Diabetologia (2015) 58:2494-2502
DOI 10.1007/s00125-015-3733-2

@ CrossMark

ARTICLE

Endogenous glucose production increases in response
to metformin treatment in the glycogen-depleted state in humans:

a randomised trial

Mette Marie H. Christensen' - Kurt Hojlund >~ « Ole Hother-Nielsen? -
Tore B. Stage' + Per Damkier ' - Henning Beck-Nielsen” - Kim Brosen’

Received: 6 May 2015 / Accepted: 28 July 2015 /Published online: 14 August 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract

Aims/hypothesis Metformin is believed to reduce glucose
levels primarily by inhibiting hepatic glucose production.
Recent data indicate that metformin antagonises glucagon-
dependent glucose output, suggesting that compensatory
mechanisms protect against hypoglycaemia. Here, we exam-
ined the effect of metformin on glucose metabolism in humans
after a glycogen-depleting fast and the role of reduced-
function alleles in OCT1 (also known as SLC22A41).
Methods In a randomised, crossover trial, healthy individuals
with or without reduced-function alleles in OCT/ were fasted
for 42 h twice, either with or without prior treatment with 1 g
metformin twice daily. Participants were recruited from the
Pharmacogenomics Biobank of the University of Southern
Denmark. Treatment allocation was generated by the Good
Clinical Practice Unit, Odense University Hospital,
Denmark. Variables of whole-body glucose metabolism were
assessed using [3-3H]gluc0se, indirect calorimetry and
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measurement of substrates and counter-regulatory hormones.
The primary outcome was endogenous glucose production
(EGP).

Results Thirty-seven individuals were randomised.
Thirty-four completed the study (12 had none, 13 had one
and nine had two reduced-function alleles in OCT1). Three
were excluded from the analysis because of early dropout.
Metformin significantly stimulated glucose disposal rates
and non-oxidative glucose metabolism with no effect on glu-
cose oxidation. This increase in glucose utilisation was ex-
plained by a concomitant increase in glycolytic flux and ac-
companied by increased EGP, most likely mediated by in-
creased plasma lactate, glucagon and cortisol levels. There
was no effect of reduced-function OCT/ alleles on any of
these measures. All individuals completed the glycogen-
depleting fast without hypoglycaemia.
Conclusions/interpretation Metformin stimulates glycolytic
glucose utilisation and lactate production in the glycogen-
depleted state. This may trigger a rise in glucose counter-
regulatory hormones and subsequently an increase in EGP,
which protects against hypoglycaemia.

Trial registration: ClinicalTrials.gov NCT01400191
Funding: Danish Research Council for Health and Disease
(0602-02695B) and Odense University Hospital Free
Research Fund, 2012.
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Ra Rate of glucose appearance

Rd Rate of glucose disposal

REE Resting energy expenditure
RER Respiratory exchange ratio

SNP Single nucleotide polymorphism
Introduction

The oral anti-hyperglycaemic agent metformin is a corner-
stone in the treatment of type 2 diabetes [1]. It is believed to
reduce glucose levels mainly by decreasing hepatic glucose
production (HGP) in type 2 diabetic patients through inhibi-
tion of gluconeogenesis [2], and an augmentation of the pe-
ripheral glucose uptake and utilisation [3]. The latter may
involve an increased anaerobic glucose metabolism in the in-
testine owing to accumulation of metformin in this tissue [4].
Metformin lowers plasma glucose levels and HbA . in a dose-
related manner [5], and unlike other glucose-lowering agents
such as sulfonylureas and insulin, this effect is achieved with-
out weight gain or hypoglycaemia.

At the cellular level, the mode of action of metformin has
been debated for several years. Inhibition of the mitochondrial
respiratory chain complex 1 has been suggested as a primary
molecular target [6]. Inhibition of mitochondrial respiration
decreases the cellular energy charge. The concomitant in-
crease in AMP levels activates AMP-activated protein kinase
(AMPK), which leads to inhibition of glucose production by
reducing the expression of gluconeogenic enzymes [6], but
also inhibits adenylate cyclase causing reduced intracellular
levels of cAMP [7]. The latter has been shown to abrogate
activation of protein kinase A and by this mechanism
antagonise glucagon-dependent glucose output in hepatocytes
in mice [7]. Most recently, it was reported that metformin
suppresses gluconeogenesis by inhibiting the hepatic redox
shuttle enzyme mitochondrial glycerophosphate dehydroge-
nase (mGPD) in rodents [8]. Thus, metformin indirectly de-
creases the substrate fluxes of lactate and glycerol to the glu-
coneogenesis and the flux of electrons to the mitochondrial
respiratory chain [8]. It remains to be elucidated to what extent
metformin continues to block HGP by these mechanisms un-
der conditions in which glucose counter-regulatory mecha-
nisms are activated to avoid hypoglycaemia.

Metformin is an organic cation and its passage across cell
membranes depends on solute carrier transporters. The intes-
tinal uptake of metformin is mediated by proton-activated
plasma membrane monoamine transporter (PMAT) and or-
ganic cation transporter 1 (OCT1) [9, 10]. The hepatic uptake
of metformin is predominantly facilitated by OCTI.
Metformin is not metabolised and the entire absorbed drug
is excreted into urine. The organic cation transporter 2
(OCT2), multidrug and toxin extrusion transporters I
(MATE1) and 2-K (MATE2-K) facilitate the renal

transcellular transport [11]. Genetic variation in all of the
above-mentioned transporters has been linked to altered phar-
macokinetic and pharmacodynamic response to metformin
[9]. In OCT1 (also known as SLC22A1), there are four known
genetic variations (rs12208357 [R61C], rs34130495 [G401S],
1rs34059508 [G465R] and rs72552763 [M420del]), which en-
code an OCT1-transporter protein with reduced function and
hence, have been linked to reduced-response metformin re-
sponse in humans [12-14].

The main purpose of the present study was to evaluate the
effect of metformin on endogenous glucose production
(EGP), i.e. on gluconeogenesis in the glycogen-depleted state
in fasting healthy individuals with or without reduced-
function OCT1 diplotypes (none, one or two minor alleles).
Our hypothesis was that individuals with reduced-function
OCT1 diplotypes have a decreased transport of metformin into
the hepatocytes and a diminished response on HGP compared
with individuals with only wild-type alleles. Moreover, we
examined the hypothesis that glucose counter-regulatory hor-
mones or other compensatory mechanisms are activated to
prevent hypoglycaemia in response to treatment with metfor-
min during prolonged fast. To our knowledge, this is the first
study to evaluate the pharmacodynamics of metformin at
steady state during repeated dosing in fasting healthy individ-
uals in relation to different OCT1 genotypes.

Methods
Study participants

From the Pharmacogenomics Biobank of the University of
Southern Denmark, healthy individuals were, in 2012, included
based on their OCTI genotype [15]. All individuals were
healthy with renal and hepatic functions within normal range
as assessed by plasma creatinine and plasma aminotransferase.
None had a history of alcohol abuse or took any medication,
and all gave written informed consent to participate in the study.
The genotypes of OCTI, OCT2 (also known as SLC2242),
MATE] (also known as SLC47A1) and MATE2-K (also known
as SLC47A2) including the haplotypes and diplotypes of the
reduced-function alleles in OCT! have previously been de-
scribed [16].

Study design

The study was designed as a randomised crossover trial with a
wash-out period of at least 4 weeks between the phases.
Sealed envelopes were used for the randomisation procedure.
The random allocation sequence was generated with assis-
tance from the Good Clinical Practice (GCP) unit, Odense
University Hospital, Denmark. The primary investigator en-
rolled the participants. To ensure that gluconeogenesis was the
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main contributor to glucose production, the healthy individ-
uals were fasted for 42 h, after which hepatic glycogen stores
are known to be almost completely exhausted [17]. Moreover,
the liver is the main gluconeogenic source when individuals
are fasted for <60 h. However, as time goes by, the contribu-
tion from the kidneys will increase [17].

Phase A The individuals were admitted to the Department of
Endocrinology, Odense University Hospital, Denmark, at
16:00 hours after 20 h of fast. The next day at 08:00 hours,
after 36 h of fast, the experiment was initiated. Two catheters
were inserted into contralateral antecubital veins. One of them
was used for [3-*H]glucose tracer infusion and the other for
collection of blood samples. The latter was placed and main-
tained in a heated plexiglass box for arterialisation of venous
blood. A primed-constant intravenous infusion of
[3-*H]glucose was initiated and continued throughout the next
6 h using a precision syringe pump (Harvard Apparatus,
Natick, MA, USA). The ratio between priming dose and con-
stant tracer infusion was 100:1. To achieve a common level of
basal plasma-specific activity, the tracer infusion rate was ad-
justed for body surface area by adjustment of the infusate vol-
ume as previously described [18, 19]. Blood samples were
collected at timed intervals (0, 1, 2, 3, 4, 5, 5.5 and 6 h) for
determination of plasma cortisol, plasma NEFA, plasma gluca-
gon, serum insulin and C-peptide. For plasma glucose, plasma
lactate and plasma [3-"H]glucose activity, blood samples were
collected every 15 min for the 6 h period. Both plasma glucose
and lactate were measured bedside. Additional blood samples
were immediately centrifuged; serum samples were stored at
—80°C and plasma samples at —20°C until analysis. Indirect
calorimetry was performed using a ParvoMedics TrueOne
2400 (Sandy, UT, USA) automated gas analysis system. After
an equilibration period of 10 min, the average gas exchange
rates recorded over the two 30-min steady-state periods
(90-120 min and 330-360 min) were used to calculate rates
of glucose oxidation, lipid oxidation, and respiratory exchange
ratio (RER) and resting energy expenditure (REE) as previously
described [20]. The protein oxidation rate was estimated from
urinary urea nitrogen excretion (1 g nitrogen=6.25 g protein)
and corrected for changes in pool size.

Phase B When the experiment and the sampling started in this
phase, all individuals were in steady state with 1,000 mg met-
formin twice daily. For 7 days, they had ingested tablets of
metformin (Metformin ‘Actavis’, Denmark, 500 mg) at 08:00
hours and 20:00 hours (Day 1: 500 mg a.m. and 500 mg p.m.;
Day 2: 500 mg a.m., 1,000 mg p.m.; Days 3, 4, 5 and 6:
1,000 mg a.m. and 1,000 mg p.m.; Day 7: 1,000 mg a.m.).
As in phase A, the individuals were admitted to the
Department of Endocrinology, Odense University Hospital,
Denmark, at 16:00 hours after 20 h of fast. The experiment
was initiated the next day at 08:00 hours, after 36 h of fast.
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The experiment was performed as in phase A and the fast
likewise ended after 42 h.

Study procedure

The study was conducted in accordance with the Helsinki
Declaration and Good Clinical Practice and monitored by
the GCP unit, Odense University Hospital, Odense,
Denmark. It was approved by the Danish Health and
Medicines Authority (J. no: 2011050747), the Danish Data
Protection Agency (J. no. 2011-41-6231) and the Regional
Committee on Biomedical Research Ethics of Southern
Denmark (Project ID: S-20110082). It is registered in the
European Clinical Trial Database (EudraCT no.: 2011-
001696-39) and at ClinicalTrials.gov (registration no.
NCT01400191).

Analytical methods

Plasma glucose and lactate were measured using an ABL800
FLEX Analyzer (Radiometer, Copenhagen, Denmark). Serum
insulin and C-peptide were measured using COBAS immuno-
assay platforms (Roche Diagnostics, IN, USA). Plasma NEFA
concentration was measured using a colorimetric assay kit
(Wako Chemicals, Richmond, VA, USA) using a COBAS
FARA 2 Autoanalyzer (Roche Diagnostic, Rotkreuz,
Switzerland). Serum cortisol was measured by a chemilumines-
cent method using an Immulite 2000 (DPC Cirrus, Los Angeles,
CA, USA). The plasma glucagon concentration was determined
by a validated antibody method previously described [21].

Statistical analysis and considerations

The demographic data are presented as medians with 25th to
75th percentiles; others are listed as means with 95% ClIs
unless otherwise specified. The difference in the EGP was,
guided by qqg-plots, found to follow a Gaussian distribution.
Statistical inference of the primary endpoint for OCT/
diplotypes was analysed using one-way ANOVA. Paired ¢
tests were used to determine significance between the two
periods. A level of p<0.05 was considered statistically signif-
icant. All statistical analyses were performed using STATA
11.0 (StataCorp, College Station, TX, USA).

Sample size

The sample size calculation was based on the primary out-
come represented by differences in HGP between individuals
homozygous and heterozygous for reduced-function alleles in
OCT1 (rs12208357, rs72552763, rs34130495 and
rs34059508). Based on an interindividual coefficient of vari-
ance for HGP of 18% after 40 h of fast [22], it was estimated
that a true difference of 25% could be detected, given a two-
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sided level of significance of 0.05 and a power of 80%, by
using 12 individuals in each group and taking into account a
dropout rate of 20%.

Calculations

After a 2 h basal tracer equilibration period, calculation of
glucose turnover rates for the following 4 h period was based
on determinations of plasma glucose concentration and
[3-*H]glucose activity as previously described [18]. Rates of
total glucose appearance (Ra) and glucose disposal (Rd) were
calculated using Steele’s non-steady-state equations [18]. In
these calculations, the distribution volume of glucose was set
to 200 ml/kg body weight and the pool fraction to 0.65 [18]. In
the final 4 h period, EGP was assumed to equal Ra. The
in vivo glycolytic flux rates were calculated from the genera-
tion rates of plasma *H,O from [3->H]glucose, assuming that
all tritium in the C-3 position was lost to water during the
glycolytic process as previously described in detail [23].
Non-oxidative glucose metabolism (NOGM) was calculated
as the difference between Rd and glucose oxidation.

Genotyping, linkage disequilibrium, haplotype
and diplotype inference

Genotyping of OCT1I including inferring the haplotypes and
diplotypes of the reduced-function alleles in OCT1 has previ-
ously been described in detail in a separate publication [16].

Results

Thirty-seven healthy individuals of European descent partici-
pated in the study, of which 34 (12 women and 22 men) com-
pleted the study. One was excluded due to early onset of diar-
rhoea and two found the fast too challenging. Twelve had none,
13 had one, and nine had two reduced-function alleles in OCT1.
The flow diagram is shown in Electronic Supplementary
Material (ESM) Fig. 1. The demographic characterisation is
shown in Table 1. At inclusion, no significant differences in
the values were seen among the different OCT/ diplotypes.
The distribution of sex for 0, 1 or 2 reduced-function OCT!
alleles was (men/women) 7/5, 9/4 and 6/3.

During treatment with metformin, both EGP and Rd in-
creased significantly in the study period from 2 to 6 h
(38—42 h fast): (EGP.oniro1 VS EGPpetformin, 56.2 Vs
70.1 mg min~! m % Rdeonirol VS Rdmetformin, 37.3 VS
70.6 mg min~' m 2 [Table 2, Fig. 1]). Moreover, in response
to treatment with metformin, both the NOGM and the glycolyt-
ic flux increased significantly during the 30-min steady-state
period from 330 to 360 min (41.5-42 h fast): NOGMcongo) VS
NOGMetformins 49.6 vs 64.9 mg min ' m % Glycolytic
fluxXcontror VS Glycolytic fluXgeiformin, 43.9 Vs
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Table 1  Demographic information at inclusion
Demographic information Median  25th—75th percentile
Age at inclusion (years) 25 24-27
HbA. (%) 5.1 5.0-53
HbA . (mmol/mol) 32 31-34
BMI (kg/m?) 23.0 222-252
BSA (m?) 2.0 1.8-2.1
Plasma creatinine (pumol/l) 80 71-85
Plasma alanine aminotransferase (U/l) 24 20-32
HDL-cholesterol (mmol/l) 1.4 1.2-1.7
LDL-cholesterol (mmol/l) 2.9 24-33
Triacylglycerol (mmol/l) 1.0 0.8-1.3
Total cholesterol (mmol/l) 4.7 4.3-5.6
GFR; (ml/min) 108 91-120

BSA, Body surface area=Weight®*** xHeight” "> x0.007184 [40]

GFR;: The individual GFRs=(eGFR xBSA)/1.73 m? =[175x(plasma
creatinine/88.4) 1% x (age) 2% x(0.742 if female)x(1.21 if African-
American)xBSA]/1.73 m? [41]

57.2 mg min ' m ™2 [Table 3]). No significant changes were seen
in RER, REE, glucose or lipid oxidation. Consistent with the
steady decline in plasma glucose from 2 to 6 h, Rd was slightly
higher than EGP both during the control (difference
1.1 mg min"" m 2 [95% CI 0.8, 1.3]; p=1.2x10"*) and the
metformin (difference 0.5 mg min ' m™2 [95% CI 0.2, 1.0]; p=
0.007) period.

Plasma glucose, insulin, C-peptide and NEFA mean values
did not differ statistically; however, during the first 2-3 h
(36-39 h fast), the plasma glucose levels visually appeared
to be lower during metformin treatment (Figs 1, 2). Mean
plasma lactate increased significantly during metformin treat-
ment; however, it remained within the normal range
(<2.0 mmol/l): Plasma lactate.,,qo1 VS plasma lactate,,eiformin,
0.85 vs 0.95 mmol/l. Both plasma cortisol and glucagon mean
values increased significantly when the healthy individuals
were treated with metformin: (plasma cortisol oo VS plasma
cortisolyetformin, 367 Vs 425 nmol/l; plasma glucagongongor VS
plasma glucagon,eiformin, 12-8 vs 14.2 pmol/1 [Table 2, Figs 1,
2]). As observed previously at the end of a 72 h fast [24], we
observed higher levels of all measured substrates and hor-
mones in the beginning of the study period after the first
36 h of fasting. These baseline samples were drawn before
any infusion or priming dose was given. This could be ex-
plained by the anticipation of food intake (the cephalic phase)
as well as peak levels of cortisol in the morning [25].

The different OCT1 diplotypes had no effect on EGP, Rd,
glycolytic flux, substrate oxidation, NOGM or plasma/serum
levels of glucose, lactate, insulin, C-peptide, cortisol or NEFA
(ESM Tables 1, 2). For plasma glucagon, there was a signif-
icant difference for the different OCT! diplotypes: none, one
or two reduced-function alleles: 2.4, —0.8 and 1.8 pmol/l;
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Table 2  The impact of metformin on the endogenous glucose turnover, substrates and hormones during a glycogen-depleting fast

Mean, ¢ 1, Control

EGP (mg min' m™?)

Rd (mg min"' m?)

562 (54.4, 58.1)
573 (55.5,59.1)
3.7(3.6,3.9)

0.85 (0.80, 0.89)
14.8 (12.8, 16.7)
223 (202, 244)

367 (320, 414)

12.8 (11.1, 14.5)
1,194 (1,101, 1,286)

Plasma glucose (mmol/1)
Plasma lactate (mmol/l)
Serum insulin (pmol/l)
Serum C-peptide (pmol/l)
Serum cortisol (nmol/I)
Plasma glucagon (pmol/l)
Plasma NEFA (pmol/l)

Metformin treatment p

70.1 (67.6, 72.6) 310713
70.6 (68.2, 73.1) 8§x107 13
3.7(3.5,3.9) 0.52
0.95 (0.90, 1.00) 4x107°
16.1(13.9, 18.3) 0.14
221 (197, 244) 0.77
425 (370, 480) 0.002
14.2 (125, 16.0) 0.03°
1,205 (1,112, 1,298) 0.56

Data are presented as means with 95% Cls

Statistical inferences of the results were analysed using a paired ¢ test

# Owing to the visual inclining response, statistical inference AUC, ¢ for glucagon was analysed using a paired ¢ test. Glucagon mean is estimated as:

Mean24=(AUC24,)/4 h
p=0.02. However, the observation is ambiguous. No signifi-
cant changes were seen in RER or REE between the periods

for any of the OCT diplotypes (data not shown). When tested
individually, none of the single nucleotide polymorphisms

a

90
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EGP (mg min"'m™)

60 -
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(9]

4.4

4.2

4.0 ~

3.8 N

Plasma glucose (mmol/l)

3.6

3.4

0 1 2 3 4 5 6
Time (h)

(SNPs) in OCTI (rs12208357, 1s34130495, rs72552763,
rs34059508, rs461473, rs622342), OCT2 (1s316019),
MATE] (152289669, 152252281) or MATE2-K (rs12943590)
significantly affected the observed increase in EGP; nor were

b 90
\{“H\}\ Ao

iy L
. Time (h)

Plasma lactate (mmol/l)

0.6

Fig. 1 Graphic illustrations of EGP (a), Rd (b), plasma glucose (¢) and plasma lactate (d) profiles for the two study periods. Data are presented as means

with 95% ClIs. Circles, metformin period; triangles, control period
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Table 3  The impact of metformin on NOGM, glucose oxidation, lipid oxidation and the glycolytic flux

Means s ¢ 1 Control Metformin treatment p

NOGM 49.6 (42.2,57.0) 64.9 (60.5, 69.2) 0.001
Glucose oxidation 5.1(=29,13.1) 29 (-1.6,7.3) 0.61
Lipid oxidation 45.3 (39.9, 50.6) 47.0 (42.7,51.2) 0.57
Glycolytic flux 43.9 (42.1, 45.7) 57.2 (54.9, 59.0) 1.7x1071
RER 0.74 (0.73, 0.75) 0.73 (0.72, 0.74) 0.14

REE (kJ/day) 6,863 (6,362, 7,364) 6,978 (6,541, 7,415) 0.62

All the rates of metabolism are given as mg min ' m 2

The results are presented as means with 95% Cls

Indirect calorimetry was performed over the 30-min steady-state period from 330 to 360 min

Statistical inferences of the Means s ¢ 1, result were analysed using a paired # test

any interactions between rs2252281 and rs12943590 or
152289669 and rs622342 observed.

Discussion

In this study, we examined the effect of metformin on whole-
body glucose metabolism in healthy individuals after a
glycogen-depleting fast and the role of reduced-function al-
leles in OCTI. All individuals completed both of the
glycogen-depleting fasting periods without hypoglycaemia.
We found that metformin significantly stimulated glucose dis-
posal rates, NOGM, glycolytic flux and increased plasma lac-
tate, glucagon and cortisol levels. This was accompanied by a
comparable increase in EGP, whereas no effect on glucose and
lipid oxidation or plasma glucose, insulin, C-peptide and
NEFA levels was observed. In contrast to our hypothesis, we
found no effect of the reduced-function OCT1/ alleles for any
of the measured variables. Our data support the notion that
metformin stimulates glycolytic glucose utilisation, and that
the ability of metformin to inhibit hepatic glucose output can
be overruled by a rise in counter-regulatory hormones to pro-
tect against hypoglycaemia.

Evidence from clinical studies suggests that a pivotal func-
tion of metformin is to inhibit gluconeogenesis and thus de-
crease HGP in patients with type 2 diabetes [2, 26]. The basal
rate of glucose production and of gluconeogenesis has been
reported to be higher in patients with type 2 diabetes compared
with healthy individuals [2]. In the present study, it was there-
fore to some extent unexpected that EGP increased significantly
when the fasting healthy individuals were treated with metfor-
min. It appeared that this increase in EGP was a counter-
regulatory response to the observed stimulation of glycolytic
glucose utilisation and lactate production, including increasing
levels of the glucose counter-regulatory hormones, glucagon
and cortisol. This interpretation is supported by evidence that
metformin accumulates in the intestine and stimulates anaerobic
glucose metabolism to lactate [4]. Moreover, to our knowledge,

there is no evidence that metformin directly stimulates EGP or
that an increased EGP per se is capable of driving an increased
glycolytic flux. Thus, under the given study conditions, it is
reasonable to assume that the glycogen-depleting fast combined
with the metformin-induced peripheral glucose utilisation
caused a rise in EGP rather than the reverse to protect against
hypoglycaemia. Although further studies are warranted, our
study suggests that metformin may not inhibit EGP in healthy
individuals. However, our study does not exclude that the
glucose-lowering effect of metformin in patients with type 2
diabetes is mainly due to inhibition of HGP, e.g. by blocking
glucagon-dependent hepatic glucose output [7, 8]. In patients
with type 2 diabetes this could involve increased circulating
glucagon levels and enhanced hepatic sensitivity to glucagon,
which is believed to contribute to an elevated HGP [27-29].
Furthermore, the counter-regulatory system may not be fully
intact in patients with type 2 diabetes, and, therefore, further
studies are needed to verify these mechanisms in the target
cohort.

When individuals are fasted for <60 h, the liver is the main
gluconeogenic source [17]. Although our study method only
allows determination of EGP, this suggests that the observed
increase in glucose output in response to metformin was main-
ly coming from the liver. After 60 h of fast, renal gluconeo-
genesis accounts for ~20% of the endogenous glucose turn-
over [17]. In addition, animal data indicate that during fasting,
intestinal glucose production could be present [30], but this
observation needs further validation in humans. However,
even if extrahepatic EGP contributes to the regulation of glu-
coneogenesis during our study conditions, it is most likely that
the kidney and intestine would respond similarly to metformin
and the observed increased glycolytic flux as the liver. While
any extrahepatic EGP may limit our ability to draw conclu-
sions concerning HGP, it would not confound the overall in-
terpretation that EGP is increased to protect against
hypoglycaemia.

Our findings are in agreement with what we [3] and others
[4] have previously shown, i.e. that metformin augments the
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Fig. 2 Graphic illustrations of serum insulin (a), serum C-peptide (b), plasma glucagon (¢) serum cortisol (d) and plasma NEFA (e) profiles for the two
study periods. Data are presented as means with 95% Cls. Circles, metformin period; triangles, control period

peripheral glucose uptake. The increase in Rd was fully ex-
plained by the observed concomitant increase in glycolytic
flux. Our data indicate that to protect against hypoglycaemia,
this increase in glycolytic flux was accompanied by an in-
creased EGP that appeared to be mediated by the increased
plasma lactate, glucagon and cortisol levels. However, our
study is limited by the use of a single tracer approach, and
our data do not fully prove that the observed increases in
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lactate, glucagon and cortisol are responsible for the increase
in EGP. This needs to be clarified in further studies.

The NOGM increased significantly during metformin treat-
ment. Generally speaking, NOGM is the result of glycogen
storage or lactate production [31]. As a result of the fasting
condition, the observed increase in NOGM reflects a non-
storage situation. In agreement with this, we also observed
an increased lactate production. Metformin is mainly absorbed
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in the small intestine [32], and it has been shown to accumu-
late in enterocytes and increase the anaerobic glucose metab-
olism [4]. A portal surplus of intestinally generated lactate can
be extracted by liver and converted back to glucose. It has
been speculated that this splanchnic glucose—lactate cycle
could sustain gluconeogenesis and protect against
metformin-induced hypoglycaemia during fasting [33]. In
contrast, metformin has not been shown to increase lactate
production in muscle, fat or brain tissue [4]. However, further
studies are necessary to establish the potential role of this
splanchnic glucose—lactate cycle in response to metformin.

Recently, it was suggested that metformin suppresses gluco-
neogenesis by inhibiting the redox shuttle enzyme mGPD and
indirectly decreases the substrate fluxes of lactate and glycerol
to gluconeogenesis in the liver [8]. Others have suggested that
metformin indirectly antagonises the major glucose counter-
regulatory hormone glucagon [7]. If these two proposed mech-
anisms were essential for metformin’s mode of action and
completely block the ability to raise HGP, protection against
hypoglycaemia would be impaired during fast. Our results con-
vincingly demonstrate that this is not the case in fasting healthy
individuals. We find that a surplus of lactate, glucagon and
cortisol appears to be able to stabilise plasma glucose and over-
rule the increased glycolytic flux during metformin treatment.
In support, 1 g metformin given intravenously to healthy indi-
viduals does not possess any acute direct hypoglycaemic effect
[34]. This observation suggests that intestinal passage with lo-
cal effects of metformin could be of importance for the response
to metformin. However, we cannot exclude that repeated dos-
ing is needed, whether given i.v. or orally, in order to achieve
accumulation and stimulation of glycolytic processes in tissues
such as enterocytes, for example.

Both the pharmacokinetics and -dynamics of metformin
are subject to drug—drug interactions [35], and the steady-
state plasma concentration of metformin seems to be under
little, if any, genetic control [36] even though the pharmaco-
dynamics is more tightly genetically controlled [37]. In the
present study, we also investigated the putative role of OCT1
on both the pharmacokinetics [16] and -dynamics of metfor-
min. The pharmacological rationale for this approach was that
metformin, due to its hydrophilic properties, depends highly
on OCT1 membrane transport to reach its hepatic site of ac-
tion. Individuals carrying reduced-function OCT/ diplotypes
were expected to have a decreased transport of metformin into
the hepatocytes and a smaller reduction in the HGP compared
with individuals carrying wild-type alleles. As described
above, neither the EGP nor any of the other variables were
affected by the OCT1 allele status. This is in contrast to pre-
vious studies [12, 13, 38] and in agreement with others [14,
39]. Most studies differ with respect to dosing of metformin
(not only in amount but also single dose vs steady state) or
participant population (type 2 diabetic patients vs healthy in-
dividuals) and may not be directly comparable. In the present

study, we used EGP as a measure of metformin effect instead
ofthe OGTT previously applied. We believe that the OGTT is
a suboptimal test for a pharmacodynamic evaluation of met-
formin. We report that metformin increases EGP in healthy
individuals suggesting that the primary site of action for met-
formin is not the liver. If indeed metformin stimulates the
intestinal glycolytic glucose utilisation in healthy individuals,
changes in OGTT in response to metformin treatment may
reflect an increased intestinal utilisation of glucose and not a
decreased hepatic glucose output.

We cannot fully exclude the possibility that reduced-
function OCT! variants could play a minor role for the effect
of metformin on HGP and/or HbA,. in patients with type 2
diabetes. Prospective geno- to phenotype tracer studies may
help answer this question. However, future pharmacogenomics
studies with metformin should focus on applying more poly-
genic approaches instead of focusing on SNPs in few genes.

In summary, we have demonstrated that metformin in the
glycogen-depleted fast state stimulates glycolytic glucose
utilisation and lactate production. To protect against
hypoglycaemia, this appears to trigger a rise in glucose
counter-regulatory hormones and subsequently an increase in
the EGP. Our findings exclude that differences in EGP of 25%
or more can be related to the OCT! genomic variants studied.
We found no statistically significant differences among the sec-
ondary variables, and, therefore, clinically meaningful effects of
the OCT1 genotype variants on the pharmacodynamics of met-
formin appear unlikely. The latter finding suggests that the liver
may not be the primary site of action of metformin. While
further studies are needed, this study provides important insight
into compensatory mechanisms by which hypoglycaemia is
counteracted in response to metformin during fast.
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