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Objective: Metformin was shown to exert an antilipolytic action in adipose tissue (AT)
that might mediate beneficial effects on lipid metabolism in diabetic patients. However,
during exercise, the inhibition of induced lipolysis in AT would limit the energy substrate
supply for working muscle. Thus, the aim of this study was to investigate whether
metformin exerts inhibitory effect on exercise-induced lipolysis in subcutaneous adipose
tissue (SCAT) (Moro et al., 2007) in humans.

Approach: Ten healthy lean men underwent two exercise sessions consisting of 60 min
of cycling on bicycle ergometer combined with (a) orally administered metformin and (b)
metformin locally administered into SCAT. Microdialysis was used to assess lipolysis in
situ in SCAT. Glycerol, metformin and lactate were measured in dialysate and plasma by
enzyme colorimetric kits and capillary electrophoresis.

Results: Metformin levels increased continuously in plasma during 3 h after oral
administration, and peaked after 3.5 h (peak concentration 4 wg/ml). Metformin was
detected in dialysate outflowing from SCAT and showed a similar time-course as that in
plasma with the peak concentration of 1.3 wg/ml. The lipolytic rate in SCAT (assessed as
glycerol release) increased in response to exercise (4.3 + 0.5-fold vs. basal; p = 0.002)
and was not suppressed either by local or oral metformin administration. The lactate
levels increased in plasma and in dialysate from SCAT after 30-60 min of exercise (3.6-
fold vs. basal; p = 0.015; 2.75-fold vs. basal; p = 0.002, respectively). No effect of
metformin on lactate levels in SCAT dialysate or in plasma during exercise was observed.

Conclusion: Metformin did not reduce the exercise-induced lipolysis in SCAT. This
suggests that metformin administration does not interfere with the lipid mobilization and
energy substrate provision during physical activity.
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INTRODUCTION

Metformin and physical activity are recommended as the first
therapeutic agents to improve glycemic control in prediabetes
and type 2 diabetes patients (Ortega et al., 2014). Metformin
improves various features of systemic metabolism, such as insulin
sensitivity, glycated hemoglobin levels, or plasma cholesterol in
patients with type 2 diabetes (Robinson et al., 1998). It has
been shown that metformin also reduces plasma concentration
of free fatty acids (FFA) and it was hypothesized that this
reduction was caused partially by inhibition of lipolysis in

adipose tissue (AT) (Flechtner-Mors et al., 1999). In 3T3-
L1 cells as well as in human primary adipocytes metformin
inhibited catecholamine- and ANP-stimulated lipolysis through
activation of AMP-activated protein kinase (AMPK) (Zhang
et al., 2009; Bourron et al., 2010). Thus, it could be hypothesized
that metformin might inhibit the exercise-induced lipolysis
in AT as this is mediated - among other pathways -
by catecholamines and ANP. As the inhibitory effect of
metformin for both of these pathways was demonstrated either
in vitro or in situ condition with pharmacological doses of
metformin, we aimed in this study to verify whether metformin

Protocol 1) oral administration of metformin

Insertion of microdialysis catheters
Single dose of metformin

Plasma collection

~B—
A

| Equilibration |

probe 1 (Ringer)

probe 2 (metformin)

Basal

SCAT dialysate collection

| Exercise

l l l l l time (min)
I | > > > | ! %, o o
0 60 90 120 150 165 180 195 210 240 270
- probe 1 (Ringer)
pé—  probe2 (Ringer) SCAT dialysate collection
| Equilibration | Basal | Exercise Recovery
Protocol 2) administration of metformin locally to AT
Insertion of microdialysis catheters
Plasma collection
l l l l l l time (min)
[ f A o S ! 3 o o o S
0 60 90 120 150 165 180 195 210 240 270

Recovery

>
>

> >
> >

FIGURE 1 | Scheme of the experimental protocols: two probes were connected to a microperfusion pump and perfused at a flow rate 2.5 pl/min. In the Protocol 1:
oral metformin administration, both probes were perfused by sterile Ringer’s solution; after 90 min of equilibration, two basal dialysate fractions were collected in

30 min interval, then the subjects performed 60-min exercise bout at 50-55% VO2peak followed by 60 min of recovery period. Dialysate was collected in 15 min
intervals during exercise and in 30 min intervals at the recovery period. Blood samples were taken in 30 or 60 min intervals. Glycerol and lactate was measured in
dialysate collected from the first probe, metformin pharmacokinetics was analyzed in the dialysate from the second probe. In the Protocol 2: local metformin
administration, the first probe was perfused by sterile Ringer’s solution, the second probe was perfused by Ringer’s solution with 1 mM metformin, (flow rate

2.5 ul/min). After 90 min of equilibration two basal dialysate fractions were collected in 30 min interval, then the subjects performed 60-min exercise bout at
50-55% VO2peak followed by 60 min of recovery period. Dialysate was collected in 15 min intervals during exercise and in 30 min intervals at the recovery period.
Blood samples were taken in 30 or 60 min intervals. Glycerol and lactate were measured in dialysate collected from the both probes.
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FIGURE 2 | In vitro relative recovery (%) of metformin for the microdialysis
probes with cut-off 20 kDa in relation to the flow rate of perfusion (n = 6).
Relative recovery was calculated as the ratio of metformin concentration in
dialysate to concentration in the stock solution.

will inhibit lipolysis also in a physiological condition (i.e.,
exercise).

However, the inhibition of AT lipolysis during physical activity
would affect fatty acids mobilization necessary to supply energy
for working muscle and heart. In this respect, inhibition of
lipolysis by metformin might be considered as undesirable
effect of this drug, and thus metformin administration might
influence the tolerance of an exercise of long duration. Although
metformin was shown to enhance the insulin-sensitizing effect
of exercise in insulin resistant patients (Ortega et al,, 2014),
or to induce higher oxygen consumption and lower lactate
response during exercise (Johnson et al.,, 2008), the effects of
metformin on exercise-induced lipolysis in AT has not been
investigated, yet. Thus, in this study, we examined the effect of
metformin on lipolysis in subcutaneous adipose tissue (SCAT)
during an acute bout of exercise using microdialysis technique
in situ in healthy lean men. It should be mentioned, that this
study was carried out in young healthy lean men, as in obese
or in diabetic patients the exercise-induced or catecholamine-
stimulated lipolysis is impaired (Stich et al., 2000b; Verboven
et al., 2016) and the possible antilipolytic effect of metformin
could be masked. Thus, we aimed to demonstrate the antilipolytic
effect of metformin during exercise in standard physiological
condition. Moreover, we have assessed pharmacokinetics of
metformin in the dialysate outflowing from SCAT after a
single oral administration of metformin. The study could bring
important evidence based recommendations to combination of
physical activity and metformin therapy.

MATERIALS AND METHODS

Subjects

Ten lean men (age 27.2 & 0.4 years; BMI 23.6 + 0.5 kg/m?)
were recruited for the study. Exclusion criteria were: no weight
change within 3 months before the study, smoking, hypertension,
impaired fasting glucose, diabetes, hyperlipidemia, drug, or

alcohol abuse. This study was carried out in accordance with the
recommendations of The Ethical committee of the Third Faculty
of Medicine (Charles University, Prague, Czechia). The protocol
was approved by the Ethical committee of the Third Faculty
of Medicine (Charles University, Czechia). All participants
provided written informed consent prior the start of the study.

Experimental Protocol
The subjects underwent complete clinical investigation in the
fasted state, including anthropometric and body composition
measurement (Bodystat QuadScan 4000; Bodystat Ltd., British
Isles). After that the catheter was placed in their antecubital
vein, and two microdialysis probes (20 mm x 0.5 mm; 20 kDa
cutoff; Carnegie Medicine, Stockholm, Sweden) were inserted
percutaneously after epidermal anesthesia (1 mL of 1% Mesocain,
Zentiva, Czechia) into the SCAT at a distance of 10 cm from
the umbilicus. The probes were connected to microperfusion
pump (Harvard Apparatus, France) and perfused at a flow rate
2.5 pl/min. Subjects performed two protocols consisting of a
60 min exercise bout with at least 1 week interval between
them, in random order. The exercise intensity corresponding
to 55-60% of coronary heart rate reserve calculated according
to Karvonen formula (Karvonen et al., 1957) was chosen
as it represents optimal intensity for significant increase of
lipolysis in healthy lean men (Moro et al., 2007). In protocol 1,
metformin (Teva Pharmaceuticals, Czechia) was administered
orally (2250 mg/single dose) 2.5 h before the start of the
exercise. Both microdialysis probes were perfused with Ringer
solution. In the dialysate from one probe glycerol and lactate
concentrations were measured. In the dialysate from the second
probe metformin concentration was measured. In protocol 2,
metformin was administered locally into SCAT by perfusion
into one microdialysis probe (1 mM, 2.5 pl/min). The second
probe was perfused by Ringer solution (control). Glycerol and
lactate concentrations were measured in the dialysate collected
from both probes. According to reported pharmacokinetics of
metformin in plasma, the exercise bout was subjected at expected
peak levels after one-dose metformin administration (FDA;
2.64 £ 0.82 h). The detailed protocol description is depicted in
Figure 1.

In in vitro experiment, the recovery of metformin through
microdialysis probe was assessed using zero-flow method as
described before (Siklova-Vitkova et al., 2009).

Plasma Analyses

Plasma levels of glucose, insulin, and lipid parameters were
determined using standard methods in certified laboratories.
FFA in plasma, and glycerol in plasma and dialysate were
measured using enzymatic colorimetric kits (Randox, Crumlin,
United Kingdom). Lactate and metformin in dialysate and
plasma were analyzed by capillary electrophoresis, as described
before (Tuma, 2014).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6
(GraphPad Software, Inc., San Diego, CA, United States). The
differences in the concentration of analytes (glycerol, lactate,
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FIGURE 3 | Time-course of metformin, glycerol, FFA, and lactate during experimental exercise protocols with or without metformin treatment: (A) metformin levels in
plasma and in dialysate outflowing from SCAT after oral administration of metformin; (B) glycerol levels in dialysate outflowing from SCAT; (C) lactate levels in
dialysate outflowing from SCAT; (D) FFA levels in plasma; (E) glycerol levels in plasma; (F) lactate levels in plasma. Values are means + SEM represented by vertical
bars. Significant difference from of pre-exercise levels (baseline): *p < 0.05, **p < 0.01, **p < 0.001 (One-way ANOVA with Bonferroni post hoc analysis).
~significant values apply to all three curves. SCAT, subcutaneous adipose tissue; FFA, free fatty acids.

metformin, FFA) in time during experimental protocols were
analyzed by One-way ANOVA with Bonferroni post hoc analysis.
The difference in concentration of analytes (glycerol, lactate,
metformin, FFA) in plasma or dialysate between the Protocol 1
and 2 or between the two probes in Protocol 1 was analyzed using
Two-way ANOVA with Bonferroni post hoc analysis. Data are
presented as mean + SEM. Differences at the level of p < 0.05
were considered statistically significant.

RESULTS

In Vitro Relative Recovery of Metformin

Relative recovery (Bourron et al., 2010), defined as the ratio of
“metformin concentration in dialysate outflowing from the probe”
and “metformin concentration in stock solution,” was determined
for different flow rates. The relationship between RR and the
perfusion flow rates is presented in Figure 2. The flow rate of
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TABLE 1 | Anthropometric and biochemical parameters of the subjects.

healthy lean men (n = 10)

Age (years) 272+1.4
Weight (kg) 791 7.7
BMI (kg/m?) 236+ 1.6
Fat mass (%) 1156+ 3.6
Fat-free mass (%) 88.5 + 3.6
Cholesterol (mmol/L) 3.7+06
HDL-C (mmol/L) 1.3+02
Triglycerides (mmol/L) 0.7 £0.1
Glucose (mmol/L) 50+0.3
Insulin (MU/L) 3.7+18
HOMA-IR 0.8+04

Data are presented as mean + SD; BMI, body mass index; HOMA-IR, homeostasis
model assessment of the insulin resistance index; HDL-C, HDL cholesterol.

2.5 pl/min was chosen as the best compromise between the
magnitudes of RR and flow rate for all further experiments.

Pharmacokinetics of Metformin in the
Dialysate From Adipose Tissue After
Single Oral Dose

After administration of a single dose of 2250 mg the metformin
levels were steadily increasing in plasma as well as in SCAT
dialysate for 3.5 h and declined thereafter (Figure 3A).
Concentration of metformin in dialysate outflowing from
SCAT ranged between 0.44 and 1.34 pg/mL, which represent
approximately 30% of the concentration in plasma (Figure 3A).

Effect of Locally and Orally Administered
Metformin on Lipolysis in SCAT During

Exercise

Ten healthy lean men underwent two experimental protocols
with acute bout of exercise and metformin administration: (1)
orally (2250 mg/acute dose) 2.5 h before the start of exercise;
(2) locally directly into AT by microdialysis probe (1 mM,
2.5 pl/min). Anthropometric and biochemical parameters of the
subjects, who underwent the experimental protocol are shown in
Table 1.

The glycerol concentration in the dialysate from SCAT
increased during exercise (4.3 % 0.5-fold vs. basal; p = 0.002).
There was no difference in dialysate glycerol response after
oral administration of metformin in Protocol 1 when compared
with the glycerol response in the control (i.e., probe perfused
with Ringer) in Protocol 2. In Protocol 2, there was no
difference in the glycerol response in the probe with locally
perfused metformin when compared with the response in
control probe perfused with Ringer (Figure 3B). Thus, neither
type of metformin administration had inhibitory effect on
lipolysis induced in SCAT by a single bout of exercise.
Similarly, the oral administration of metformin had no effect
on circulating glycerol (p = 0.46) and fatty acid levels in
plasma (p = 0.18) (Figures 3D,E) at the end of exercise in
210 min.

The lactate levels increased in plasma and in dialysate from
SCAT after 30-60 min of exercise (3.6-fold vs. basal; p = 0.015;
2.75-fold vs. basal; p = 0.002; respectively) (Figures 3C,F).
Metformin administration did not affect lactate concentration in
dialysate (Figure 3C) or in plasma (Figure 3F).

DISCUSSION

In this study we have demonstrated that metformin is distributed
in SCAT after single oral dose administration, and that
metformin administration exerts no inhibitory effect on exercise-
induced lipolysis in healthy lean men.

Pharmaco-kinetics measurements have shown that maximal
metformin plasma concentrations are typically reached after
2.64 £ 0.82 h (FDA) after orally administered dose. Similarly, in
the current study we observed maximal concentrations between
180 and 210 min after the oral administration in SCAT and
in plasma. Mean dialysate concentrations were approximately
30% of those in plasma. According to in vitro metformin
recovery (80%) the concentration in SCAT interstitium might
be estimated as 0.55 - 1.68 pwg/mL. Nevertheless, the recovery
of the probe in vivo may differ from that in vitro as we
have shown before (Siklova-Vitkova et al., 2009), thus these
values have to be considered with caution. The limitation
of the present study is that it was not possible to measure
precise in vivo recovery (i.e., concentration) of metformin in
SCAT in our subjects, as the “stable-in time” concentration of
metformin in SCAT is a necessary condition for the zero-flow
method.

It was shown previously, in human and rodent isolated
adipocytes, that metformin treatment inhibited catecholamine
and ANP-stimulated lipolysis through its action on AMPK
(Zhang et al., 2009; Bourron et al., 2010). Metformin activation
of AMPK led to the inhibition of phosphorylation of HSL
preventing HSL translocation to lipid droplet (Bourron et al.,
2010). However, the inhibition of stimulated lipolysis during
exercise might be regarded as unfavorable process as fatty acids
released by adipose tissue serve as energy substrate for other
organs, especially for working muscle.

Importantly, no inhibition of exercise-stimulated lipolysis in
SCAT by in situ or oral metformin administration was found
in the present study. It should be emphasized that previously
reported studies dealt with in vitro systems (isolated adipocytes)
(Zhang et al, 2009; Bourron et al, 2010) and employed
supraphysiological (2 mM) concentration of metformin, i.e.,
approximately 200 times higher than that found in adipose
tissue in this study. In vivo inhibition of lipolysis in SCAT was
shown only after local stimulation of the adrenergic pathway in
one study (Flechtner-Mors et al., 1999). Our protocol employs
physical activity, which represents physiological and more
complex trigger of lipolysis. During local administration, we
used high concentration of metformin in perfusate, similar as
in published study (Flechtner-Mors et al., 1999). It was much
higher than during orally given dose (2550 mg - submaximal
recommended dose). Nevertheless, on both occasions no
antilipolytic effect was detected in SCAT, which shows that the
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lack of effect is independent on the local concentration of the
metformin in AT.

We used the given exercise intensity as it represents an optimal
model to increase lipolysis in SCAT in healthy lean men as shown
by Moro et al. (2007). The similar intensity was used in our
previous studies focused on lipolysis regulation in SCAT during
exercise (Stich et al., 2000a,b).

It should be considered, when interpreting this study, that
it was performed in young healthy lean men, while the study
Bourron et al. (2010) was carried out in normal to moderately
overweight women and the study of Flechtner-Mors et al. (1999)
in severely obese women. The impact of metformin on exercise-
induced lipolysis in diabetic patients would be warranted in
future studies. Furthermore, taken into account that exercise-
induced lipolysis is gender-specific (Arner et al.,, 1990; Moro
et al., 2007), it may not be excluded that metformin effect during
exercise would be gender-specific, too.

A wide range of regulatory and signaling pathways may play
a role in the lipolysis regulation, such as cytokines/myokines
IL-6, IL-15 (Ajuwon and Spurlock, 2004), insulin, or FGF21
(Hotta et al., 2009). Indeed, metformin may interfere with these
pathways, as it is able to inhibit IL-6 and insulin signaling
(Kisfalvi et al., 2009; Li et al., 2014), or FGF21 expression (Kim
et al, 2013). Also the role of AMPK in exercise stimulated
lipolysis remains controversial (Gaidhu and Ceddia, 2011).
Thus, the detailed effects of metformin on AMPK and/or other
signaling pathways during physiological conditions, such as
physical activity, needs to be investigated in future studies.

It was reported that metformin administration may increase
lactate production in diabetic subjects, which may lead to the
development of lactate acidosis (Wills et al., 2010). The SCAT
is one of the sources of lactate production (Jansson et al., 1990),
therefore we analyzed its levels in dialysate and in plasma during
exercise. The increase of lactate levels in plasma was observed
after 30 min and in SCAT after 60 min of exercise, which
suggests that the exercise work-loads applied in this study were
close to the individual anaerobic thresholds. However, there
was no effect of orally or locally administered metformin on
evolution of lactate levels in plasma or in SCAT. This is in
line with previous reports, which observed that metformin did
not alter circulating lactate concentration during acute bout of

REFERENCES

Ajuwon, K. M., and Spurlock, M. E. (2004). Direct regulation of lipolysis by
interleukin-15 in primary pig adipocytes. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 287, R608-R611. doi: 10.1152/ajpregu.00192.2004

Arner, P., Hellstrom, L., Wahrenberg, H., and Bronnegard, M. (1990). Beta-
adrenoceptor expression in human fat cells from different regions. J. Clin.
Invest. 86, 1595-1600. doi: 10.1172/JCI114880

Bourron, O., Daval, M., Hainault, I., Hajduch, E., Servant, J. M., Gautier, J. F., et al.
(2010). Biguanides and thiazolidinediones inhibit stimulated lipolysis in human
adipocytes through activation of Amp-activated protein kinase. Diabetologia 53,
768-778. doi: 10.1007/s00125-009-1639-6

Flechtner-Mors, M., Ditschuneit, H. H., Jenkinson, C. P., Alt, A., and Adler, G.
(1999). Metformin inhibits catecholamine-stimulated lipolysis in obese,
hyperinsulinemic, hypertensive subjects in subcutaneous adipose tissue: an in
situ microdialysis study. Diabet. Med. 16, 1000-1006. doi: 10.1046/j.1464-5491.
1999.00189.x

exercise (Gudat et al, 1997). But it is difficult to generalize
from previous studies as variable results were reported including
increased (Hansen et al., 2015) or reduced lactate response
to exercise after metformin administration (Johnson et al.,
2008).

CONCLUSION

We have demonstrated that metformin is distributed in
adipose tissue and it shows a similar time-course to plasma
following single oral administration. Metformin did not inhibit
physiologically increased lipolysis induced by a single bout of
exercise in healthy lean men. This suggests that metformin
does not play detrimental role in mobilization of lipid energy
substrates during exercise.

AUTHOR CONTRIBUTIONS

EK performed the experiments, researched the data, and wrote
the manuscript. PT performed the experiments, researched the
data, and edited the manuscript. IdG performed the experiments.
VS designed the study, and reviewed and edited the manuscript.
MS designed the study, researched the data, and wrote the
manuscript. EK is the guarantor of this work and, as such, had
full access to all the data in the study and takes responsibility for
the integrity of the data and the accuracy of the data analysis.

FUNDING

This work was supported by grant 15-03139S of Grant Agency
of Czechia, PROGRES Q36 and UNCE 204015 of the Charles
University in Prague.

ACKNOWLEDGMENTS

We thank to Dr. Lenka Rossmeislova for careful reading of the
manuscript.

Gaidhu, M. P., and Ceddia, R. B. (2011). The role of adenosine monophosphate
kinase in remodeling white adipose tissue metabolism. Exerc. Sport Sci. Rev. 39,
102-108. doi: 10.1097/JES.0b013e31820ac03e

Gudat, U., Convent, G., and Heinemann, L. (1997). Metformin and exercise: no
additive effect on blood lactate levels in health volunteers. Diabet. Med. 14,
138-142. doi: 10.1002/(SICI)1096-9136(199702)14:2<138::AID-DIA311>3.0.
CO;2-S

Hansen, M., Palsoe, M. K., Helge, J. W., and Dela, F. (2015). The effect of metformin
on glucose homeostasis during moderate exercise. Diabetes Care 38, 293-301.
doi: 10.2337/dc14-1480

Hotta, Y., Nakamura, H., Konishi, M., Murata, Y., Takagi, H., Matsumura, S., et al.
(2009). Fibroblast growth factor 21 regulates lipolysis in white adipose tissue but
is not required for ketogenesis and triglyceride clearance in liver. Endocrinology
150, 4625-4633. doi: 10.1210/en.2009-0119

Jansson, P. A., Smith, U., and Lonnroth, P. (1990). Evidence for lactate production
by human adipose tissue in vivo. Diabetologia 33, 253-256. doi: 10.1007/
BF00404805

Frontiers in Physiology | www.frontiersin.org

May 2018 | Volume 9 | Article 604


https://doi.org/10.1152/ajpregu.00192.2004
https://doi.org/10.1172/JCI114880
https://doi.org/10.1007/s00125-009-1639-6
https://doi.org/10.1046/j.1464-5491.1999.00189.x
https://doi.org/10.1046/j.1464-5491.1999.00189.x
https://doi.org/10.1097/JES.0b013e31820ac03e
https://doi.org/10.1002/(SICI)1096-9136(199702)14:2<138::AID-DIA311>3.0.CO;2-S
https://doi.org/10.1002/(SICI)1096-9136(199702)14:2<138::AID-DIA311>3.0.CO;2-S
https://doi.org/10.2337/dc14-1480
https://doi.org/10.1210/en.2009-0119
https://doi.org/10.1007/BF00404805
https://doi.org/10.1007/BF00404805
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Krauzova et al.

Metformin and Exercise-Induced Lipolysis in Humans

Johnson, S. T., Robert, C., Bell, G. J., Bell, R. C., Lewanczuk, R. Z., and Boule, N. G.
(2008). Acute effect of metformin on exercise capacity in active males. Diabetes.
Obes. Metab. 10, 747-754. doi: 10.1111/j.1463-1326.2007.00805.x

Karvonen, M. J., Kentala, E., and Mustala, O. (1957). The effects of training on
heart rate; a longitudinal study. Ann. Med. Exp. Biol. Fenn. 35, 307-315.

Kim, K. H,, Jeong, Y. T., Kim, S. H., Jung, H. S., Park, K. S., Lee, H. Y., et al. (2013).
Metformin-induced inhibition of the mitochondrial respiratory chain increases
FGF21 expression via ATF4 activation. Biochem. Biophys. Res. Commun. 440,
76-81. doi: 10.1016/j.bbrc.2013.09.026

Kisfalvi, K., Eibl, G., Sinnett-Smith, J., and Rozengurt, E. (2009). Metformin
disrupts crosstalk between G protein-coupled receptor and insulin receptor
signaling systems and inhibits pancreatic cancer growth. Cancer Res. 69,
6539-6545. doi: 10.1158/0008-5472.CAN-09-0418

Li, L., Han, R, Xiao, H., Lin, C., Wang, Y., Liu, H., et al. (2014). Metformin
sensitizes EGFR-TKI-resistant human lung cancer cells in vitro and in vivo
through inhibition of IL-6 signaling and EMT reversal. Clin. Cancer Res. 20,
2714-2726. doi: 10.1158/1078-0432.CCR-13-2613

Moro, C., Pillard, F., De Glisezinski, I., Crampes, F., Thalamas, C., Harant, I,
et al. (2007). Sex differences in lipolysis-regulating mechanisms in overweight
subjects: effect of exercise intensity. Obesity (Silver Spring) 15, 2245-2255.
doi: 10.1038/0by.2007.267

Ortega, J. F., Hamouti, N., Fernandez-Elias, V. E., De Prada, M. V., Martinez-
Vizcaino, V., and Mora-Rodriguez, R. (2014). Metformin does not attenuate
the acute insulin-sensitizing effect of a single bout of exercise in individuals with
insulin resistance. Acta Diabetol. 51, 749-755. doi: 10.1007/500592-014-0580-4

Robinson, A. C., Burke, J., Robinson, S., Johnston, D. G., and Elkeles, R. S. (1998).
The effects of metformin on glycemic control and serum lipids in insulin-
treated NIDDM patients with suboptimal metabolic control. Diabetes Care 21,
701-705. doi: 10.2337/diacare.21.5.701

Siklova-Vitkova, M., Polak, J., Klimcakova, E., Vrzalova, J., Hejnova, J.,
Kovacikova, M., et al. (2009). Effect of hyperinsulinemia and very-low-calorie
diet on interstitial cytokine levels in subcutaneous adipose tissue of obese
women. Am. J. Physiol. Endocrinol. Metab. 297, E1154-E1161. doi: 10.1152/
ajpendo.00086.2009

Stich, V., De Glisezinski, 1., Berlan, M., Bulow, J., Galitzky, J., Harant, L, et al.
(2000a). Adipose tissue lipolysis is increased during a repeated bout of aerobic
exercise. J. Appl. Physiol. 88, 1277-1283.

Stich, V., De Glisezinski, 1., Crampes, F., Hejnova, J., Cottet-Emard, J. M.,
Galitzky, J., et al. (2000b). Activation of alpha(2)-adrenergic receptors impairs
exercise-induced lipolysis in SCAT of obese subjects. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 279, R499-R504.

Tuma, P. (2014). Large volume sample stacking for rapid and sensitive
determination of antidiabetic drug metformin in human urine and serum by
capillary electrophoresis with contactless conductivity detection. J. Chromatogr.
A 1345, 207-211. doi: 10.1016/j.chroma.2014.04.016

Verboven, K., Hansen, D., Moro, C., Eijnde, B. O., Hoebers, N., Knol, J., et al.
(2016). Attenuated atrial natriuretic peptide-mediated lipolysis in subcutaneous
adipocytes of obese type 2 diabetic men. Clin. Sci. (Lond). 130, 1105-1114.
doi: 10.1042/CS20160220

Wills, B. K., Bryant, S. M., Buckley, P., and Seo, B. (2010). Can acute overdose
of metformin lead to lactic acidosis? Am. J. Emerg. Med. 28, 857-861.
doi: 10.1016/j.ajem.2009.04.012

Zhang, T., He, J., Xu, C,, Zu, L., Jiang, H., Pu, S., et al. (2009). Mechanisms
of metformin inhibiting lipolytic response to isoproterenol in primary
rat adipocytes. J. Mol. Endocrinol. 42, 57-66. doi: 10.1677/JME-
08-0130

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Krauzovd, Tiima, de Glisezinski, Stich and Siklovd. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

May 2018 | Volume 9 | Article 604


https://doi.org/10.1111/j.1463-1326.2007.00805.x
https://doi.org/10.1016/j.bbrc.2013.09.026
https://doi.org/10.1158/0008-5472.CAN-09-0418
https://doi.org/10.1158/1078-0432.CCR-13-2613
https://doi.org/10.1038/oby.2007.267
https://doi.org/10.1007/s00592-014-0580-4
https://doi.org/10.2337/diacare.21.5.701
https://doi.org/10.1152/ajpendo.00086.2009
https://doi.org/10.1152/ajpendo.00086.2009
https://doi.org/10.1016/j.chroma.2014.04.016
https://doi.org/10.1042/CS20160220
https://doi.org/10.1016/j.ajem.2009.04.012
https://doi.org/10.1677/JME-08-0130
https://doi.org/10.1677/JME-08-0130
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

	Metformin Does Not Inhibit Exercise-Induced Lipolysis in Adipose Tissue in Young Healthy Lean Men
	Introduction
	Materials and Methods
	Subjects
	Experimental Protocol
	Plasma Analyses
	Statistical Analysis

	Results
	In Vitro Relative Recovery of Metformin
	Pharmacokinetics of Metformin in the Dialysate From Adipose Tissue After Single Oral Dose
	Effect of Locally and Orally Administered Metformin on Lipolysis in SCAT During Exercise

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


