of basal glucose (5mM) with high glucose (25mM)
simulating the raised blood glucose in the portal vein (15-25mM) on cell G6P. High
glucose (25mM) was used as it has previously been shown to elevate G6P (Aiston et al.,
2004) and downstream phosphorylated intermediates in hepatocytes (Arden et al.,
2012), stimulating the expression of ChREBP target genes including G6pc and Pklr (Al-
Oanzi et al., 2017).

High glucose increased cell G6P by 4-fold and S4048 had no effect on G6P with 5mM
glucose (figure 3.2 A) but it increased G6P with 25mM glucose by a further 10-fold
(figure 3.2 A) in agreement with previous findings (Harndahl et al., 2006). S4048 also
increased cell G6P by 10-fold with the gluconeogenic precursor DHA as a substrate
(figure 3.2 C). The fold elevation in G6P caused by S4048 was greater in rat hepatocytes
(figure 3.3 C) than in mouse hepatocytes (figure 3.3 E).

Cell ATP was measured as a marker of cell viability. In some experiments ATP was
lowered marginally by up to 16% with high metformin concentrations (0.5-1.0mM) but
ATP was not lowered by moderate metformin concentrations (0.2-0.5mM) (figure 3.3 D,
F) which result in cell loads of 2-5 nmol metformin/ mg that are within the therapeutic
range and that cause lowering G6P (figure 3.3 C, E). Additionally, the lowering of ATP by
S4048 in combination with high glucose in conditions of markedly elevated G6P (figure
3.2 B) can be explained by sequestration of inorganic phosphate (Pi) in the elevated G6P
pool similar to the depletion of Pi that occurs in isolated hepatocytes or perfused livers

challenged with millimolar concentrations of fructose (Morris et al., 1978).

Metformin concentrations of 0.1-0.2mM had little effect on cell G6P at 5mM glucose
(both with and without S4048) (figure 3.3 A) however with high glucose, metformin
caused a concentration dependent lowering of G6P (figure 3.3 C, E). This was also
observed with the gluconeogenic substrates DHA, xylitol and fructose (figure 3.4 A, C, E)
which are metabolised by pathways independent of glucokinase (Azzout & Peret., 1984;
McCormick & Touster., 1957). Significant lowering of G6P by metformin occurred at an
extracellular concentration of 0.1mM metformin (figure 3.3 C, E) and fractional lowering
of G6P was greater in the presence of S4048 (figure 3.3 G, H) although the trends were
similar. Due to this advantage later studies were conducted in the presence of S4048
only.
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3.2.1 Mitochondrial depolarisation mimics the G6P lowering effect of metformin

We determined that metformin at 0.1-1.0mM lowered cell G6P. We next investigated
possible mechanisms that mimic the G6P lowering effect of metformin. Firstly, evidence
suggests that metformin inhibits complex 1 in isolated mitochondria and hepatocytes at
elevated concentrations (10mM metformin) (Owen et al., 2000; EI-Mir et al., 2000).
Therefore, we tested whether the complex 1 inhibitor rotenone (Palmer et al., 1968;
Heinz et al., 2017) mimicked metformin and lowered G6P with high glucose, and

whether this was observed in conditions of depleted or maintained ATP.

In both mouse and rat hepatocytes 0.25uM rotenone lowered cell G6P by more than
30% (figure 3.5 A, D, G) and stimulated lactate and pyruvate production (figure 3.5 C, F,
1) in the absence of ATP depletion (figure 3.5 B, E, H). However, higher concentrations of
rotenone lowered ATP (figure 3.5 B, E). To test whether the decrease in G6P by
metformin and rotenone is due to inhibition of complex 1 we tested the effect of a
mitochondrial uncoupler as metformin depolarises the mitochondria (Owen et al.,
2000). The mitochondrial uncoupler 2,4-dinitrophenol (DNP) (Starkov., 2006) (40uM)
lowered cell G6P at 25mM glucose (figure 3.6 A, D, G) and with 5mM DHA (figure 3.6 J)
with variable effects on cell ATP (figure 3.6 B, E, H, K). Additionally, in contrast with
metformin and rotenone, DNP lowered total lactate and pyruvate at high concentrations

(figure 3.6 C, F, 1).

Furthermore, rotenone and DNP had opposite effects on the metabolism of [U-14C]
glucose to **CO,. Rotenone inhibited substrate oxidation as expected for a complex 1
inhibitor, whereas DNP stimulated substrate oxidation by 2-fold as expected for a
compound that dissipates the proton gradient (figure 3.7 A). Metformin had no effect on
substrate oxidation up to 0.2mM but inhibited substrate oxidation at 0.5mM similarly to
rotenone (figure 3.7 B). This indicates that metformin inhibits complex 1 at 0.5mM but
may have other effects on mitochondrial function at lower concentrations which result
in a cellular load < 5 nmol /mg protein corresponding to accumulation in the liver at the

pharmacological dose (Wilcock & Bailey., 1994).

Emodin and berberine which occur naturally in several plant species and have been
reported to mimic several effects of metformin on mitochondria (Turner et al., 2008;

Zhang & Ye., 2012; Song et al., 2013; Xu et al., 2014) also lowered cell G6P with high
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glucose and DHA (figure 3.8 A, D, F, I) and lowered total lactate + pyruvate at high
concentrations (figure 3.8 C, H). This was observed in the absence of ATP depletion with
berberine (figure 3.8 B, E) although emodin lowered ATP by up to 45% (figure 3.8 G, J).
Cumulatively this shows that lowering of G6P is not unique to either metformin or

inhibition of Complex 1.

3.2.2 Potential link of G6P depletion with raised cell NADP

3.2.2.1 Elevation in NADP in conditions of lowered cell G6P: possible role of
compromised NNT activity

The above studies showed that pharmacological inhibition of complex 1 and
depolarisation of the mitochondria mimicked the effect of metformin in lowering G6P in
the absence of lowering of ATP. We next tested the hypothesis that the metformin
effect on G6P lowering may be caused by mitochondrial depolarisation and/or a
decrease in the mitochondrial protein gradient. Various mechanisms are linked to the
transmitochondrial proton gradient including ATP-synthase (Bridges et al., 2014),
nicotinamide nucleotide transhydrogenase (NNT) (Hoek & Rydstrom., 1988; Moyle &
Mitchell., 1973) and various pH dependent transporters like the inorganic phosphate
transporter. Our initial hypothesis to explain the G6P lowering by metformin, rotenone
and DNP may involve inhibition of NNT as a result of a diminished proton gradient
(figure 3.9). NNT on the inner mitochondrial membrane generates NADPH from NADH
and NADP*, driven by the transmitochondrial proton gradient. In mitochondria, the
reduction of NADP* by NADH is coupled to the translocation of protons from the
cytoplasmic side of the mitochondrial inner membrane to the matrix (Hoek & Rydstrom.,
1988). Approximately one third of total NADPH + NADP* is located in the cytosol and the
rest in the mitochondria (Sies et al., 1977), and NNT is responsible for half of the NADPH
generated in the liver (Hoek & Rydstrom., 1988).

To test the possible role of compromised NNT activity in the G6P lowering effect of
metformin we first tested whether an NNT inhibitor mimics the G6P lowering effect of
metformin. Rhein (4,5-dihydroxyanthraquinone-2-carboxylic acid), an anthraquinone
present in rhubarb was identified as a competitive inhibitor of NNT (Kean et al., 1971).
Rhein causes elevation in NADP in hepatocytes at 0.1mM (Sies et al., 1975) but also

depletion of ATP and GSH at lower concentrations (Bironaite & Ollinger., 1997). Our
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initial aim was to determine whether rhein causes depletion of G6P in association with
elevation of NADP. Hepatocytes maintain the NADPH/NADP ratio at a very reduced state
(Veech et al., 1969) however, an increase in NADP occurs with rhein or in conditions of
NADPH consumption as occurs with ammonium ion (Sies et al., 1975). In preliminary
experiments we confirmed ATP depletion by 0.1mM rhein, we therefore tested lower

concentrations (10-40 uM) during incubation with high glucose and S4048.

With high glucose, rhein (40uM) mimicked the effect of metformin, lowering cell GEP by
34+10% (figure 3.10 A) without lowering cell ATP (figure 3.10 B) and it increased NADP
by 4-fold (figure 3.10 C) as expected from previous work (Sies et al., 1975). Although
rhein was identified as a competitive inhibitor of NNT, it has also been reported to cause
depolarisation of the mitochondrial membrane (Bironaite & Ollinger., 1997).
Accordingly, elevated NADP could be explained by either direct inhibition of NNT or
indirect inhibition by mitochondrial depolarisation (figure 3.9). We next tested whether
metformin raises NADP. These experiments were performed at either 5mM glucose or
25mM glucose with S4048. We also used ammonium ion as a positive control in these
experiments as studies by Sies et al., (1975) showed that urea synthesis from ammonia
elevates NADP. This was explained by preferential usage of NADPH in the reductive
amination of 2-oxoglutarate to glutamate, when ammonia is the substrate for urea
synthesis. In these experiments 2mM ammonium increased NADP 2-fold at both low and
high glucose (figure 3.10 F) in agreement with the findings of Sies et al., (1975), and also
lowered cell G6P to the same extent as 0.5mM metformin with high glucose (figure 3.10
D) without causing ATP depletion (figure 3.10 E). Cell NADP was higher at 5mM than at
25mM glucose (figure 3.10 F) suggesting a potential role of elevated glucose (and G6P)
in maintaining a more reduced NADPH/ NADP state. Metformin had no effect on NADP
at 0.2mM however, 0.5mM metformin raised NADP at high glucose but not at low
glucose (figure 3.10 F). This finding is consistent with the hypothesis that the lowering of

G6P by metformin at high glucose may be linked to the elevation in NADP.

3.2.2.2 Metformin lowers G6P in hepatocytes deficient in NNT activity
The hypothesis that the lowering of G6P by metformin could be explained by inhibition
of NNT is supported by the following evidence: (i) Rhein, an NNT inhibitor raised NADP

and lowered G6P; (ii) rotenone and DNP which are expected to cause attenuation of the
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proton gradient also lowered G6P; (iii) metformin modestly raised NADP and lowered
G6P. To further test this hypothesis, we determined the effects of metformin on G6P in
hepatocytes from the C57BL/6J mouse which contains an in-frame deletion of exons 7-
11 in the coding region of the NNT gene resulting in the formation of a truncated non-
functional protein (Kraev., 2014; Meadows et al., 2011). These studies were conducted
in parallel with studies on the C57BL/ 6JOlaHsd strain which contains the intact NNT

gene (Fontaine & Davis., 2016).

Firstly, we confirmed that mRNA levels of the NNT gene measured with primers
spanning exon 7 were not detectable in hepatocytes from C57BL6/J mice (figure 3.11 A).
In incubations with both 25mM glucose and 5mM DHA, hepatic G6P was similar in both
mouse strains and metformin (0.2-0.5mM) lowered G6P similarly in both wild type and
NNT deficient hepatocytes (figure 3.11 B, D, F, H) with little (13%) or no effect on ATP
(figure 3.11 C, E, G, 1). This suggests that mechanisms other than the NNT gene are

involved in the G6P lowering effect of metformin.

3.2.3 AMPK activators do not mimic the metformin effect on G6P

3.2.3.1 Testing the effects of AMPK activators on cellular G6P in hepatocytes
Activation of AMPK is one of the most widely studied mechanisms of metformin that is
implicated in mediating its blood glucose lowering effects in vivo and enhancement of
insulin sensitivity by the inhibition of de novo lipogenesis, through phosphorylation of
acetyl-CoA carboxylase (Cool et al., 2006; Rena et al., 2017). A role for AMPK in
mediating the inhibition of gluconeogenesis by metformin in cellular studies was
reported by Zhou et al., (2001) and Cao et al., (2014). Cool et al., (2006) also reported
blood glucose lowering effects in vivo with the AMPK activator A769662. However, a
study by Foretz et al., (2010) showed inhibition of gluconeogenesis in AMPK knock out
hepatocytes in association with substantial lowering of cell ATP, indicating an AMPK-
independent mechanism. However, the latter does not exclude the possibility that
gluconeogenesis could be inhibited by both AMPK-dependent (Zhou et al., 2001; Cao et
al., 2014) and AMPK-independent mechanisms (Foretz et al., 2010).

Various mechanisms have been proposed to mediate the activation of AMPK by

metformin, including elevation in cell AMP as a result of attenuation of mitochondrial
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function (Owen et al., 2000; Foretz et al., 2010), inhibition of AMP-deaminase (Ouyang
et al.,, 2011; Vytla et al., 2013) and a lysosomal stress activated pathway (Zhang et al.,
2014; Zhang et al., 2016). Since activation of AMPK could occur in response to a variety
of stress conditions, a key question is whether activation of AMPK by small molecules
mimics the effects of metformin in causing attenuation of cell G6P. The aim of this study
was to test the direct effects of AMPK activation with small molecules on cell G6P and
gluconeogenic flux and to compare this with metformin concentrations that do not

lower cell ATP.

The initial aim was to compare metformin and the AMPK activators on AMPK-Thr172
phosphorylation and phosphorylation of ACC-Ser79, the downstream target of AMPK.
We first used the allosteric activator A769662, a thienopyridone that targets the p1-
regulatory subunit in hepatocytes (Scott et al., 2008; Sanders et al., 2007; Goransson et
al., 2007; Timmermans et al., 2014) and determined the concentration and pre-
incubation time with A769662 that resulted in similar or greater phosphorylation of
AMPK-Thr172 and ACC-S79 as metformin (0.5mM) with 25mM glucose as substrate
(figure 3.12 A, 3.13 A, D), and as metformin (0.2mM) with 5mM DHA as substrate (figure
3.14 A, figure 3.15 A).

Unlike metformin, A769662 did not lower G6P in either rat or mouse hepatocytes with
high glucose (figure 3.16 A, C). Because non-specific effects of A769662 that are
independent of AMPK have been reported at high concentrations (100 uM) (Foretz et
al., 2010; Benziane et al., 2009) we compared A769662 with two other allosteric
activators: Compound 991 also known as Ex229 (991) which like A769662 binds the
AMPK ADaM site but with higher potency (Lai et al., 2014; Xiao et al., 2013), and
Compound 13 (C13), a prodrug that is metabolised to an AMP analogue that binds to the

o1-catalytic unit and activates AMPK similarly to AMP (Hunter et al., 2014).

With concentrations of AMPK activator that stimulated ACC phosphorylation similarly
(figure 3.17 A), all three AMPK activators differed from metformin in causing raised G6P
with the gluconeogenic precursor DHA as substrate (figure 3.19 G, H, I). However, with
high glucose as substrate, C13 (the AMP-mimetic) which stimulate ACC phosphorylation

comparably to 0.5mM metformin (figure 3.18 A) caused a small lowering of G6P in both
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the absence and presence of S4048 (figure 3.20 C, H), whereas A769662 had small but
variable effects on G6P (figure 3.20 A, F) and 991 had non-significant trends (figure 3.20
B, G) without lowering cell ATP (figure 3.21 G-L). This contrasts with the lowering of G6P
by metformin with both high glucose (figure 3.20 D, |) and DHA (figure 3.19 D, J). We
also measured lactate and pyruvate accumulation which was increased by 20.2mM
metformin (figure 3.19 E, K; figure 3.20 E, J). In contrast, all three AMPK activators

inhibited lactate and pyruvate production (figure 3.19 F, L; figure 3.20 K).

3.2.3.2 Testing the effects of AMPK activators on glucose production in hepatocytes
We also compared the effects of metformin and pharmacological AMPK activators on
glucose production with DHA as substrate in a glucose-free medium. Metformin 20.2mM
inhibited glucose production by 24%-38% (figure 3.22 B). This was not mimicked by any
of the AMPK activators tested, and A769662 and C13 stimulated glucose production by
42% and 17% respectively (figure 3.22 C). It is noteworthy that high concentrations of
S4048, an inhibitor of SLC37A4, partially inhibited glucose production by 75% with DHA
(figure 3.22 A). It is known that S4048 is selective for SLC37A4 and that other hexose 6-
phosphate transporters that are encoded by SLC37A1 and SLC37A2 are insensitive to
chlorogenic acid derivatives (Pan et al., 2011). Glucose production involving hexose 6-
phosphate transporters other than SLC37A4 is a possible explanation for the residual
glucose production in the presence of S4048. Metformin (0.1 to 1mM) inhibited glucose
production in the presence of S4048 (figure 3.22B) however, A769662 (but not 991 or
C13) stimulated glucose production by 2-fold in the presence of S4048 (figure 3.22 C).
A769662 also caused a larger elevation in G6P than C13 and compound 991 (figure 3.19
G, H, 1). Cumulatively these results indicate opposite effects of AMPK activation and
metformin on both gluconeogenic flux and cell G6P with gluconeogenic precursors as

substrate.

The following conclusions can be drawn: first, that metformin has converse metabolic
effects from AMPK activators on gluconeogenic flux, glycolytic flux and cellular levels of
G6P. It can be concluded therefore that in conditions of maintained ATP levels,
metformin inhibits gluconeogenesis and lowers cell G6P, most likely by an AMPK-
independent mechanism. Second, since high concentrations of metformin (0.5mM)

induce activation of AMPK as shown by phosphorylation of ACC (figure 3.13 D), it can be

71



Chapter 3: Results 1

inferred that the AMPK-independent effect(s) of metformin predominate over the effect

elicited by AMPK activation.

3.3 Metformin counteracts the effect of high glucose on hepatic gene expression

High glucose causes repression of GK expression and induction of glucose 6-phosphatase
(G6pc) (which catalyses the final step of gluconeogenesis) and pyruvate kinase (Pklr)
(which catalyses the transphosphorylation of phosphoenolpyruvate into pyruvate and
ATP in the rate limiting step of glycolysis) in hepatocytes (Arden et al., 2011). These
pathological changes associated with elevated glucose are often described as
glucotoxicity as stimulation of gluconeogenesis in response to hyperglycaemia is
counterintuitive (Gautier-Stein et al., 2012; Fujimoto et al., 2006). However, this
mechanism benefits hepatocytes, maintaining intracellular homoeostasis of
phosphorylated intermediates such as G6P (Agius., 2015). Both G6pc and Pklr expression
are regulated by the transcription factor ChREBP-MIx in response to elevated
concentrations of intracellular G6P (Towle et al., 1997; Argaud et al., 1997; Dentin et al.,
2012), and expression of these genes correlates negatively with intracellular G6P,
whereas GK mRNA expression correlates positively with cell G6P (Al-Oanzi et al., 2017).
We therefore tested whether the changes in cell G6P with metformin correlated with
changes in glucose regulated gene expression and whether these changes were

mimicked by an AMPK activator.

The gene expression studies were conducted in conditions of high glucose. We therefore
tested whether the concentrations of metformin used stimulated phosphorylation of
AMPK to determine whether its effects could be AMPK dependent. Metformin at
>0.5mM stimulated phosphorylation of AMPK with 45mM glucose, and AMPK
phosphorylation by 20uM A769662 was comparable to that of 1.0mM metformin (figure
3.23; figure 3.24).

First, we observed that high glucose repressed GK expression by two thirds (figure 3.25
A), induced G6pc expression 6-fold (figure 3.25 B), and induced Pklr expression by 4-fold
(figure 3.25 C). Metformin counteracted the effect of high glucose on GK, G6pc and Pkir
mMRNA expression (figure 3.25 A, B, C) over the same concentration range (0.2-1.0mM)

that lowered cell G6P (figure 3.25 D) in the absence of ATP depletion (figure 3.25 E). The
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effects of metformin on GK and G6pc were observed at concentrations that did not
stimulate AMPK phosphorylation (0.2mM metformin) and also at concentrations that
stimulated AMPK phosphorylation (20.5mM metformin) (figure 3.23; figure 3.24). The
AMPK activator A769662 had no effect on GK expression with high glucose (figure 3.25
A) but did partially counteract the effect of high glucose on G6pc and Pklr expression,
although to a lesser extent than metformin (figure 3.25 B, C). This predicts an effect of
therapeutic loads of metformin in attenuating the effects of high glucose on hepatic
gene regulation. Although metformin at 1.0mM stimulated AMPK phosphorylation
comparably to A769662 (figure 4.24 A), its effects on gene expression were greater

suggesting that the mechanism for this cannot be fully explained by AMPK activation.
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G6P (nmol/mg protein)

ATP (nmol/mg protein)

5mM Glucose 1.6+0.3 25.0+2.0
5mM Glucose + S4048 1.7+0.2 258+3.0
25mM Glucose 6.8+0.5 26.2+2.2
25mM Glucose + S4048 69.2+7.4 223+23
5mM DHA 6.3+0.7 20.2+1.0

5mM DHA + 54048 51+4.6 16.5+0.8

Table 3-1 Control metabolite results for rat hepatocytes expressed in nmol/mg protein

Where metabolite results for control values are expressed as 100% in rat hepatocytes,
they correspond to the cell metabolite concentration in nmol/mg protein in Table 3-1.
Hepatocytes were pre-incubated in the absence of glucose or with 5mM glucose for 2
hours, then the indicated substrate for 1 hour. Mean + SEM, n=8-17.

25mM Glucose

25mM Glucose + 54048

(nmol/mg protein)

G6P (nmol/mg protein) 2.3+0.6 8.5+0.8
ATP (nmol/mg protein) 9.1+0.3 10.4+0.3
Lactate + Pyruvate 542 + 25 697 + 24

Table 3-2 Control metabolite results for mouse hepatocytes expressed in nmol/mg

protein

Where metabolite results for control values are expressed as 100% in mouse
hepatocytes, they correspond to the cell metabolite concentration in nmol/mg protein
in Table 3-1. Hepatocytes were pre-incubated in the absence of glucose or with 5mM
glucose for 2 hours, then the indicated substrate for 1 hour. Mean + SEM, n=6-135.

74



Chapter 3: Results 1

>

=)

E 20 —=
2

c 15-

c

- — 10_

=

| S

g s ]
[0

= (lempm 1

0.05 01 02 03 04 05 1.0
Metformin (mM)

15+

10-

mnn

0.05 0.1 0.2 0.3 0.4 0.5 1.0
Extracellular metformin (mM)

Intracellular/ Extracellular

Figure 3.1 Cell metformin content and intracellular to extracellular metformin ratio in
mouse hepatocytes

Mouse hepatocytes were incubated with [14C] metformin and varying metformin
concentrations for 2 hours, then 25mM glucose for a further 1 hour. Mean * SEM, n=2-10.
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54048 for 2 hours, then incubated for a further 1 hour with either 5mM glucose, 25mM
glucose or 5mM DHA. Mean * SEM, n=4. **P<0.01 glucose effect. ## P<0.01 S4048 effect.
Basal values were as in Table 3-1.
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Figure 3.3 Metformin lowers G6P in hepatocytes with high glucose as substrate

Rat (A-D, G) and mouse (E, F, H) hepatocytes were pre-incubated in the absence (white) or presence
(black) of 0.2-2uM 54048 and with metformin for 2 hours, then incubated for a further 1 hour with
either 5mM glucose (A, B) or 25mM glucose (C-H). Mean + SEM, n=3-7. *P<0.05, **P<0.01
metformin effect. # P<0.05, ## P<0.01 S4048 effect. Basal values were as in Table 3-1 and Table 3-2.
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Figure 3.4 Metformin lowers G6P but not ATP in hepatocytes with gluconeogenic

precursors as substrate

Rat hepatocytes were pre-incubated in the absence or presence of 2uM S4048 and
metformin for 2 hours, then incubated for a further 1 hour with either 5mM DHA (A, B),
2mM xylitol (C, D) or 5-10mM fructose (E, F). Mean + SEM, (A-D) n=3-7, (E, F) n=1. *P<0.05,

**P<0.01 metformin effect.
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Figure 3.5 Rotenone lowers G6P and increases lactate and pyruvate production in
hepatocytes

Mouse (A-F) and rat (G-1) hepatocytes were pre-incubated in the absence (A-C) or presence
(D-1) of 0.2-2uM S4048 and with rotenone for 2 hours, then incubated for a further 1 hour
with 25mM glucose. Mean + SEM, n=2-10. *P<0.05, **P<0.01. Basal values were as in Table
3-1 and Table 3-2.
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Figure 3.6 DNP lowers both G6P and lactate and pyruvate production with high glucose

and gluconeogenic precursors as substrate

Mouse (A-F) and rat (G-K) hepatocytes were pre-incubated in the absence (A-C) or presence
(D-K) of 0.2-2uM S4048 and with DNP for 2 hours, then incubated for a further 1 hour with

25mM glucose (A-l1) or 5mM DHA (J, K). Mean + SEM, n=2-10. *P<0.05, **P<0.01. Basal

values were as in Table 3-1 and Table 3-2.
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Figure 3.7 Glucose oxidation is stimulated by DNP and inhibited by both rotenone and a

high metformin concentration

Mouse hepatocytes were pre-incubated with 0.2uM S4048 and metformin for 2 hours, then
a further 1 hour with 15mM glucose and [U-14C] glucose and either rotenone or DNP. Mean

+ SEM, n=3. *p<0.05, **p<0.01.
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Figure 3.8 Berberine mimics the effect of metformin on G6P and lactate and pyruvate

production

Rat hepatocytes were pre-incubated 0.2-2uM S4048 and berberine (A-E) or emodin (F-J) for
2 hours, then incubated for a further 1 hour with 25mM glucose (A-C, F-H) or 5mM DHA (D,
E, I,J). Mean + SEM, n=2-3. *P<0.05, **P<0.01. Basal values were as in Table 3-1 and Table

3-2.
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Rotenone DNP
Complex 1 inhibition Uncoupling
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Figure 3.9 Possible consequences of mitochondrial depolarisation

Mitochondrial depolarisation by rotenone, DNP, berberine and emodin via inhibition of complex 1 or mitochondrial uncoupling diminishes the

proton gradient which could result in inhibition of NNT and subsequently raised NADP, or inhibition of ATP synthase and subsequent AMPK
activation.
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Figure 3.10 Elevation in NADP by Rhein, metformin and ammonium ion

Rat hepatocytes were pre-incubated with 2uM S4048 and rhein for 2 hours, and a
further 1 hour with 25mM glucose (A-C). Hepatocytes were pre-incubated in the
absence or presence of 0.2-2uM S4048 and metformin for 2 hours, and a further 1 hour
with 2mM ammonium (NH4) and either 5mM glucose or 25mM glucose (D-F). Mean +
SEM, n=2-7. *p<0.05, **p<0.01 rhein/ metformin/ ammonium effect. # P<0.05, ## P<0.01

glucose effect.
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Figure 3.11 Metformin lowers G6P in hepatocytes from mice with a deletion in the

NNT gene

(A) Nnt mRNA in mouse hepatocytes. Mean + SEM, n=6. (B-I) Mouse hepatocytes were
pre-incubated with metformin for 2 hours in the absence (B, C, F, G) or presence (D, E, H,
[) of 2uM S4048 and for a further 1 hour with either 25mM glucose (B-E) or 5mM DHA
(F-1). Mean + SEM, n=4-8. *p<0.05, **p<0.01 metformin effect. ## p<0.01 NNT knockout

effect.
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Figure 3.12 Stimulation of AMPK phosphorylation by high metformin is comparable
with A769662 with high glucose

Rat hepatocytes were pre-incubated with metformin or A769662 for 2 hours, then for a
further 1 hour with 25mM glucose. Cell extracts were immunoblotted for pT172 AMPKa
and total AMPKa (A), and optical density (O.D) was calculated (B, C, D). AMPKa is
variable (C), although a 50KDa non-specific band was also detected (A, D) suggesting
equal loading concentrations of samples, which indicates stripping buffer for re-probing
may be responsible for variable AMPKa.
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Figure 3.13 Stimulation of ACC phosphorylation by high metformin is comparable with
A769662 with high glucose

Rat hepatocytes were pre-incubated with metformin or A769662 for 2 hours, then for a
further 1 hour with 25mM glucose. Cell extracts were immunoblotted for pS79 ACC and
GAPDH (A) and optical density (0.D) was calculated (B, C). (D, E) Mean O.D + SEM of n=6
experiments.
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Figure 3.14 Stimulation of AMPK phosphorylation by high metformin and A769662 is
comparable with a gluconeogenic substrate

Rat hepatocytes were pre-incubated with metformin or A769662 for 2 hours and for a
further 1 hour with 5mM DHA. Cell extracts were immunoblotted for pT172 AMPKa and
total AMPKa (A), and optical density (O.D) was calculated (B, C, D). AMPKa is variable
(C), although a 50KDa non-specific band was also detected (A, D) suggesting equal
loading concentrations of samples, which indicates stripping buffer for re-probing may
be responsible for variable AMPKa.
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Figure 3.15 Stimulation of ACC phosphorylation by metformin is comparable with

A769662 with a gluconeogenic substrate

Rat hepatocytes were pre-incubated with metformin or A769662 for 2 hours and for a
further 1 hour with 5mM DHA. Cell extracts were immunoblotted for pS79 ACC and
GAPDH (A) and optical density (0.D) was calculated (B, C).

89



Chapter 3: Results 1

Rat Rat
1500'||:| Control 150" Control
Il S4048 54048
— | ~ 100, T
S‘S 1000 9‘\1 100 - "
o o
© =
O 500+ < 50
*%
0 I I- | |- 0 T T
Control 20, M A769662 Control 20, M A769662
C D
Mouse Mouse
150+ -
S4048 150 S4048
—_— I
S 100 —_ S8 1001 I T
o *%* E
©
O 501 E 50-
*%
o T T Ll 0 T T T Ll
\ Q ) ) N i )
éo OSOQ, (Q\Q 6\\0 \So b@q/ ((\\(\ ((\\(\
N © S > N o D D
SRS & & & s
N @6\ @6\ QD < <
¥ S & O
R '15(\ (,_)(0 \9 Q& Q
o Q N “
E
Mouse
X 2007154048
2 *% =
S 1501 kil
o
& 1001 *%
+
9 50
8
3]
3 O T T T T
> 94 QO RN
o‘@ & & &
o o o o
@) A & &
v ) )
QD & <&
SR N
N q§° 2\
Q- Q-

Figure 3.16 A769662 does not mimic the effect of metformin on G6P or lactate and

pyruvate pr

oduction

Rat (A, B) and mouse (C-E) hepatocytes were pre-incubated with 0.2-2uM S4048,
metformin or A769662 for 2 hours, and a further 1 hour with 25mM glucose. Mean *
SEM, n=3-11. *p<0.05, **p<0.01 A769662/ metformin/ effect. # P<0.05, ## P<0.01 S4048
effect. Basal values were as in Table 3-1 and Table 3-2.
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Figure 3.17 The AMPK activators C13, 991 and A769662 stimulate ACC phosphorylation
with high glucose

Rat hepatocytes were pre-incubated with C13, 991 or A769662 for 2 hours and for a
further 1 hour with 25mM glucose. Cell extracts were immunoblotted for pS79 ACC and
GAPDH (A) and optical density (0.D) was calculated (B, C). (D, E) Mean O.D + SEM of n=4

experiments.
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Figure 3.18 Stimulation of ACC phosphorylation by A769662 and C13 is comparable to

high metformin concentrations

Rat hepatocytes were pre-incubated with metformin or A769662 for 2 hours and for a
further 1 hour with 25mM glucose. Cell extracts were immunoblotted for pS79 ACC and

GAPDH (A) and optical density (0.D) was calculated (B, C).
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Figure 3.19 Opposite effects of AMPK activators and metformin on G6P and lactate
and pyruvate production from DHA

Rat hepatocytes were pre-incubated with A769662, 991, C13 or metformin in the
absence (A-F) or presence (G-L) of 0.2-2uM S4048 for 2 hours, then for a further 1 hour
with 5mM DHA. Mean + SEM, n=2-12. *P<0.05, **P<0.01. Basal values were as in Table

3-1 and Table 3-2.
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Figure 3.20 Diverse effects of AMPK activators and metformin on G6P and glycolysis

Rat hepatocytes were pre-incubated with A769662, 991 or C13 in the absence (A-E) or
presence (F-K) of 0.2-2uM S4048 for 2 hours, then for a further 1 hour with 25mM
glucose. Mean + SEM, n=2-15. *P<0.05, **P<0.01. Basal values were as in Table 3-1 and
Table 3-2.
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Figure 3.21 Cell ATP for experiments in figures 3.19 (A-F) and 3.20 (G-L)

Rat hepatocytes were pre-incubated with A769662, 991 or C13 in the absence or
presence of 0.2-2uM S4048 for 2 hours, then for a further 1 hour with 25mM glucose or
5mM DHA. Mean * SEM, n=2-15. *P<0.05, **P<0.01. Basal values were as in Table 3-1
and Table 3-2.
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Figure 3.22 Opposite effects of metformin and AMPK activators on gluconeogenesis

Effects of S4048 (A), metformin (B) and AMPK activators (C) on glucose production. Rat
hepatocytes were pre-incubated in glucose free medium with metformin, A769662, 991
or C13 in the absence (white) or presence (black) of 2uM S4048 for 2 hours, then for a
further 2 hours with 5mM DHA. Mean + SEM, n=3-11. *P<0.05, **P<0.01 metformin,
A769662, C13 or 991 effect. ##P<0.01 S4048 effect.
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Figure 3.23 High metformin causes comparable stimulation of AMPK phosphorylation
as A769662

Rat hepatocytes were pre-incubated with metformin or A769662 for 2 hours, then for a
further 1 hour with 45mM glucose. Cell extracts were immunoblotted for pT172 AMPKa
and total AMPKa (A), and optical density (O.D) was calculated (B, C, D). AMPKa is
variable (C), although a 50KDa non-specific band was also detected (A, D) suggesting
equal loading concentrations of samples which indicates stripping buffer for re-probing
may be responsible for variable AMPKa.
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Figure 3.24 High metformin causes comparable stimulation of AMPK as A769662

Rat hepatocytes were pre-incubated with metformin or A769662 for 2 hours and for a
further 1 hour with 10mM 2-deoxy-D-glucose (DG) and 45mM glucose. Cell extracts
were immunoblotted for pT172 AMPKa and total AMPKa (A), and optical density (0.D)
was calculated (B, C).
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Figure 3.25 Metformin counteracts the effect of high glucose on gene regulation

(A-C) mRNA: rat hepatocytes were incubated in medium with 5mM (black) and 45mM
(white) glucose for 4 hours with the metformin concentration indicated or 20uM
A769662. (D-E) Rat hepatocytes were pre-incubated with metformin or A769662 for 2
hours, then a further 1 hour with 45mM glucose. Mean + SEM, n=4-8. *p<0.05, **p<0.01
effect compared with 45mM glucose.
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4.1 Effects of metformin and AMPK activators and glucose phosphorylation

The above studies rule out involvement of either AMPK activation or NNT inhibition in
the G6P lowering effect of metformin. Theoretically, metformin could lower G6P by
inhibiting its production via glucose phosphorylation, gluconeogenesis or glycogenolysis,
or by accelerating G6P metabolism by a variety of candidate pathways including
glycogen synthesis, glycolysis, pentose phosphate pathway or other pathways within the
endoplasmic reticulum or cytoplasm (figure 1.8). The action of metformin on G6P

lowering may involve two or more pathways.

4.1.1 AMPK activators but not low metformin concentrations inhibit glucokinase
translocation or glucose phosphorylation

We first tested the hypothesis that metformin may inhibit glucose phosphorylation by
promoting enhanced binding of GK to its regulatory protein (GKRP) as reported
previously at high metformin concentrations (20.5mM) (Guigas et al., 2006; Mukhtar et
al., 2008). High glucose promoted glucokinase translocation (GKT) as shown by a
significant decrease in the nuclear/ cytoplasmic ratio of GK (figure 4.1 A, B). This was
observed in the presence of 0.5mM metformin but high metformin concentrations
>1mM inhibited GKT at high glucose (figure 4.1 A, B). The AMPK activator A769662
(10uM) also inhibited GKT (figure 4.1 A, B). As a control for comparison we tested a
pharmacological GK activator (GKA) (Brocklehurst et al., 2004) which promoted GKT with
both low and high glucose (figure 4.1 A, B). We also tested the metabolism of [2-3H]
glucose as a measure of glucose phosphorylation of which there was no inhibition by
metformin concentrations up to 1ImM in rat or mouse hepatocytes (figure 4.2 A; figure
4.3A). However, both A769662 and C13 caused significant inhibition by 22% and 8%
respectively in rat hepatocytes (figure 4.2 A). The latter could explain the small lowering

of G6P by C13 at high glucose.

4.1.2 Metformin but not AMPK activators increase glucose metabolism at or
downstream of G6P

Similarly to inhibition of glucose phosphorylation, A769662, C13 and 991 inhibited [5-3H]
glucose metabolism whereas metformin (0.2-1.0mM) had no effect on [5-H] glucose
metabolism (figure 4.2 B). Loss of label as 3H,0 from tritium in the 5-position and in the

3-position of glucose indicates metabolism downstream of triose phosphate isomerase,
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although loss of label is incomplete (Rognstad et al., 1975). Previous work showed that
loss of label from the 5-position is greater than from the 3-position and the difference
represents label exchange at the aldolase reaction. Loss of label from 3-position also
includes flux from the pentose phosphate pathway, and flux through gluconeogenesis
decreases loss of label from the 5 and 3-positions of glucose (Katz et al., 1975).
Therefore, the inhibition of [5-3H] glucose metabolism by the AMPK activators may be

due to inhibition of glucose phosphorylation, or increased flux through gluconeogenesis.

In contrast, metabolism of [3-3H] glucose was increased by >0.2mM metformin but not
by A769662 (figure 4.3 B; figure 4.5 B). The increase in metabolism of [3-3H] glucose
indicates increased flux through glycolysis and/ or the pentose phosphate pathway.
Ammonium ion which causes elevation in NADP and therefore is predicted to cause
increased flux through the pentose phosphate pathway (Sies et al., 1977) also increased
metabolism of [3-3H] glucose (figure 4.3 B), consistent with increased flux through PPP

or glycolysis.

4.1.3 The lowering of G6P by metformin is not explained by inhibition of glucose
phosphorylation

The lack of inhibition of detritiation of [2-3H] glucose argues against inhibition of glucose
phosphorylation as an explanation for the lowering of G6P by metformin. It is
noteworthy however that loss of tritium from [2-3H] glucose is an underestimate of the
rate of glucose phosphorylation because loss of 2-tritium at the phosphoglucoisomerase
reaction is incomplete (Katz et al., 1975). Because the fractional retention of 2-tritium is
dependent on the metabolic conditions we cannot firmly rule out inhibition by
metformin of glucose phosphorylation that is not detectable from the metabolism of [2-

3H] glucose. However various lines of evidence argue against this.

First, we determined the effects of titrated overexpression of GKRP on cell G6P and
metabolism of [2-3H] glucose. With GKRP overexpression (figure 4.4 A) there was
progressive lowering of G6P (figure 4.4 B) and also inhibition of metabolism of [2-3H]
glucose (figure 4.4 D) in conditions of maintained ATP (figure 4.4 C). From this we infer
that the lowering of G6P by metformin (0.1-0.5mM) is unlikely to be due to increase

binding of GK to GKRP that is not detectable from the metabolism of [2-3H] glucose.
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Secondly, the non-specific hexokinase inhibitor glucosamine inhibited [2-3H] glucose
metabolism as expected by 35% (figure 4.5 A) and inhibited [3-3H] glucose metabolism
to a similar extent (figure 4.5 B). Glucosamine significantly lowered G6P, and metformin
(0.2mM) lowered G6P further (figure 4.5 C, D) but did not further inhibit [2-3H] glucose
metabolism (figure 4.5 A). This occurred with minimal (<9%) or no ATP depletion (figure
4.5 G, H). Metformin increased lactate and pyruvate production by 13-16% in parallel
with the lowering of G6P, although this was not significant (figure 4.5 E, F). This is
consistent with the initial data suggesting the effects of metformin on G6P are unlikely

to be due to inhibition of glucose phosphorylation.

We also tested the effects of metformin on cell G6P in incubations with mannoheptulose
which inhibits GK activity but also blocks its interaction with GKRP (Niculescu et al.,
1997; Agius & Stubbs., 2000). Mannoheptulose as expected lowered cell G6P (figure 4.6
A, B) and metformin lowered G6P further in the presence of mannoheptulose with
S4048 (figure 4.6 B). This was observed in the absence of ATP depletion (figure 4.6 E, F).
The lowering of G6P by metformin with mannoheptulose correlated with the stimulation
of lactate and pyruvate production by metformin (figure 4.6 A-D). This agrees with the
above data in which metformin lowered G6P further in the incubations with
glucosamine which is a potent hexokinase inhibitor but is less effective than
mannoheptulose in blocking the interaction of glucokinase with GKRP (Niculescu et al.,
1997). Although we cannot exclude an effect of metformin on the interaction between
glucokinase and GKRP we found no evidence for an inhibition of glucose

phosphorylation to explain the lowering of G6P by metformin concentrations of 0.2mM.

Additionally, we tested the effects of GK overexpression which stimulated [2-3H] glucose
metabolism by almost 2-fold (figure 4.4 D) and raised cell G6P by 4-fold (figure 4.4 B).
Likewise, in accordance with the GKT data, a glucokinase activator (GKA) stimulated the
metabolism of [2-3H] glucose (figure 4.5 A) and increased cell G6P by 2-6 fold (figure 4.5
C, D). However, metformin still lowered G6P in the presence of GKA (figure 4.5 C)
without affecting the metabolism of [2-3H] glucose (figure 4.5 A), and the stimulation of
[3-3H] glucose metabolism by metformin and GKA was additive (figure 4.5B) suggesting
the lowering of G6P by 0.2mM metformin is unlikely to be due to inhibition of glucose

phosphorylation.
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Cumulatively, these results suggest that the lowering of G6P by metformin is most likely
explained by increased metabolism of G6P by glycolysis and/ or pentose phosphate
pathway rather than by inhibition of glucose phosphorylation. This effect of metformin
is not mimicked by AMPK activators which have opposite effects from metformin on the

metabolism of [2-3H] glucose and [3-3H] glucose.

4.2 Lowering of G6P by metformin is not secondary to altered glycogen metabolism
The lowering of G6P by metformin could be due to activation of various pathways
downstream of G6P including glycogen synthesis. In hepatocytes, glycogen is
synthesised by liver glycogen synthase (GYS2) from UDP-glucose derived from G6P, and
glycogen is degraded by phosphorylase (GP) to glucose 1-phosphate (G1P) which is
converted to G6P by phosphoglucomutase (Agius, 2015). Glycogen synthase and
glycogen phosphorylase are regulated by covalent modification and by a range of
allosteric effectors that include G6P and AMP (Fletterick & Madsen., 1980; Johnson et
al., 1993). G6P is an allosteric activator of glycogen synthase and inhibitor of glycogen
phosphorylase and promotes dephosphorylation of phosphorylase (inactivation) and
synthase (activation) (Villar-Palasi & Guinovart 1997; Aiston et al., 2003, von
Wilamowitz-Moellendorff et al., 2013). Conversely, AMP promotes activation
(phosphorylation) of phosphorylase (Johnson & Barford., 1993). The phosphorylated
form of phosphorylase is a very potent inhibitor of glycogen synthase phosphatase, to
the extent that allosteric inhibitors of phosphorylase (e.g. G6P) can indirectly regulate
glycogen synthase as well as having additional direct effects (Johnson & Barford., 1993).
Previous work has identified small molecule allosteric inhibitors of phosphorylase such
as the indole carboxamide inhibitor of phosphorylase (CP-91149), which promotes
glycogen storage by inactivation of phosphorylase and activation of glycogen synthase
(Aiston et al., 2001). Likewise, metabolic conditions that raise G6P, for example
overexpression of GK (Seoane et al., 1996) or inhibition of G6PT with S4048 (van Dijk et
al., 2001; Harndahl 2006) cause a strong activation of glycogen synthase and stimulation
of glycogen synthesis which directly correlates with the raised G6P (Ciudad et al., 1986;
Fernandez-Novell et al., 1994; Seaone et al., 1996). Glycogen storage is stimulated
synergistically by raised G6P caused by GK overexpression and by allosteric inhibitors of

phosphorylase (Hampson & Agius., 2005).
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4.2.1 Metformin mimics CP-91149 on G6P lowering but has converse effects on
glycogen synthesis

In this study we compared the effects of metformin with the phosphorylase inhibitor on
glycogen synthesis in the absence and presence of S4048 to raise G6P. Firstly, S4048
stimulated glycogen synthesis 6-fold in mouse hepatocytes (figure 4.7 A) as expected
from the increase in G6P. CP-91149 (2.5-10uM) stimulated glycogen synthesis by more
than 3-fold in the absence of S4048 and by a further 29-37% in the presence of S4048
(figure 4.7 A). This was associated with a 37-42% decrease in G6P (figure 4.7 B). This
concurs with previous work, combining CP-9149 with GK overexpression (Hampson &
Agius, 2005). In contrast with CP-91149, metformin (0.2mM) inhibited glycogen
synthesis by 44% and 67% in the absence and presence of S4048 respectively (figure 4.7
A) in parallel with a 27-33% decrease in G6P (figure 4.7 B). This indicates that the

lowering of G6P by metformin cannot be explained by stimulation of glycogen synthesis.

4.2.2 Metformin but not A769662 inhibits glycogen accumulation with both glucose
and DHA as substrates

Previous work showed that A769662 inactivated glycogen synthase through AMPK
mediated phosphorylation of Ser-7 on GYS2 (Bultot et al, 2012). We therefore compared
the effects of metformin (0.1-0.5mM) and A769662 (5-20M) on glycogen accumulation
in rat hepatocytes. Glycogen accumulation was stimulated by 2-fold with high glucose
(figure 4.8 A) and the gluconeogenic precursor DHA (figure 4.8 B), and by up to 40%
further with S4048 (figure 4.8 A, B). With high glucose and DHA in the absence of S4048,
metformin (0.1-0.5mM) inhibited glycogen accumulation by 13-26% (figure 4.8 C, D).
A769662 also caused a 12% inhibition with high glucose (figure 4.8 C) but had no effect

on glycogen accumulation with DHA (figure 4.8 D).

4.2.3 The inhibition of glycogen synthesis by metformin correlated with the lowering of
G6P

We next compared the effects of metformin (0.1-0.5mM) and A769662 (5-20uM) on
glycogen synthesis in mouse hepatocytes with 25mM glucose as substrate. In the
absence of S4048 metformin (0.2-0.5mM) caused similar inhibition (44-79%) of glycogen
synthesis as the AMPK activator (figure 4.9 B). However, metformin but not A769662

lowered G6P (figure 4.9 D). In the presence of S4048 which increased glycogen synthesis
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by more than 4-fold (figure 4.9 A), metformin (0.5mM) completely counteracted the
stimulation by S4048, whereas A769662 had negligible effect (figure 4.9 B). In
incubations with metformin without or with S4048, the rates of glycogen synthesis
correlated with G6P (r=0.96, r=0.99 respectively) (figure 4.9 E, F). However, in
incubations without or with A769662 the inhibition of glycogen synthesis is not
paralleled by changes in G6P (figure 4.9 F). Accordingly, the counteraction of this effect
by metformin is best explained by the lowering of G6P by metformin. The lack of effect
of the AMPK activator in the presence of S4048 could be due to an over-riding effect of
elevated G6P or because A769662 does not cause AMPK phosphorylation in conditions
of raised G6P.

4.3 Exclusion of hexosamine biosynthesis pathway

We considered the hypothesis that metformin lowers G6P by stimulating flux through
the hexosamine biosynthesis pathway (HBP) which accounts for 2-5% of glucose
metabolism (Bouché et al., 2004; Filhoulaud et al., 2009). F6P generated from G6P by
phosphoglucoisomerase undergoes amidation with glutamine to glucosamine 6-
phosphate (GIcN 6-P) catalysed by GFAT (glutamine:fructose-6-phosphate
amidotransferase) which is metabolised to UDP-GIcNAc (UDP-N-acetylglucosamine), the
substrate for O-glycosylation of serine/ threonine residues by O-linked N-
acetylglucosamine transferase (OGT) (figure 4.10 A) (Bouché et al., 2004; Arden et al.,
2012). Protein targets for glycosylation include transcription factors such as ChREBP
which stimulates lipogenic gene expression (Guinez et al. 2011) and co-activators such as

CRTC2 which stimulates gluconeogenic (G6pc) gene expression (Dentin et al. 2008).

We tested whether metformin could lower G6P by stimulating GFAT in the rate limiting
step of HBP. Firstly, we tested the effect of glutamine which is required for F6P flux
through GFAT (Bouché et al., 2004). Glutamine did not lower cell G6P (figure 4.10 B)
supporting the literature that HBP accounts for a small percentage of glucose
metabolism (Bouché et al., 2004; Fllhoulaud et al., 2009). Furthermore, metformin
lowered cell G6P similarly in the absence and presence of glutamine (by 63% and 61%
respectively) (figure 4.10 B) indicating glutamine is not required for the metformin
effect. We next tested whether inhibiting the rate limiting enzyme GFAT with the

glutamine antagonist 6-diazo-5- oxo-L-norleucine (DON) abolished the decrease in G6P
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observed with metformin. DON did not raise cell G6P significantly, and metformin
lowered cell G6P similarly in the absence and presence of DON by 61% and 58%
respectively (figure 4.10 B) without affecting cell ATP (figure 4.10 C).

Metformin lowered cell G6P and counteracted the stimulation of G6pc expression by
high glucose (figure 3.25 B, D). However, if metformin stimulated flux through HBP we
predict stimulation of G6pc expression and hepatic glucose production which is counter-
intuitive. Nevertheless, the above results suggest the lowering of G6P by metformin is
unlikely to be due to the stimulation of HBP and supports the literature that HBP
accounts for a small percentage of glucose metabolism in hepatocytes (Bouché et al.,

2004; Fllhoulaud et al., 2009).

4.4 Exclusion of stimulation of H6PD metabolism

G6P enters the ER on G6PT encoded by SLC37A4 (which is inhibited by S4048 and other
chlorogenic acid derivatives) (Herling et al., 1999; Harndahl et al., 2006), but most likely
also on other hexose 6-phosphate transporters that are insensitive to chlorogenic acid
derivatives. Senesi et al., (2010) reported that F6P can be transported into the ER
independently of chlorogenic acid and can be converted to G6P as a substrate for
hexose 6-phosphate dehydrogenase (H6PD). The ER associated Pi-linked antiporters
SLC37A1 and SLC37A2 are not coupled with G6pc and are not inhibited by chlorogenic
acid and so are possible transporters for F6P (Pan et al., 2011). G6P metabolism by H6PD
is coupled to the conversion of cortisone to cortisol in man, and of 11-
dehydrocorticosterone (11-DHC) to corticosterone in rodents via 11B-hydroxysteroid

dehydrogenase (11B-HSD) (Zhou et al., 2012; Hult et al., 2004).

Metformin still exerted its effects in lowering G6P and inhibiting glucose production in
the presence of S4048 (figure 3.3 G, H; figure 3.22 B). Therefore, we tested the
hypothesis that decrease in G6P by metformin in the presence of S4048 may be due to
stimulation of H6PD by comparing the effects of metformin in both wild type and H6PD
knockout mice (H6PD KO). Firstly, cell G6P was 3-fold higher in H6PD KO hepatocytes
compared to control (figure 4.11 A, B). Metformin at 0.2-0.5mM did not affect cell G6P
in wild type or H6PD KO mice in the absence of S4048 (figure 4.12 A). However, with
S$4048 metformin lowered G6P similarly in WT and H6PD KO hepatocytes by 38% and
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36% respectively with 0.2mM metformin, and by 48% and 61% with 0.5mM metformin
in WT and H6PD KO hepatocytes respectively (figure 4.11 B) without lowering ATP
(figure 4.11 D) suggesting an effect of metformin independent of H6PD.

4.5 Metformin may lower G6P partially by stimulating flux through the pentose
phosphate pathway

Based on the results in earlier experiments indicating that rhein, ammonium and 0.5mM
metformin all raised cell NADP but lowered cell G6P (figure 3.10 A-F), we investigated
the hypothesis that metformin may lower G6P by stimulating flux through the pentose
phosphate pathway, the first step in which G6P is metabolised to 6-
phosphogluconolactone (6PGL) by glucose 6-phosphate dehydrogenase (G6PD)
generating NADPH from NADP* (Stincone et al., 2015). First, we tested whether
stimulation of flux through the pentose phosphate pathway lowered cell G6P. The
activity of G6PD in the rate limiting step of the pentose phosphate pathway is limited by
the rate of NADPH oxidation. The electron acceptor phenazine methosulfate (PMS) is an
NADPH oxidant that increases cell NADP stimulating flux through PPP, avoiding this
limitation (Slater., 1967; Muirhead & Hothersall., 1995). In hepatocytes 10uM PMS
increased cell NADP by more than 3-fold with high glucose (figure 4.12 A) and lowered
cell G6P by 55% (figure 4.12 B) without lowering cell ATP (figure 4.12 C). This is
consistent with increased flux through the pentose phosphate pathway in conjunction

with a decrease in cell G6P.

4.5.1 DHEA partially counteracts the effect of metformin on NADP and G6P

The above studies suggest that stimulation of the pentose phosphate pathway lowers
cell G6P. The next aim was to test whether the uncompetitive G6PD inhibitor
dehydroepiandrosterone (DHEA) (Marks & Banks., 1960; Shantz et al., 1989; Schwartz &
Pashko., 2004; Tabidi & Saggerson., 2012) had the opposite effect to PMS and raised cell
G6P, which would indicate inhibition of the pentose phosphate pathway. We would also
expect an inhibitor of G6PD to raise NADP. With DHEA (20-50uM) there was a small but
significant increase in cell NADP (figure 4.13 A) in conditions where G6P was lowered by
11-31% (figure 4.13 B) and ATP was unchanged (figure 4.13 C). Although the increase in
NADP is consistent with pentose phosphate pathway inhibition, there are two possible

additional explanations for the accompanied effect on G6P; firstly, DHEA itself may be
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metabolised by the P450 system (Fitzpatrick et al., 2001) involving NADPH conversion
NADP. Secondly, DHEA may be exerting non-specific effects and may cause
mitochondrial depolarisation similarly to rotenone, DNP and metformin, resulting in

raised levels of NADP by inhibition of NNT.

The increase in NADP with DHEA (though not its effects on cell G6P) is consistent with
DHEA inhibition of G6PD. Therefore, we next tested whether DHEA counteracts lowering
of cell G6P by metformin. Under conditions where DHEA alone did not lower cell G6P,
DHEA attenuated the decrease in G6P by 0.5mM metformin with both high glucose and
DHA as substrates (figure 4.14 B, D, E) without lowering ATP (figure 4.14 C, G, H). This
attenuation by DHEA was also observed with 0.2mM metformin with the substrate
xylitol (figure 4.14 F). Additionally, DHEA did not counteract the decrease in G6P with
ammonium with all substrates tested (figure 4.14 B, D, E, F) and the effects of
ammonium and DHEA on NADP were additive (figure 4.14 A) suggestive of the different

mechanisms by which DHEA and ammonium raise NADP.

To further investigate the mechanism by which DHEA attenuated the decrease in G6P
with metformin, we next determined the effect of DHEA on cell metformin
accumulation. Under the same pre-incubation conditions as the G6P experiments (figure
4.14 B), metformin accumulation was significantly lower (34%) in the presence of DHEA
when the metformin concentration was 0.2mM but not at 0.5mM (figure 4.15 A). When
the pre-incubation with DHEA was shortened from 2-hours to 30 minutes metformin
accumulation at both 0.2mM metformin, and 0.5mM metformin was slightly but
significantly lower by 36% and 15% respectively relative to no DHEA (figure 4.15 B).
Therefore, the attenuation by DHEA of the G6P lowering by metformin may be at least in

part due to a lower cellular metformin content.

4.5.2 Lowering of G6P by DHEA could be due to its metabolism

To investigate whether DHEA metabolism (Fitzpatrick et al., 2001) could account for its
lowering of G6P, we tested whether compounds that are known to be metabolised in
hepatocytes lower cell G6P. Firstly, the 113-HSD1 competitive inhibitor metyrapone
(Sampath-Kumar., 1997) is reduced to metyrapol in human and mouse liver (Nagamine
et al., 1997). Like DHEA, high concentrations of metyrapone (1.0mM) lowered cell G6P
by 39% (figure 4.16 A) and ATP was lowered by 13% in parallel (figure 4.16 B), although
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cell NADP was unaffected (figure 4.16 C). Metyrapone also lowered cell G6P with DHA as
a substrate in the absence of ATP depletion (figure 4.16 D, E). Similar effects were
observed with menadione (figure 4.17 A) -an oxidant that induces cytochrome P450
reductase and is reduced to 1,4-dihydroxy-2-methyldihydronaphthalene in the liver
(Gray et al., 2016), and with the general P450 inhibitor miconazole (figure 4.17 C) (Miller
et al., 2013) suggesting that compounds that are metabolised by hepatocytes lower cell
G6P. Therefore, we cannot rule out DHEA metabolism as a possible mechanism for its

G6P lowering effects.

4.5.3 CB72 as a G6PD inhibitor

Although DHEA increased cell NADP as expected of an inhibitor of G6PD, it did not raise
cell G6P and had unexpected effects on metformin accumulation. We therefore tested
whether the competitive G6PD inhibitor CB72 (Preuss et al., 2013) could be used as a
tool to investigate flux through the pentose phosphate pathway. CB72 (10uM), unlike
DHEA did not affect metformin accumulation in hepatocytes (figure 4.18 A). However, it
lowered G6P by 46% (4.18 B) and it also lowered ATP by 27% (figure 4.18 C) but did not
abolish the G6P lowering effect of 0.5mM metformin or ammonium (figure 4.19 D). In
view of the lowering of G6P by CB72 alone no firm conclusions can be drawn on G6PD

inhibition.

4.5.4 Adenoviral knockdown of ShG6PD does not counteract the effect of metformin on
cell G6P

Based on the observation that DHEA partially attenuated the decrease in G6P with
0.5mM metformin in conditions where metformin accumulation is not lowered, we
tested whether adenoviral knockdown of the G6PD gene in hepatocytes would also
attenuate the decrease in G6P with metformin. First, we validated the knockdown of
G6PD in mice with the adenoviral vector Ad-m-G6pdx-shRNA (ShG6PD) by establishing
partial knockdown of GGPD mRNA expression (figure 4.19 A) after a 24-hour incubation
with 10-20ul/ml of the vector (at 1-5 X107 PFU/ul). However, we could not detect any
changes in the levels of G6PD protein by immunoblotting (figure 4.19 B, C) which could
be due to either (i) a long half-life of the G6PD protein, or (ii) small changes in G6PD

protein may not have been detectable by immunoblotting.
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We next tested whether we could measure a decrease in G6PD activity with ShG6PD. In
rat hepatocytes and C57BL/6J mouse hepatocytes G6PD activity was unchanged by 2-
10ul/ml of shG6PD (figure 4.20 A, B). However, in wild type mouse hepatocytes (figure
4.20 C) there was a small but significant 12% decrease in enzyme activity with 20ul/ml
ShG6PD. Cell G6P was increased by 54% and 64% in mouse hepatocytes treated with
10pl/ml and 20ul/ml shG6pd respectively however, metformin still lowered G6P in these
conditions (figure 4.21 A) with little (15%) or no ATP depletion (figure 4.21 B). Treatment
with shG6PD also raised cell glycerol 3-phosphate (G3P) (figure 4.21 C) and metformin
(0.2mM) stimulated lactate + pyruvate production in the absence but not in the
presence of shG6PD (figure 4.21 D). In summary, unlike DHEA or CB72, treatment with

shG6PD raised cell G6P but it did not attenuate the G6P lowering effects of metformin.

4.5.5 Estimation of flux through the pentose phosphate pathway with [1-14C] glucose
We aimed to measure flux through the oxidative branch of the pentose phosphate
pathway by measuring the formation of *CO, from [**C] glucose labelled in either the 1-
position or the 6-position, taking into account the specific activity of glucose. *CO; is
released from [1-14C] glucose metabolism in the oxidative arm of the pentose phosphate
pathway and in the TCA cycle, and from [6-14C] glucose metabolism in the TCA cycle.
Accordingly, the difference in *CO; between [1-1%C] and [6-1*C] represents flux through
the pentose phosphate pathway. This method is based on the assumption that triose
phosphate isomerization is sufficiently rapid such that GA3P and DHAP are in complete
isotopic equilibrium (Katz & Rognstad., 1966). In these conditions generation of **C0O2
via the TCA cycle from [1-1*C] glucose and [6-1C] glucose would be identical (Katz Katz &
Rognstad., 1966), and has been widely used to estimate flux through the pentose

phosphate pathway in several cell types including hepatocytes (Baranyai & Blum., 1989).

Our initial studies showed higher rates of **CO, formation from [6-14C] glucose relative to
[1-14C] glucose (figure 4.22 A). Accordingly, flux through the pentose phosphate
pathways could not be determined from the difference between [1-*4C] and [6-14C]
decarboxylation. We assumed this to be due to lower purity of the [1-14C] glucose
compared with [6-*C] glucose. Accordingly, we purchased a different preparation of [1-
14C] glucose and determined the purity of the two batches of [1-14C] glucose (MC228

from Hartmann Analytic and ARC120B from PerkinElmer) by treatment of sample with
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phosphoglucoisomerase, glucose 6-phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase, and determination of enzymic decarboxylation. We found both

preparations to be greater than 90% pure (figure 4.22 B).

We next considered that the higher rate of 1*CO, from [6-4C] glucose relative to [1-4C]
glucose indicates a smaller contribution of [1-14C] than [6-1%C] glucose to the TCA cycle
because of lack of equilibration at the triose phosphate isomerase step (Rose &
O’Connell., 1961; Katz & Rognstad., 1966). Because treatment with ethanol was
reported to inhibit pyruvate entry into the TCA cycle by inhibition at the level of
pyruvate dehydrogenase but not flux through the pentose phosphate pathway (Baranyai
& Blum., 1989) we tested the effects of ethanol on the oxidation of [U-}4C] glucose, [6-
14C] glucose and [1-*4C] glucose. Ethanol (20 mM) had negligible effect on the oxidation
of both [U-14C] glucose and [1-4C] glucose (figure 4.23 A). However, 30 mM ethanol
caused 70% inhibition of [6-*C] glucose but negligible inhibition of [1-14C] glucose (figure
4.23 B) and 50 mM ethanol caused 64% inhibition of [U-*4C] glucose, 55% inhibition of
[6-14C] glucose and negligible inhibition of [1-*4C] glucose (figure 4.23 C). Since [1-14C]
glucose like [6-1%C] glucose is expected to be metabolised in the TCA cycle, we infer that
the negligible inhibition by ethanol of 1*CO, from [1-14C] glucose compared with [6-14C]
glucose, is evidence for lack of loss of label from [1-*4C] glucose in the TCA cycle and
thereby for lack of equilibration at the level of triose phosphate isomerase as was
proposed previously for liver (Rose & O’Connell., 1961; Katz & Rognstad., 1966). The
ethanol experiments suggest that there is negligible decarboxylation of [1-1C] glucose
by the TCA cycle. We therefor assume that decarboxylation of [1-**C] glucose provides
an approximate estimate of the flux through the pentose phosphate pathway because it
does not take into account recycling of hexose 6-phosphate derived from the non-

oxidative branch into the pentose phosphate pathway

We next determined the effects of DHEA either alone (figure 2.24 A) or in combination
with ethanol (figure 2.24 B) to eliminate the contribution of TCA cycle flux to the
metabolism of [1-14C] glucose on decarboxylation of glucose. In the absence of ethanol,
DHEA (both 20 and 100 uM) caused significant stimulation of *CO; from [6-14C] glucose
and a small but not significant stimulatory trend on the decarboxylation [1-1*C] glucose

(figure 2.24 A). In the presence of ethanol which caused a large suppression of
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decarboxylation of [U-#C], DHEA stimulated [U-1*C] glucose oxidation but had no effect

on [1-14C] glucose oxidation (figure 2.24 B).

The following conclusions are drawn from this work. (1) Flux through the pentose
phosphate pathway could not be determined from the difference in *CO, between [1-
14C] and [6-14C] glucose. (2) Based on the large inhibition by ethanol of metabolism of [6-
14C] glucose but not [1-*4C] glucose, we infer that the TCA cycle has a negligible
contribution to decarboxylation of [1-}4C] glucose (most likely because of lack of
equilibration at the triose phosphate isomerase reaction; (3) we further conclude that
decarboxylation of [1-14C] glucose approximates flux through the pentose phosphate
pathway. This represents <1% of total lactate and pyruvate production. (4) The lack of
inhibition by DHEA in the decarboxylation of [1-1*C] glucose suggests that at the
concentration of DHEA used in the present study there is negligible inhibition of the
pentose phosphate pathway. (5) A tentative conclusion for the stimulation by DHEA of
decarboxylation of [6-1C] glucose is that it may cause depolarisation of mitochondria
and thereby stimulate pyruvate oxidation as occurs with the uncoupler. This would

concur with the lower cellular accumulation of [**C] metformin in the presence of DHEA.

4.6 Stimulation of glycolysis can explain the lowering of G6P by metformin

We observed that metformin >0.2mM stimulated metabolism of [3-3H] glucose (figure
4.3 B; figure 4.5 B), and that 0.2mM metformin increased lactate and pyruvate
production in mouse hepatocytes (figure 4.25 A) without inhibiting [U-*4C] glucose
oxidation (figure 3.7 B). Previous studies reported stimulation of pyruvate kinase by
metformin (Argaud et al., 1993) and that biguanides altered flux at the level of GAPDH /
phosphoglycerate kinase by the decrease in free ATP/ADP (Owen & Halestrap, 1993;
Owen et al., 2000). An alternative regulatory site for metformin is the
phosphofructokinase-1/ fructose-1,6-bisphosphatase 1 (PFK1/FBP1) site. PFK1 and FBP1
are regulated in a converse manner by a large number of allosteric effectors including
ATP, ADP, AMP, inorganic phosphate (Pi), citrate and fructose 2,6-bisphosphate (F-2,6-
P2) (Sugden & Newsholme., 1975; McGrane et al., 1983; Hers & Hue., 1983; Bosca et al.,
1985). Of these the latter is the most potent allosteric activator of PFK1 and inhibitor of
FBP1 (Hers & Hue., 1983). F-2,6-P; is synthesized from F6P and degraded to F6P by the
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bifunctional enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase

(PFK2/FBP2) (Hers & Hue., 1983).

4.6.1 Depletion of F-2,6-P; raises cell G6P, which is counteracted by metformin

Our initial aim was to test whether inhibition of glycolysis with selective targeting of the
PFK1/FBP1 site by depleting F-2,6-P, with a kinase deficient phosphatase active variant
of the bi-functional protein PFK2/FBP2 (PFK2-KD) would alter cell G6P levels. Expression
of PFK2-KD inhibited total lactate and pyruvate production by 25% (figure 4.25 B) and
increased cell G6P 3-fold (figure 4.25 C) without any change in cell ATP (figure 4.25 D).
These results show that a small fractional change in flux through glycolysis (< 30%) by
targeting PFK1/FBP1 causes a large elevation 200% above basal in G6P. Although 0.2mM
metformin alone stimulated lactate and pyruvate production, this was not observed in
the presence of PFK2-KD (figure 4.25 B). However, metformin (20.2mM) still attenuated
the increase in G6P with PFK2-KD (figure 4.25 C). It is noteworthy however, that
although PFK2-KD caused a large increase in G6P, inhibition of lactate and pyruvate
production was smaller in comparison (25%). Therefore, as metformin (0.2mM) lowered
G6P by 24% the corresponding stimulation of lactate and pyruvate production may be at

levels that are not detectable (<5%).

The PFK1 activator ammonium (Sugden & Newsholme., 1975) which stimulated [3-3H]
glucose metabolism (figure 4.3 B) stimulated lactate and pyruvate production in the
absence of PFK2-KD but not in its presence (figure 4.25 B). Ammonium still lowered G6P
in control and PFK2-KD expressing cells (figure 4.25 C). This shows that the PFK1/FBP1
site is a major determinant of cell G6P content, and that metformin is still effective at

lowering G6P when F-2,6-P; is depleted.

4.6.2 The PFK1 inhibitor ATA raised cell G6P which is counteracted by metformin

We next used a cell-permeable potent inhibitor of PFK1, the citrate analogue
aurintricarboxylic acid (ATA) (McCune et al., 1989) to test its effects on glycolysis and
G6P. Although ATA also inhibits other enzymes of glycolysis it was shown to be a much
more potent inhibitor of PFK1 (McCune et al., 1989). Like PFK2-KD, cell G6P was
increased by more than 2-fold with ATA (figure 4.26 A), although this was associated
with partial lowering of cell ATP (figure 4.26 C). ATA (0.1-0.2mM) also inhibited lactate
and pyruvate production by 36-51% as predicted of an inhibitor of PFK1 (figure 4.26 E).
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However, 0.05mM ATA raised G6P without inhibiting lactate and pyruvate production
(figure 4.26 A, E). This concurs with the above conclusion from the overexpression of
PFK2-KD that a small fractional inhibition in flux through glycolysis results in a large
increase in G6P. Metformin at 0.2mM partially attenuated the increase in G6P with 0.1-
0.2mM ATA (figure 4.26 B). Unlike with PFK2-KD metformin still stimulated lactate and
pyruvate production with low (0.1mM) concentrations of ATA but had no significant
effect with higher concentrations of ATA (0.2mM) (figure 4.27 F). In this study ATA
inhibited metabolism of both [3-3H] glucose (figure 4.27 A) and [2-3H] glucose (figure

4.27 B) but was a stronger inhibitor of [3-3H] glucose in comparison

4.6.3 Inhibition of FBP1 lowers cell G6P

The above studies with PFK2-KD demonstrate the effects of metformin when inhibition
of FBP1 by F-2,6-P, is removed. We next investigated the hypothesis that metformin
lowers cell G6P by inhibiting FBP1 in gluconeogenesis, as was shown for AICAR (Vincent
et al., 1991). We tested whether selective inhibition of FBP1 with the AMP site analogue
FBPi (5-Chloro-2-[N-(2,5-dichlorobenzenesulfonamido)]-benzoxazole) mimicked the
effects of metformin on cell G6P. FBPi lowered cell G6P in a concentration dependent
manner (figure 4.28 A), consistent with inhibition of gluconeogenesis but this was also
accompanied by a lowering of cell ATP (figure 4.28 C). Although both 5uM FBPi and
0.2mM metformin lowered G6P similarly, when the two compounds were combined cell
G6P was lowered by a further 15% although this was not significant (figure 4.28 B).
However, FBPi had small inhibitory effects on lactate and pyruvate production which is
not consistent with FBP1 inhibition (figure 4.28 E). Therefore, although FBPi mimicked
the effect of metformin on lowering G6P, non-specific cytotoxic effects as shown by the
lowering of ATP cannot be excluded.

4.6.4 The lowering of G6P by metformin is not mimicked in conditions of a more
reduced cytoplasmic redox state

An alternative explanation for the raised lactate and pyruvate production with
metformin is altered directionality of flux at the GAPDH and phosphoglycerate kinase
equilibria which was also proposed by Halestrap and colleagues (Owen & Halestrap
1993; Owen et al., 2000). To investigate this, we used aminooxyacetate (AOA), an

inhibitor of the aspartate aminotransferase enzyme (AAT), and thereby of the malate
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aspartate shuttle which transfers reducing equivalents (NADH) from the cytoplasm to
the mitochondria. The consequent increase in NADH/NAD would be expected to restrict
flux through GAPDH (Kauppinen et al., 1987; Rognstad & Katz., 1970; Berry et al., 1992;
Berry et al., 1994). A recent study suggested that metformin inhibits the
glycerophosphate shuttle in the liver based on the increase in lactate/ pyruvate ratio as
a measure of the cytoplasmic NADH/NAD redox state (Madiraju et al., 2014) but
whether the latter shuttle has a major role in either rodents or man is contentious (Baur

& Birnbaum., 2014).

AOA increased the lactate/ pyruvate ratio by more than 7-fold (figure 4.29 D), consistent
with a major role for the malate aspartate shuttle in transfer of NADH equivalents (Baur
& Birnbaum., 2014) and it increased cell G3P by more than 2-fold (figure 4.29 B)
consistent with an increase in NADH/ NAD ratio which would be expected to reduce flux
through GAPDH. AOA caused a relatively modest elevation in G6P (< 20%) with high
glucose (figure 4.29 A, F) (compared with the 2-3 fold increase caused by either PFK2-KD
or ATA), and metformin still lowered cell G6P with AOA (figure 4.29 F). AOA had no
significant effect on total lactate + pyruvate accumulation in the medium (figure 4.29 C).
This could be due to negligible inhibition of flux through GAPDH. It is noteworthy that
total lactate and pyruvate accumulation is only an approximate measure of glycolysis
because pyruvate can be transported into mitochondria or converted to alanine which

can either be released into the medium or transported into mitochondria.

We tested for effects of AOA on **CO, formation from [U-*C] glucose. There was no
effect of AOA alone however when AOA was combined with the pyruvate transport
inhibitor UK5099, AOA decreased *CO, formation further to the inhibition by UK5099
alone as expected (figure 4.30). It can be concluded that pyruvate is transported into
mitochondria in part directly and in part after conversion to alanine, and that only the
combined inhibition with AOA and the pyruvate transport inhibitor blocks pyruvate
oxidation. We conclude that a more reduced cytoplasmic NADH/NAD redox state as

occurs in association with metformin cannot explain the lowering of G6P.

4.6.5 Metformin elevates cell phosphate: a potent allosteric activator of PFK1
The above studies cumulatively suggest that a change in the concentration of one or
more allosteric effectors of PFK1/FBP1 by metformin is a potential explanation for the
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small stimulation in flux through glycolysis (increased metabolism of [3-3H] glucose and
formation of lactate and pyruvate) and the decrease in cell G6P. There are several
allosteric effectors of these two enzymes which include ATP, ADP, AMP, Pi, ammonia,
citrate, F-2,6-P, (Sugden & Newsholme., 1975; McGrane et al., 1983; Hers & Hue., 1983;
Bosca et al., 1985). The latter can be excluded because it is decreased rather than
increased by metformin (Al-Oanzi et al., 2017). Possible candidates for the metformin
mechanism would include lowered citrate or raised ammonia or Pi. We tested for the
latter possibility by measurement of cell Pi. Pi was significantly increased by 32-130%
with 0.5-1.0mM metformin (figure 4.31 A, B). Pi was also raised by 100uM DNP but not
by 1uM rotenone (figure 4.31 C, D). This indicates an increase in Pi as a possible
allosteric effector (activator of PFK1 and inhibitor of FBP1) to explain the stimulation of

glycolysis and the lowering of G6P by 20.5mM metformin.
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5mM glucose 25mM glucose

O 5mM glucose
B 25mM glucose

Metformin (mM)

GKA  A769662

Figure 4.1 Sequestration of GK in the nucleus is abolished by high metformin, A769662
and GKA

Rat hepatocytes were pre-incubated with 5mM glucose and metformin or 20uM
A769662 for 2 hours, then incubated for a further 1 hour with 10uM GKA and 5mM or
25mM glucose. Mean + SEM, n=1-3 (10 fields were imaged for each incubation
condition). **p<0.01 glucose effect.
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Figure 4.2 AMPK activators but not metformin inhibit metabolism of [2-3H] glucose

and [5-3H] glucose

Rat hepatocytes were pre-incubated with 5mM glucose and metformin, 20uM A769662,
3uM C13 or 3uM 991 for 2 hours, then incubated for a further 1 hour with [2-3H] glucose
or [5-3H] glucose, 25mM glucose and 2uM S4048. Mean * SEM, n= 7 (triplicate).

*p<0.05, **p<0.01.
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Figure 4.3 Metformin and ammonium ion stimulate metabolism of [3-3H] glucose but

not [2-3H] glucose

Mouse hepatocytes were pre-incubated with metformin and 10uM A769662 for 2 hours,
then 2mM ammonium (NH) and [2-3H]-glucose or [3-3H]-glucose, 25mM glucose and
0.2uM S4048 for 1 hour. Mean + SEM (triplicate), n=2-5. *p<0.05, **p<0.01.
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Figure 4.4 Lowering of G6P by GKRP overexpression correlates with inhibition of
glucose phosphorylation

Mouse hepatocyte monolayers treated with AACMV-GK (50ul/ml) or AACMV-GKRP (25-
200pul/ml) were cultured overnight with 10nM dexamethasone and 1nM insulin. Cells
were then incubated with [2-3H] glucose, 25mM glucose and 0.2uM S4048 for 1 hour.
Results= mean + SEM, n=1-2. *p<0.05, **p<0.01.
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Figure 4.5 Inhibition of glucose phosphorylation by glucosamine (GlcN) but not by

metformin

Mouse hepatocytes were pre-incubated with metformin for 2 hours, then [2-3H] glucose
or [3-3H]-glucose, 15mM glucose and 10uM GKA or 5mM glucosamine (GIcN) in the
absence (C, E, G) or presence (A, B, D, F, H) of 0.2uM S4048 for 1 hour. Mean * SEM,
n=3-9. *p<0.05, **p<0.01 GKA or glucosamine effect. # P<0.05, ##P<0.01 metformin
effect. Basal values were as in Table 3-1 and Table 3-2.
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Figure 4.6 Metformin lowers G6P in the presence of the GK inhibitor mannoheptulose

Mouse hepatocytes were pre-incubated with metformin in the absence (A, C, E) or
presence (B, D, F) of 0.2uM S4048 for 2 hours, then incubated with 10mM

mannoheptulose for 1 hour. Mean + SEM, n=4-8. *p<0.05, **p<0.01. Basal values were
as in Table 3-1 and Table 3-2.
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Figure 4.7 Metformin lowers G6P but inhibits glycogen synthesis

Mouse hepatocytes were pre-incubated with metformin for 2 hours, then incubated for
a further 3 hours with CP-91149, 25mM glucose and D- [U-**C] glucose in the absence or
presence of 0.2uM S4048. Mean + SEM, n=1 (triplicate). *p<0.05, **p<0.01 CP-91149 or
metformin effect. # P<0.05, ## P<0.01 S4048 effect.
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Figure 4.8 Metformin decreases glycogen accumulation with high glucose and DHA as
substrates

Rat hepatocytes were pre-incubated with 5mM glucose and metformin or A769662 in
the absence or presence of 2uM S4048 for 2 hours, then a further 2-3 hours with 25mM
glucose (A, C) or 5mM DHA (B, D). Mean + S.E.M, n=1-3 (triplicate). *p<0.05, **p<0.01
glucose or metformin effect. # P<0.05, ##P<0.01 S4048 effect.
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Figure 4.9 Inhibition of glycogen synthesis with metformin with not A769662

correlates with G6P

Rat hepatocytes were pre-incubated with metformin or A769662 for 2 hours, then
incubated for a further 3 hours with 25mM glucose and D-[U-*C] glucose in the absence
or presence of 0.2uM S4048. Mean + SEM, n=3 (triplicate). *p<0.05, **p<0.01 glucose or
metformin effect. #P<0.05, #P<0.01 S4048 effect. Basal values were as in Table 3-1 and
Table 3-2. (E, F) Correlation between cell G6P and glycogen synthesis with metformin in
the presence of S4048 (filled)(r=0.96) and absence of S4048 (empty)(r=0.96), but no

correlation with A769662.

O control, A 0.1mM metformin, ¥V 0.2mM metformin, < 0.5mM metformin,

1 A769662, @ S4048, A 0.1mM metformin + S4048, ¥ 0.2mM metformin + S4048,

€ 0.5mM metformin + S4048.
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Figure 4.10 Metformin lowers G6P independently of the hexosamine biosynthesis

pathway

(A) Hexosamine biosynthesis pathway (Arden et al., 2012). F6P generated form G6P by
PGI can enter HBP via GFAT which is inhibited by DON. Glucosamine (GIcN) enters the
pathway after GFAT. (B, C) Mouse hepatocyte monolayers were cultured overnight with
10nM dexamethasone, 1nM insulin and 10uM DON. Cells were incubated with 0.2uM
S4048 and metformin in the absence or presence of glutamine for 2 hours, then a
further 1 hour with 25mM glucose. Mean + SEM, n=2. *P<0.05 metformin effect. Basal

values were as in Table 3-1 and Table 3-2.
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Figure 4.11 Metformin lowers G6P independently of hexose 6-phosphate
dehydrogenase

Mouse hepatocytes were pre-incubated with metformin in the absence (A, C) or
presence (B, D) of 0.2uM S4048 for 2 hours, then incubated for a further 1 hour with
25mM glucose. Mean + S.E.M. WT n=2, H6PD KO n=1. **p<0.01 metformin effect.
#p<0.01 KO effect.
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Figure 4.12 PMS increases NADP and decreases G6P

Rat hepatocytes were pre-incubated with 10uM PMS for 2 hours, then incubated for a
further 15 minutes to 1 hour with 25mM glucose. Mean + S.E.M. **p<0.01. n=3-4.
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Figure 4.13 DHEA increases NADP and decreases G6P

Mouse hepatocyte were pre-incubated with 0.2-2uM S4048 and DHEA for 30 minutes,
then incubated with 25mM glucose for a further 1 hour. Mean + SEM, n=3-6. *p<0.05,
**p<0.01.
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Figure 4.14 DHEA attenuates the decrease in G6P by metformin

Mouse hepatocytes (A-C) and rat hepatocytes (D-l) were pre-incubated with 0.2-2uM
S4048, metformin and 10-20uM DHEA for 2 hours, then 1 hour with ammonium (NHz*),
25mM glucose, 5mM DHA or 2mM xylitol. Mean + SEM n=4-8. Basal values were as in
Table 3-1 and Table 3-2.

*p<0.05, **p<0.01 metformin or NH,4 effect. #P<0.05, #P<0.01 DHEA effect.
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Figure 4.15 Effects of DHEA on [**C] metformin accumulation

Mouse hepatocytes were pre-incubated with [*4C] metformin and metformin for 2
hours, and 20uM DHEA for either 2 hours (A) or 30 minutes (B), then a further 1 hour
with 25mM glucose. Mean + SEM, n=3-4. *p<0.05, **p<0.01 DHEA effect.
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Figure 4.16 G6P is lowered by DHEA and metyrapone

Rat hepatocytes were pre-incubated with 0.2uM S4048 for 2 hours and DHEA for 30
minutes, then for a further 1 hour with ammonium (NHs*), metyrapone and 25mM
glucose (A-C). Rat hepatocytes were incubated for 1 hour with 2uM S4048, 0.05-1mM
metyrapone and 5mM DHA (D, E). Mean + SEM, n=4-9 (A-C), n=1 (D-E) *p<0.05,
**p<0.01. Basal values were as in Table 3-1 and Table 3-2.
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Figure 4.17 Menadione and miconazole lower G6P

0 5 25 40 500
Miconazole (uM)

Rat hepatocytes were incubated with 0.2-2uM S4048, 0.05-1mM menadione, 0.05-1mM
metyrapone, 5-500uM miconazole and 25mM glucose for 1 hour. Mean £ SEM, n=1-2.
*p<0.05, **p<0.01. Basal values were as in Table 3-1 and Table 3-2.
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Figure 4.18 CB72 lowers G6P

Mouse hepatocytes were pre-incubated with [**C] metformin, metformin and CB72 for 2
hours, then a further 1 hour with 25mM glucose (A). Rat hepatocytes were preincubated
with metformin and CB72 for 2 hours, then a further 1 hour with 2mM ammonium (NHa)
and 25mM glucose (B-E). Mean + SEM, n=3 (A), n=1-7 (B-E). *p<0.05, **p<0.01. Basal
values were as in Table 3-1 and Table 3-2.
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Figure 4.19 G6PD mRNA and protein in hepatocytes treated with short-hairpin RNA

Mouse hepatocyte monolayers were treated with 10-20ul/ml of an adenoviral vector for
G6PD (shG6PD) and were cultured for 24 hours with 10nM dexamethasone and 1nM
insulin. Mean + S.E.M. n=4 (A) *p<0.05, **p<0.01.
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Figure 4.20 shG6PD decreases G6PD enzyme activity at high concentrations only

Rat (A) or mouse (B, C) hepatocyte monolayers were treated with 2-20ul/ml of an
adenoviral vector for G6PD (shG6PD) and were cultured for 24 hours with 10nM
dexamethasone and 1nM insulin. Mean + SEM, n=1-4. *p<0.05, **p<0.01.
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Figure 4.21 Metformin lowers G6P in the presence of ShG6PD

Mouse hepatocyte monolayers were treated with 2-20ul/ml of an adenoviral vector for
G6PD (shG6PD) and were cultured for 24 hours with 10nM dexamethasone and 1nM

insulin. Cells were incubated with metformin and 0.2uM S4048 for 2 hours and a further
1 hour with 25mM glucose. Mean + SEM, n=3. *p<0.05, **p<0.01 metformin effect. #
p<0.05, # p<0.01 shG6PD effect. Basal values were as in Table 3-1 and Table 3-2.
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Figure 4.22 Higher rate of *CO, formation from [6-14C] glucose than from [1-14C]
glucose in mouse hepatocytes

(A) Mouse hepatocytes were incubated with MEM, 0.2uM S4048, 15mM glucose and [1-
14C] glucose or [6-4C] glucose for 1 hour and **CO, release was measured. Mean * SEM,
n=4. *p<0.05. (B) The distribution of [**C] label on carbon-1 was determined by
incubation of 0.1mM glucose with hexokinase (0.002 mg), G6PD (0.003 mg) and 6PGD
(0.06 mg). Samples were removed at various time intervals for acidification and
collection of **CO,, which was expressed as a percentage of total activity. This
confirmed the purity (> 90%) of 2 different preparations of [1-14C] glucose (ARC120 and
MC228). Mean * SEM, n=4.
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Figure 4.23 Inhibition of [6-1*C] and [U-1*C] glucose oxidation by high ethanol

Mouse hepatocytes were incubated with MEM, 0.2uM S4048, 15mM glucose, 20-50mM
ethanol and [U-14C] glucose, [1-4C] glucose or [6-14C] glucose for 1 hour and *CO;, was
collected. Mean = SEM, n=1. *p<0.05, **p<0.01.
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Figure 4.24 DHEA increases oxidation of [6-1C] glucose and [U-1*C] glucose

Mouse hepatocytes were incubated with MEM, 0.2uM S4048, 15mM glucose 20-100uM DHEA
and [U-14C] glucose, [1-14C] glucose or [6-14C] for 1 hour. Hepatocytes were incubated in the
absence (A) or presence (B) of 50mM ethanol, and *CO, was collected. Results = mean * SEM,
n=1-3 (duplicate/ triplicate). *p<0.05, **p<0.01, ¥p<0.05, #p<0.01.
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Figure 4.25 Inhibition of glycolysis and raised G6P by expression of a kinase deficient

variant of PFK2/ FBP2

Mouse hepatocyte monolayers treated with an adenoviral vector for PFK-KD were
cultured for 18 hours with 10nM dexamethasone and 1nM insulin. Cells were incubated
with 0.2-2uM S4048 and metformin for 2 hours, then a further 1 hour with 25mM
glucose and 2mM ammonium (NHas). Mean + SEM, n=2-7. *p<0.05, **p<0.01 metformin
or ammonium effect. #p<0.05, #p<0.01 PFK2-KD effect. Basal values were as in Table 3-1

and Table 3-2.

142



Chapter 4: Results 2

A B 1 Control
Il 0.2mM metformin
6001 400- sk
*k 1
— 400 *% _ 300- # *
Q) . *% )
S *k s #
% *% % 200
O 2004 o
100' |—| #H#
O m T T T T T T O .- T T
0O 0.0501 0.202505 1.0 0 01 0.2

ATA (mM) ATA (mM)

C D 3 Control

Il 0.2mM metformin
1501 150+

#
* 1004
*%* *%
Y%k ** ok ** ok
0 T T T T T T T 0 T T T
0 0.1 0.2

0 00501 0202505 1.0

ATP (%)
ATP (%)

ATA (mM) ATA (mM)

FI:I Control
Il 0.2mM metformin
150+

= M
Q

#

#
*%
** *%x
0 005 01 02 025 05 0 01 02

ATA (mM) ATA (mM)

100+ = T

[Eny
o
<

4

a
e

o

o

Lactate + Pyruvate (%)
)(.
>(.

Lactate + Pyruvate (%)

Figure 4.26 Inhibition of glycolysis and raised G6P with an inhibitor of PFK1

Mouse hepatocytes were incubated with 0.2-2uM S4048 and ATA or 0.2mM metformin
for 2 hours, then a further 1 hour with 25mM glucose. Mean * SEM, n=1-18. *p<0.05,

**p<0.01 ATA effect. #p<0.05, #p<0.01 metformin effect. Basal values were as in Table
3-1 and Table 3-2.
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Figure 4.27 ATA inhibits the metabolism of [3-3H] and [2-3H] glucose

Chapter 4: Results 2

Mouse hepatocytes were pre-incubated with metformin or ATA for 2 hours and then
incubated with MEM, 15mM glucose, 0.2uM S4048 and [3-3H]-glucose or [3-H]-glucose

for 1 hour. Mean + SEM, n=3. *p<0.05, **p<0.01.
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Figure 4.28 Lowering of G6P with an inhibitor of FBP1

Mouse were pre-incubated with 0.2-2uM S4048 and 2-30uM FBPi (A, C, E) or 5uM FBPi
and metformin (B, D, F) for 2 hours, then a further 1 hour with 25mM glucose. Mean +
SEM, n=1-17. *p<0.05, **p<0.01 metformin effect. #p<0.05, #p<0.01 FBPi effect. Basal
values were as in Table 3-1 and Table 3-2.
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Figure 4.29 Inhibition of the malate-aspartate shuttle increases the lactate/ pyruvate
ratio and causes a small increase in G6P

(A-E) Effects of AOA on cell metabolites, (F, G) effect of metformin with AOA on cell
metabolites. Mouse hepatocytes were incubated with 25mM glucose and 0.2mM AOA in
the absence or presence of 0.2-2uM S4048 for 1 hour. Mean + SEM, n=2-5. *p<0.05,
**p<0.01 metformin effect. # p<0.05, # # p<0.01 AOA effect. Basal values were as in
Table 3-1 and Table 3-2.
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Figure 4.30 AOA inhibits glucose oxidation when combined with a pyruvate transport
inhibitor

Mouse hepatocytes were incubated with MEM, 0.2uM S4048, 15mM glucose, [U-14C]
glucose and 0.2mM AOA or 2uM UK099 for 1 hour, and **CO; was collected. Mean +
SEM, n=3. *p<0.05, **p<0.01, ¥p<0.05, #p<0.01.
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Figure 4.31 Metformin and DNP raise inorganic phosphate (Pi)

Mouse hepatocytes were pre-incubated in the absence of S4048 (A, C) or presence of
0.2uM S4048 (B, D) and with metformin for 2 hours, then a further 1 hour with 25mM
glucose and 1uM rotenone or 50-100uM DNP. Mean + SEM, n=2-3. *p<0.05, **p<0.01.
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5.1 Current status of hypotheses on the metformin mechanism

The evidence for inhibition of hepatic glucose production by metformin in man is
derived primarily from chronic studies (2 to 26 weeks) (Natali & Ferrannini., 2006). Few
studies have demonstrated lowering of blood glucose in T2D during an acute
intravenous infusion of metformin (Sum et al., 1992). The chronic studies showed that
metformin efficacy in lowering blood glucose correlates negatively with fasting glucose
production and thereby with the severity of the diabetic state (Natali & Ferrannini.,
2006) and that in non-diabetic subjects, stimulation of endogenous glucose production
was found after 1-week exposure to metformin (Christensen et al., 2015). Whether
metformin efficacy in man is due to chronic changes in gene expression rather than

acute effects on metabolic flux is not known.

Studies in animal and cellular models have demonstrated acute inhibition of
gluconeogenic flux and also gene repression of enzymes of gluconeogenesis by
metformin which have been widely replicated (Stumvol et al.,1995; Hundal et al., 2000;
Kim et al., 2008; He et al., 2009; Lee et al., 2010; Kim et al., 2012 a; Sajan et al., 2013;
Cao et al., 2014, Petersen et al., 2017). It remains unsettled which of the effects of
metformin that are observed in cellular model occur at therapeutic doses of the drug.
Proposed mechanisms for the inhibition of gluconeogenic flux include: (i) lowering of cell
ATP or the ATP/ADP ratio; (ii) activation of AMPK; (iii) raised AMP which counteracts
glucagon signalling and inhibits FBP1; (iv) inhibition of mGpd and consequently a more
reduced cytoplasmic redox state. Proposed mechanisms for the inhibition of gene
expression of enzymes of gluconeogenesis include activation of AMPK. However,
metformin also inhibits G6pc expression in AMPK-KO models in conjunction with
depletion of cell ATP (Foretz et al., 2010). One current view on the metformin
mechanism is that the therapeutic effects are most likely due to very modest effects at
multiple sites and are not mediated by either inhibition of Complex 1 or by lowering of
cell ATP (Bailey., 2017). An alternative possibility that would concur with the greater
efficacy of metformin at higher fasting blood glucose levels (Natali & Ferrannini., 2006) is

that metformin may counteract the effect of high glucose on hepatic gene regulation.
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Work leading up to this project showed that metformin inhibits the effects of high
glucose on induction of ChREBP target genes including Pklr and G6pc but has negligible
effects on expression of these genes at basal glucose concentration. Because ChREBP is
activated by cellular accumulation of intermediates of glucose metabolism such as G6P
and F-2,6-P-2, it was hypothesized that metformin may exert its effect on Gépc and
other ChREBP target genes by lowering the cellular concentration of metabolites of
glucose such as G6P. The aims of this study were first to determine whether metformin
lowers cellular G6P at cellular concentrations of metformin that are within the
therapeutic range and if so in what substrate conditions. Secondly, to identify the
mechanism by which metformin lowers G6P. Thirdly to determine whether the lowering
of G6P can explain the counter-regulatory effects of metformin on gene regulation by

high glucose.

Lowering of G6P by metformin in liver in vivo or in isolated hepatocytes was reported
previously by 3 other laboratories (Owen et al., 2000; Fulgencio et al., 2001; Guigas et
al., 2006). However, an increase in vivo has also been reported (Mithieux et al., 2002).
The hepatocyte studies showed lowering of G6P by metformin concentrations of 2-
10mM with either gluconeogenic precursors as substrate (Owen et al., 2000; Fulgencio
et al., 2001) or with high glucose (Guigas et al., 2006). The lowering of G6P was
explained by either inhibition of gluconeogenesis (Owen et al., 2000; Fulgencio et al.,
2001) or by inhibition of glucose phosphorylation as a result of inhibition of glucokinase
translocation (Guigas et al., 2006). In all three cases a role for ATP depletion was
implicated. Owen et al. (2000) reported ~50% decrease in total G6P and F6P with 2mM
metformin in hepatocytes, and a 60-61% decrease in G6P with 150-600mg/kg metformin
in freeze-clamped livers which was accompanied by a 70% drop in the ATP/ADP ratio.
Additionally, Fulgencio et al. (2001) reported a 50% decrease in G6P with 5mM
metformin and a 70% decrease in ATP. Guigas et al (2006) observed a 20% decrease in
G6P with 5mM metformin and ATP depletion by 40%. They demonstrated a correlation
between inhibition of glucose production and ATP depletion. In the present study cell
ATP was determined in all experiments in parallel with the measurement of G6P. This
was particularly important first for establishing the range of concentrations of

metformin that are effective in lowering cell G6P in conditions of preserved cell ATP.
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Secondly, for studies on the metformin mechanism where inhibitors of mitochondrial
function or G6P metabolising enzymes were used it was also important to establish

whether these inhibitors mimicked metformin in conditions of maintained ATP.

The maximum concentration of metformin in the peripheral circulation is man is around
6 — 25uM (Kajbaf et al., 2016). However, higher concentrations are expected in the
portal vein (Gormsen et al., 2016). Metformin accumulates slowly in liver (Owen et al.,
2000) and reaches a tissue content that is 3-5 fold higher than the extracellular content
(Wilcock & Bailey., 1994). A previous study on mice given an oral load of metformin (50
mg/kg) corresponding to the equivalent of the therapeutic dose in man showed a
maximum liver content of 180 — 280 nmol/g or 1-1.5 nmol/mg protein if one assumes
200 mg protein per gram wet weight (Wilcock & Bailey., 1994). In order to study
metformin concentrations over a range that include the “therapeutic equivalent” we
determined the metformin content of cells after a 2-hour pre-incubation with a range of
metformin concentrations (0.1 — 1mM). Using [**C] metformin we established that the
cell content of metformin with this protocol is approximately 5 times the extracellular
concentration which has been observed in vivo (Wilcock & Bailey., 1994), and also that
at concentrations of 0.1-0.2mM it approximates the levels found in vivo (180-280

nmol/g) after a therapeutic load (50mg/kg) of metformin.

The concentration of G6P in the liver is dependent on the extracellular glucose
concentration and on the activities of the enzymes involved in production of G6P from
glucose, glycogen and gluconeogenesis, and in the clearance of G6P by glycolysis, the
pentose phosphate pathway and conversion to UDP-glucose and G6pc in the lumen of
the endoplasmic reticulum. In type 2 diabetes therapy, metformin is normally
recommended to be taken with meals. In the absorptive state after a meal, liver G6P
increases from 0.2mM to 0.4mM (Fernandez-Novell et al., 1996) because of the increase
in glucose concentration in the portal vein in conjunction with translocation of
glucokinase from the nucleus to the cytoplasm (Aiston et al., 2004). In isolated
hepatocytes the cell G6P concentration is a sigmoidal function of extracellular glucose
concentration, and the magnitude of response to glucose is a function of glucokinase
activity (Aiston et al., 2004). The initial hypothesis of this study was that if metformin

inhibits glucokinase translocation as was reported in previous work (Guigas et al., 2006;
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Mukhtar et al., 2008) with higher metformin concentrations then it would also attenuate
the increase in G6P that occurs in response to high glucose. The results showed lowering
of G6P by metformin in conditions of high glucose in the absence of inhibition of
glucokinase translocation. The G6pc/G6PT is a strong candidate for regulating G6P levels
because the K, of G6Pase (2-3 mM) (van Schaftingen et al., 2002) is higher than the
intracellular concentration of G6P which is in the range of 0.2-0.4mM after a meal
(Fernandez-Novell et al., 1996). However, we excluded a role for this system because the
lowering of G6P by metformin was observed in the presence of S4048. The affinity of
G6PD for G6P is high (0.052mM) (Wang & Engel., 2009) and below the physiological
concentration of G6P in the absorptive state (0.2-0.4mM). However, flux through G6PD
is regulated by changes in free NADP. The cell content of total NADP and NADPH is
about 0.07 and 0.35 umol/g liver respectively (Bergmeyer., 1974). This represents both
free and bound nucleotides, although the free concentrations of NADP and NADPH are
assumed to be lower (Veech et al., 1969). The Km of G6PD for NADP is 7uM (Wang &
Engel., 2009) meaning that an increase in NADP would be predicted to stimulate flux
through G6PD. G6P is in equilibrium with F6P through PGl and the concentration of F6P
in liver is around 0.05mM (Bergmeyer., 1974). The Ky of PFK1 for F6P is 50 -140 uM
(Hue & Rider., 1987) and therefore within the physiological range of substrate
concentration. However, PFK1 is a highly regulated enzyme (Hers & Hue., 1983). It is
activated by F-2,6-P,, AMP, NH4*, Pi, OH and 6-PG, and inhibited by citrate, G3P and H*.
Changes in these allosteric effectors can therefore alter the flux through PFK1 and
thereby alter the concentration of hexose 6-phosphate. We therefore identified PFK1 as

a candidate target for a metformin that is likely to alter cell G6P.

5.2 Metformin lowers G6P in hepatocytes

The present study supports the following conclusions on the G6P lowering effect. First,
that metformin has a concentration dependent effect in lowering G6P which is observed
at cellular loads of 1-2 nmol/ mg which correspond to the peak accumulation in the liver
after an oral therapeutic load (Wilcock & Bailey., 1994) and the metformin effect
increases progressively at concentrations up to 10-fold higher. At the highest
concentrations of metformin (0.5-1.0mM) tested in this study we observed a small

lowering of ATP in some experiments up to 16%, but ATP was not lowered with 0.1-
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0.2mM metformin which corresponds to a comparable cell load as occurs in vivo after an
oral therapeutic load of metformin (Wilcock & Bailey., 1994). Second, the effect of
metformin on G6P is observed with both high glucose and with a variety of
gluconeogenic precursors but not at basal glucose. Third, the fractional lowering of G6P
by metformin was always greater in the presence of S4048 which raises G6P by
inhibiting its metabolism by G6pc. Cumulatively, this indicates that metformin is most
effective in conditions of high cellular metabolites, as would be expected to occur in
metabolic disease. It is noteworthy that metformin efficacy in man correlates with the
severity of the diabetes (Natali & Ferrannini., 2006) and furthermore metformin is
ineffective in MODY-GK who are predicted to have low liver G6P levels because of the

glucokinase mutation (Chakera et al., 2015).

5.3 Lowering of G6P by metformin is mimicked by inhibition of mitochondrial complex
1

One of the established effects of high metformin concentrations is the inhibition of
Complex 1 (Owen et al., 2000; EI-Mir et al., 2000; Bridges et al., 2014). This mechanism
was shown in isolated mitochondria incubated with substrates of complex 1 and 2. In
isolated hepatocytes and also in vivo, the inhibition of Complex 1 is supported by an
increase in the mitochondrial redox state as determined from the ratio of 3-
Hydroxybutyrate to acetoacetate (Owen et al., 2000). However, recent studies have also
reported a more oxidised mitochondrial redox state (decreased NADH/NAD* ratio) in
vivo with lower doses of metformin in man and animal models (Madiraju et al., 2014; Qi

et al., 2018; von Morze et al., 2018).

The present study supports the conclusion that the G6P lowering effect of metformin is
mimicked by inhibition of Complex 1; depolarisation of mitochondria with an uncoupler
and inhibition of NNT which is dependent on the mitochondrial proton motive force and
results in elevated NADP, but not by inhibition of NADH transfer from the cytoplasm to
the mitochondria with an inhibitor of the malate aspartate shuttle. Because metformin
raised NADP, we considered the inhibition of NNT as a possible candidate for the G6P
lowering. However, based on the lowering of G6P by metformin in hepatocytes from a
mouse with a deletion in the NNT gene, we conclude that mechanisms other than

inhibition of NNT must have a major role.
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5.4 Metformin action involves mechanisms other that AMPK

Inhibition of complex 1 by metformin raises the AMP/ATP ratio which activates AMPK,
the function of which is to maintain intracellular energy homeostasis (Owen et al., 2000;
Foretz et al., 2010; Rena et al., 2017). One proposed mechanism by which metformin
could restore the energy balance is by inhibiting gluconeogenesis (Zhou et al., 2001, Cao
et al., 2014). However, metformin also inhibits hepatic glucose production in AMPK- KO
mice in conditions of significant ATP depletion (Foretz et al., 2010). Therefore, the
mechanism remains contentious, and does not rule out the involvement of both AMPK

dependent and AMPK independent effects of metformin.

The following conclusions can be drawn from this study: first, metformin is able to lower
G6P at concentrations that do not stimulate AMPK/ ACC phosphorylation (<0.5mM).
Second, with a gluconeogenic substrate, pharmacological AMPK activators (A769662,
C13 and 991) do not mimic the lowering of G6P by metformin. Third, Inhibition of
glucose production by metformin (0.1-1.0mM) is not mimicked by AMPK activators
consistent with the findings by Foretz et al. (2010) that metformin is able to inhibit
gluconeogenesis in the absence of AMPK activation. Fourth, in contrast to metformin
(20.2mM) which stimulated lactate and pyruvate production, AMPK activators inhibited
lactate and pyruvate production. The AMPK activators also inhibited [5-3H] glucose
metabolism (indicating inhibition of flux through glycolysis/ pentose phosphate
pathway) which was not mimicked by metformin. Together, this suggests metformin has
an over-riding effect from its AMPK activating properties that accounts for the decrease
in G6P and inhibition of glucose production as well as stimulation of glycolytic/ pentose

phosphate pathway flux.

5.5 Metformin does not inhibit glucose phosphorylation

Previous studies showed inhibition of glucose phosphorylation by high metformin
concentrations (20.5mM) (Guigas et al., 2006; Mukhtar et al., 2008). In these studies, we
conclude that the lowering of G6P by metformin in conditions of high glucose cannot be
explained by inhibition of glucose phosphorylation. This is supported by data showing
that metformin (0.2-1.0mM) lowered G6P without inhibiting [2-3H] glucose metabolism,
which was observed in the presence of GK inhibitors. Additionally, we conclude that

activation of AMPK causes a small inhibition of glucose phosphorylation. This is
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supported by different classes of AMPK activators; A769662 which binds to an allosteric
site and C13 which is an AMP mimetic. These findings are of interest because a previous
study by Guigas et al., (2006) concluded that both metformin and AICAR inhibit glucose
phosphorylation by a mechanism independent of AMPK that correlates with ATP
depletion. However, their data shows stronger inhibition of glucose phosphorylation by
AICAR than can be explained by ATP depletion alone. The present study provides an

explanation for their observation.

5.6 Metformin inhibits glycogen synthesis: Possible roles of G6P depletion and Pi
elevation

The present study supports the conclusion that the mechanism by which metformin
lowers G6P is not by increased diversion of G6P to glycogen. In support of this, an
inhibitor of glycogen phosphorylase (CP-91149) lowered G6P but stimulated glycogen
synthesis. Metformin (0.1-0.5mM) also lowered G6P but this strongly correlated with
inhibition of glycogen synthesis rather than stimulation. Two possible explanations can
be offered for this correlation. First, that the lowering of G6P by metformin is due to
activation of glycolysis and the lower cell G6P in turn causes activation of phosphorylase
and inactivation of glycogen synthase, with consequent inhibition of glycogen synthesis.
Accordingly, the lowering of G6P is the cause of the inhibition of glycogen synthesis.
Second, if mitochondrial depolarisation causes an increase in cytoplasmic Pi through
attenuation of the ATP-synthase and/ or through decreased uptake of Pi into
mitochondria on the pH sensitive Pi-OH- transporter, then the increase in cytoplasmic Pi
concentrations would stimulate glycogenolysis by acting as a substrate for the enzyme
and as an allosteric effector that stabilises the R-state thereby promoting

phosphorylation of phosphorylase and inactivation of glycogen synthase.

Activation of glycogenolysis by the uncoupler DNP (100 uM) through an increase in
cytoplasmic Pi has been shown previously (Vanstapel et al. 1990). The present finding
that metformin concentrations ranging from 0.1 to 0.5mM cause progressive inhibition
of glycogen synthesis (in parallel with the G6P lowering) could be explained by both the
decline in G6P and the rise in Pi. Because G6P and Pi have converse effects on
phosphorylase (inactivation and activation respectively) through distinct binding sites

(allosteric and active sites respectively), it can be hypothesized that the decline in G6P
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and the increase in Pi caused by metformin would be expected to have synergistic
effects on phosphorylase activation (and synthase inactivation). The present findings
concur with 2 recent studies reporting stimulation of glycogenolysis or inhibition of
glycogen synthesis by metformin. Hansen & McCormack., (2002) showed that 2mM
metformin stimulated lactate production from glycogenolysis in rat hepatocytes and
Otto et al., (2003) showed that lower concentrations of metformin (200uM) inhibited

glycogen synthesis.

Previous work also showed that A769662 inactivated glycogen synthase (Bultot et al,
2012). We found that A769662 inhibited glycogen synthesis in the absence of S4048 and
that this did not correlate with G6P. A769662 inhibited glycogen synthesis to a lesser
extent in the presence of S4048 (which strongly activates glycogen synthesis by
increasing G6P substantially). This could be due to an over-riding effect of elevated G6P

or because A769662 does not cause AMPK phosphorylation in conditions of raised G6P.

5.7 Low metformin stimulates lactate and pyruvate formation but high metformin
inhibits substrate oxidation

In this study we found that metformin (20.2mM) stimulates lactate and pyruvate
production in hepatocytes. The accumulation of lactate and pyruvate in the medium is
an approximate measure of flux through glycolysis and the pentose phosphate pathway
because part of the pyruvate formed is further metabolised in mitochondria. We found
that metformin (0.5mM) inhibited substrate oxidation consistent with respiratory chain
inhibition. Therefore, at metformin concentrations that inhibit Complex 1, the increase
in lactate and pyruvate formation by metformin represents in part the inhibition of

mitochondrial metabolism of pyruvate.

We found that at lower concentrations of metformin that correspond to the levels that
accumulate in liver after a therapeutic dose (0.2mM), glycolysis was stimulated
(indicated by stimulation of [3-3H] glucose metabolism and lactate and pyruvate
production) in the absence of inhibition of mitochondrial oxidation. In principle the
increase in lactate and pyruvate formation could arise by both glycolysis and the
pentose phosphate pathway. However, several lines of evidence argue against

stimulation of the pentose phosphate pathway as important in the metformin
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mechanism. First, although the G6PD inhibitor DHEA partially counteracted the lowering
of G6P by metformin, it did not inhibit pentose phosphate pathway flux as measured

from [1-14C] glucose decarboxylation. Additionally, in the present study flux through the
pentose phosphate pathway (from [1-14C] glucose decarboxylation) represented <1% of

total lactate and pyruvate production.

Previous studies report that biguanides altered flux at the level of GAPDH/
phosphoglycerate kinase by the decrease in free ATP/ADP (Owen & Halestrap., 1993;
Owen et al., 2000) which could explain the stimulation of lactate and pyruvate
production, and a recent study suggested that metformin inhibits the glycerophosphate
shuttle in the liver based on the increase in lactate/pyruvate ratio as a measure of the
cytoplasmic NADH/NAD redox state (Madiraju et al., 2014) but whether the importance
of this in man and rodent is contentious (Baur & Birnbaum., 2014). We found that
metformin lowered G6P in conditions of a more reduced redox state and restricted flux

through GAPDH with AOA, suggesting another target site is involved.

We concluded that PFK1/ FBP1 is the most likely site of control of G6P depletion by
metformin. There are a number of candidate allosteric effectors of PFK1/ FBP1 (F-2,6-P,,
AMP and Pi) that could be involved in the G6P lowering effect of metformin. Several
lines of evidence support this: first, stimulation of PFK1 with ammonium and ATA
mimicked the lowering of G6P with metformin. Second, depleting F-2,6-P, with PFK2-KD
increased G6P by 2-3 fold, consistent with the role of PFK1/FBP1 as a major determinant
of cell G6P content. This was associated with inhibition of lactate and pyruvate
production which was relatively small compared to the large increase in G6P. This
supports the conclusion that a small fractional inhibition in flux through glycolysis results
in a large increase in G6P. Al-Oanzi et al., (2017) reported lowering of F-2,6-P, by
metformin (1-5mM) which would seem inconsistent with stimulation of glycolysis by
metformin because F-2,6-P,is a very powerful activator of PFK1. However, the present
findings of this study are consistent with a mechanism that is similar to what occurs
during anoxia in liver. Anoxia results in inhibition of electron transport and thereby
oxidative phosphorylation with a consequent increase in cell Pi but simultaneously with
lowering of F-2,6-P; (Hue., 1982). In agreement with this, the present study shows that

metformin (20.5mM) raised cell Pi which caused inhibition of glucose oxidation
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indicating complex 1 inhibition. Although no inhibition of glucose oxidation was
observed with 0.2mM metformin we observed an increase in Pi with the uncoupler, as
expected from previous studies (Vanstapel et al., 1990). We cannot exclude the
possibility that at 0.1-0.2mM metformin there is mild uncoupling and inhibition of
Complex 1. The net effect of this would be lack of change in substrate oxidation but a
decrease in proton motive force which would explain the inhibition of oxidative
phosphorylation and therefore accumulation of Pi. Although a significant increase in cell
Pi was only detected in this study with 0.5mM metformin we cannot exclude local
changes in cytoplasmic Pi at low concentrations that are below the limit of detection.
Because mitochondrial Pi is approximately 4-times greater than the cytoplasmic
concentration (Akerboom et al., 1978), inhibition of oxidative phosphorylation by a
decrease in proton gradient caused either by inhibition of Complex 1 or by uncoupling
predicts decreased Pi entry into mitochondria and decreased consumption by oxidative

phosphorylation, stimulating glycolysis at the level of PFK1.

5.8 Metformin counteracts the effects of high glucose on glucose regulated gene
expression

In man, the evidence for inhibition of hepatic gluconeogenesis by metformin is derived
mainly from chronic studies. Studies testing the acute effects of metformin on glucose
production did not show significant effects (Sum et al., 1992). It remains uncertain
whether the chronic effects of metformin are due to indirect mechanisms for example
changes in hormones or blood fatty acids and triglycerides, or to changes in hepatic gene
expression. The liver in T2D is characterised by increased rates of gluconeogenesis and
lipogenesis. This could be in part due to activation of the transcription factor ChREBP or
other transcription factors by the hyperglycaemia, and or raised levels of intracellular
G6P as occurs in conditions of hyperglycaemia. ChREBP promotes induction of Pkir and
enzymes of de novo lipogenesis and as well as G6pc (Towle et al., 1997; Argaud et al.,
1997; Arden et al., 2012; Dentin et al., 2012). Induction of G6pc by ChREBP in conditions
of raised cell metabolites serves to restore intracellular metabolite homeostasis at the
expense of worsening hyperglycaemia (Agius., 2016). Work leading up to this project
showed that metformin at concentrations = 0.5mM counteracts the effects of high

glucose on the regulation of these ChREBP target genes and that the expression of G6pc
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and Pklr correlate positively with intracellular G6P, whereas GK expression correlates
negatively with cell G6P (Al-Oanzi et al., 2017). We therefore tested whether this could

be observed at therapeutically relevant concentrations of metformin.

We concluded that metformin at physiological concentrations (=20.2mM) counteracted
the effect of high glucose on GK and G6pc gene expression in hepatocytes. The lowering
of G6P by metformin correlated positively and negatively with G6pc and GK expression
respectively and ATP was not depleted in these conditions. The effects of metformin on
gene expression were not mimicked by AMPK activation and occurred at metformin
concentrations that both did not stimulate (0.2mM) and stimulated (20.5mM) AMPK and
ACC phosphorylation. Additionally, the AMPK activator A769662 had negligible effects
on GK expression and counteracted the increase in G6pc expression with high glucose
although to a lesser extent than metformin, and this was associated with raised G6P. A
recent study implicated AMP as an allosteric inhibitor of ChREBP (Sato et al., 2016)

which can explain this observation.

Therefore, therapeutic concentrations of metformin cause inhibition of hepatic glucose
production as well as inhibition of gluconeogenic (G6pc) gene expression and
stimulation of GK expression with high glucose. This correlated with a decrease in cell
G6P, suggesting the changes in G6P by metformin may be involved in the regulation of

these genes.

5.9 Summary

In this study we determined that metformin lowers cell G6P in hepatocytes incubated
with high glucose and gluconeogenic precursors (DHA and xylitol) as substrates, but not
at basal 5mM glucose. The lowest concentrations of metformin that were effective at
lowering G6P (0.1-0.2mM) correspond to cellular drug loads of metformin (1-2 nmol/ mg
cell protein) that are within the levels reached in mouse models treated with a
therapeutic dose (50 mg/ kg corresponding to 3g for a 60kg person) (Wilcock and Bailey.,
1994). We found that the G6P lowering effect of metformin was mimicked by
compounds that lower the proton gradient by either inhibition of Complex 1 or by
uncoupling but not by pharmacological AMPK activators, suggesting this effect of

metformin is independent of AMPK and is likely linked to depolarisation of the
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mitochondria. We propose that mitochondrial depolarisation raises cell Pi in the cytosol
as occurs also with an uncoupler. Pi is a strong allosteric activator of PFK1.
Consequently, this stimulates glycolysis, lowering cell G6P. In our study, metformin
lowered G6P in conditions where ATP was unaffected, or lowered marginally in
comparison with previous studies. This can be explained by stimulation of flux through
glycolysis by metformin which restores ATP, so the drop in ATP is not observed at the
end of a fixed time point. We also propose that metformin counteracts the effects of
high glucose on glucose regulated gene expression, and that repression of G6pc by

metformin concurs with the lowering of G6P.
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