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Abstract
Aims/hypothesis Metformin inhibits hepatic mitochondrial
glycerol phosphate dehydrogenase, thereby increasing cyto-
solic lactate and suppressing gluconeogenesis flux in the liver.
This inhibition alters cytosolic and mitochondrial reduction–
oxidation (redox) potential, which has been reported to protect
organ function in several disease states including diabetes. In
this study, we investigated the acute metabolic and functional
changes induced by metformin in the kidneys of both healthy
and insulinopenic Wistar rats used as a model of diabetes.
Methods Diabetes was induced by intravenous injection of
streptozotocin, and kidney metabolism in healthy and diabetic
animals was investigated 4 weeks thereafter using
hyperpolarised 13C-MRI, Clark-type electrodes and biochem-
ical analysis.
Results Metformin increased renal blood flow, but did not
change total kidney oxygen consumption. In healthy rat kid-
neys, metformin increased [1-13C]lactate production and re-
duced mitochondrial [1-13C]pyruvate oxidation (decreased
the 13C-bicarbonate/[1-13C]pyruvate ratio) within 30 min of
administration. Corresponding alterations to indices of mito-
chondrial, cytosolic and whole-cell redox potential were ob-
served. Pyruvate oxidation was maintained in the diabetic rats,

suggesting that the diabetic state abrogates metabolic
reprogramming caused by metformin.
Conclusions/interpretation This study demonstrates that
metformin-induced acute metabolic alterations in healthy kid-
neys favoured anaerobic metabolism at the expense of aerobic
metabolism. The results suggest that metformin directly alters
the renal redox state, with elevated renal cytosolic redox states
as well as decreased mitochondrial redox state. These findings
suggest redox biology as a novel target to eliminate the renal
complications associated with metformin treatment in individ-
uals with impaired renal function.
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Abbreviations
AMPK AMP-activated protein kinase
LDH Lactate dehydrogenase
MAP Mean arterial pressure
mGPD Mitochondrial glycerophosphate dehydrogenase
PDH Pyruvate dehydrogenase
pO2 Oxygen tension
QO2 Oxygen consumption
RBF Renal blood flow
RVR Renal vascular resistance
STZ Streptozotocin
TNa Tubular Na+ reabsorption

Introduction

Metformin remains the primary candidate to promote
glycaemic control in individuals with type 2 diabetes [1], yet
its mechanism of action is still not understood. Metformin
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belongs to the biguanide class of molecules, oral glucose-
lowering drugs that increase insulin sensitivity rather than
invoke altered insulin production. The increased insulin sen-
sitivity reduces plasma glucose levels due to increased glucose
uptake, glucose disposal and decreased gluconeogenesis
[2–4]. Moreover, it has been proposed that a major effect of
metformin is inhibition of gluconeogenesis in individuals with
type 2 diabetes [5]. Metformin was recently reported to inhibit
the mitochondrial form of glycerophosphate dehydrogenase
(mGPD) in the liver, thus decreasing hepatic gluconeogenesis
and altering the cytosolic and mitochondrial redox state [2].

Although metformin is the preferred drug in individuals
with type 2 diabetes, its use in type 1 diabetes has been lim-
ited. Preliminary evidence has suggested that metformin also
reduces the need for insulin therapy in individuals with
insulinopenic diabetes [3, 6], and recent and ongoing clinical
trials have investigated combined therapy with metformin and
insulin in type 1 diabetic participants [7, 8]. Furthermore, in
recent years, the potential anticancer action of metformin has
also attracted increasing interest [9–14]; it has been postulated
that this action is mediated by activation of the AMP-activated
protein kinase (AMPK) pathway and concomitant suppres-
sion of cyclic AMP formation.

A potentially serious side effect of metformin treatment is
lactic acidosis, which has limited its application for the treat-
ment of diabetes in individuals who also have kidney disease
[15]. Lactic acidosis is characterised by elevated plasma lac-
tate concentrations of more than 5 mmol/l, decreased blood
pH to less than 7.35 and an increased anion gap [16]. A plau-
sible mechanism for the induction of lactic acidosis by met-
formin involves inhibition of mitochondrial glycerol-3-
phosphate dehydrogenase, leading to an increase in the cyto-
solic redox state; this results in reduced conversion of lactate
by the liver to pyruvate, and increased systemic lactate con-
centrations [2]. This mechanism of an altered redox state and
increased systemic lactate has been verified in the liver and
heart [2, 17].

In the kidney, the link between redox state, systemic lactate
and metabolic acidosis in the presence of metformin has not
yet been explored in detail. This is of particular interest in
relation to the kidneys in diabetes, where an already altered
redox state (decreased NAD+/NADH ratio) is already appar-
ent, along with increased gluconeogenesis [18–20].
Experimental research and studies of participants with diabet-
ic nephropathy have identified a correlation between metabol-
ic acidosis, renal insufficiency and altered renal oxygen me-
tabolism [21–23].

In this study, we investigated the acute metabolic response
of healthy and insulinopenic rats, used as a model of diabetes,
to metformin, using a combination of invasive techniques and
non-invasive hyperpolarised magnetic resonance metabolic
imaging [18, 24, 25]. We used a sensitive non-invasive meta-
bolic imaging method that relies on the ability to trace the

metabolic conversion of intravenously injected non-
radioactive metabolic biomarkers, such as [1-13C]pyruvate,
which undergo metabolic conversion into metabolic deriva-
tives such [1-13C]lactate, [1-13C]alanine and 13CO2/

13C-bicar-
bonate [26–28]. Our aim was to investigate the effect of met-
formin treatment on redox balance and interactions with an-
aerobic and aerobic metabolic pathways in in vivometabolism
in kidneys from healthy and diabetic animals.

Methods

Animal model and acute treatment The study complied
with the guidelines for the use and care of laboratory animals
and was approved by the Danish Inspectorate of Animal
Experiments. All rats included in this study were 6–7-week
old Wistar rats (HanTac:WH; Taconic, Ry, Denmark) with a
weight of 200 (range 180–230) g. All animals had free access
to water and standard chow throughout the study. The rats
were kept in cages with a 12 h/12 h light/dark cycle, a tem-
perature of 21 ± 2°C and humidity of 5 ± 5%. They were
randomly grouped into a diabetic group, which received
streptozotocin (STZ) injection, and a healthy control group,
which only received buffer. Anaesthesia in the animals was
induced (7% sevoflurane in 2 l/min air [vol./vol.]) and main-
tained (3% sevoflurane in 2 l/min air) by sevoflurane via
spontaneously respiration, and adequate depth of anaesthesia
was determined by the pedal reflex.

Insulinopenic diabetes was induced as previously de-
scribed [29, 30]. In brief, rats received freshly prepared STZ
(55 mg/kg body weight; Sigma-Aldrich, Brøndby, Denmark)
in sodium citrate buffer. Blood glucose was measured in tail
capillary blood using a Contour blood glucose meter (Bayer
Diabetic Care, Copenhagen, Denmark). Rats were considered
diabetic when blood glucose levels exceeded 15 mmol/l 48 h
after injection of STZ. The diabetic rats did not receive insulin
or any glucose-lowering medicine apart from metformin.
Metformin (total volume 0.2–0.3 ml, 50 mg/kg body weight
in 0.9% saline [154 mmol/l NaCl]), or volume-matched vehi-
cle, was administered intravenously as a bolus via a tail vein
catheter.

Invasive measurements of kidney function Invasive mea-
surements of kidney oxygen homeostasis were performed
using Clark-type electrodes in 11 healthy rats before and
30 min after metformin treatment. GFR, renal blood flow
(RBF), mean arterial pressure (MAP), renal vascular resis-
tance (RVR), tubular Na+ reabsorption (TNa), tubular oxygen
consumption (QO2) and cortical and medullary oxygen ten-
sion (pO2) were measured as previously described [24, 25].

In brief, animals were anaesthetised with Inactin (sodium
thiobutabarbital i.p., 120 mg/kg body weight; Sigma-Aldrich,
St. Louis,MO, USA) and placed on a servo-rectally controlled

446 Diabetologia (2018) 61:445–454



heating pad to maintain body temperature at 37°C. Animals
were tracheotomised, and a catheter was placed in the urinary
bladder to allow drainage. Catheters were inserted into the left
femoral vein for infusion of saline (5ml kg bodyweight−1 h−1)
and left femoral artery for measurement of blood pressure and
blood sampling. The left kidney was exposed by a flank inci-
sion and immobilised in a plastic cup. Urine was collected
from a catheter placed in the left ureter, and a venous blood
sample was taken from the left renal vein at the end of the
experiment to determine arteriovenous extraction of oxygen.

Surgery was followed by a 40 min recovery period and a
60 min experimental period during which GFR was measured
by 3H-inulin clearance and RBF by a flow probe place around
the left renal artery. The activity of 3H in plasma and urine was
measured using standard liquid scintillation technique. Blood
gas variables in samples from the left renal vein and femoral
artery were analysed (i-STAT; Abbott Point of Care,
Princeton, NJ, USA). Kidney cortex and medullary pO2 were
measured, at 1 mm and 3 mm depth from the kidney surface,
respectively, using a Clark-type microelectrode (OXY-10;
Unisense A/S, Aarhus, Denmark). pO2 was measured over
30–60 s in five different locations for cortex and medulla,
respectively, and averaged into one mean (n = 1 per animal
and time).

Hyperpolarised MRI Twenty-one 6–7-week old Wistar rats
(Taconic) with a weight of 200 (range 180–230) g were in-
cluded in this study. The hyperpolarised MRI examinations
were performed as previously described [31, 32] on a 3 T
clinical MR system (GE Healthcare, Waukesha, WI, USA)
equipped with a dual-tuned 13C/1H volume rat coil (GE
Healthcare, Brøndby, Denmark) using a slice-selective 13C
iterative decomposition of water and fat with echo asymmetry
and last-squares estimation (IDEAL) spiral sequence. The flip
angle was 10°, there were 11 IDEAL echoes and one initial
spectrum per IDEAL encoding, repetition time (TR)/echo
time (TE)/ΔTE values were 100 ms/0.9 ms/0.9 ms, and field
of view (FOV) was 80 mm × 80 mm, with 5 mm × 5 mm real
resolution and an axial oblique slice thickness of 15 mm cov-
ering both kidneys. Three rats did not develop sufficient dia-
betes (blood glucose <15 mmol/l continuously 48 h after STZ
injection), two diabetic rats were excluded owing to compli-
cations of diabetes, and two control rats were excluded be-
cause of technical problems with the scanner and
hyperpolariser. Thus, nine diabetic rats (three female and six
male rats) and six female control rats received metformin
treatment, and six male control rats received saline and suc-
cessfully completed the MRI examination.

In brief, 12 healthy and nine diabetic rats (4 weeks after
STZ induction) were anaesthetised (3% sevoflurane in 2 l/
min air) and a tail vein catheter (0.4 mm) was inserted for
injection of metformin or saline and administration of
hyperpolarised [1-13C] pyruvate polarised in a SpinLab

(GE Healthcare, Brøndby, Denmark). Each animal was
injected twice with 1.5 ml (125 mmol/l) hyperpolarised
[1-13C] pyruvate, before and 30 min after administration
of metformin or saline (Fig. 1 shows study design). All
hyperpolarised [1-13C] pyruvate samples were balanced
to a pH value of around 7.4 by the addit ion of
neutralisation buffer. After the MRI hyperpolarisation
scans, arterial blood electrolytes values for each rat were
obtained using an i-STAT blood analyser immediately after
blood sampling from the aortic bifurcation.

Redox assays An additional 16 healthy rats were randomly
divided into a control group (eight rats) that received saline,
and a metformin group (eight rats) that received metformin for
30 min. Blood, urine and freeze-clamped kidney tissue were
harvested from these rats for subsequent systolic redox assays
and AMPK analyses. In brief, 5–7 ml arterial blood samples
were collected from the aortic bifurcation, and kidney cortical
tissue was freeze-clamped and harvested. Lactate/pyruvate
and NAD+/NADH were measured as indices of cytosolic
and whole-cell redox potential, in addition to the mitochon-
drial redox assay β-hydroxybutyrate/acetoacetate, as previ-
ously described [31, 32].

Protein isolation and semi-quantitative immunoblotting
Renal cortex tissue was freeze-clamped and homogenised
in dissecting buffer (0.3 mol/l sucrose, 25 mmol/l imidazole,
1 mmol/l EDTA, pH 7.2) containing the following protease
inhibitors: Phosphatase Inhibitor Cocktails 2 and 3
(Sigma-Aldrich, St Louis, MO, USA) and Complete Mini
Protease Inhibitor Cocktail Tablets (serine, cysteine and
metalloprotease inhibitor; Thermo Scientific, Hvidovre,
Denmark). The tissue was homogenised for 240 s at 50 Hz
by a TissueLyser LT (Qiagen, Hilden, Germany) and then
centrifuged at 1000 g at 4°C for 10 min. Gel samples were
prepared from the supernatant fraction in Laemmli sample
buffer containing 2% SDS (wt/vol.). The total protein concen-
tration of the homogenate was measured using a Pierce BCA
protein assay kit (Thermo Scientific).

Protein samples were run on 12% Criterion TGX
Precast Gel (Bio-Rad Laboratories, Copenhagen,
Denmark). Proteins were transferred to a nitrocellulose
membrane (Hybond ECL; GE Healthcare, Hatfield, UK).
The blots were then blocked with 5% non-fat dry milk (wt/
vol.) in TBS-T (20 mmol/l Tris-Base, 137 mmol/l NaCl,
0.1% Tween-20 [vol./vol.], adjusted to pH 7.4). After
washing with TBS-T, the blots were incubated with prima-
ry antibodies (AMPK and Thr172-phospho-AMPK; Cell
Signaling, Leiden, the Netherlands) overnight at 4°C. The
antigen–antibody complex was visualised with horseradish
peroxidase-conjugated secondary antibodies (goat anti-
rabbit P448, diluted 1:4000; Dako; Glostrup, Denmark)
f o r 1 h a t r oom t empe r a t u r e u s i ng enhanc ed
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chemiluminescence system (ECL, Amersham ECL Plus;
GE Healthcare, Brøndby, Denmark). All western blots
were normalised to total protein, as measured using
Stain-Free technology.

Statistics All data are presented as means ± SEM. All statis-
tical analysis was performed using GraphPad Prism 7
(Graphpad Software; La Jolla, CA, USA). Data were analysed
by a two-tailed Student’s t test with normality (Shapiro–Wilk
normality test, p > 0.1) for comparison of animal and kidney
weight, blood glucose and plasma data, as well as redox data
and AMPK activation data between two different groups. A
paired t test was used to compare the effect of metformin
treatment in the same group for hyperpolarised 13C data and
renal physiological effect. Repeated measures two-way
ANOVA was used to compare the effect of metformin treat-
ment between the healthy and diabetic groups, with Sidak’s
multiple comparisons test testing the effect before and after
metformin treatment in the same group. A value of p < 0.05
was considered statistically significant.

Results

Physiological effects of metformin on the healthy kidney
Experiments performed with invasive Clark-electrodes mea-
sured renal physiological variables before and after metformin
treatment. The GFR did not change (p = 0.79; Fig. 2a).
However, RBF increased 1.2-fold after metformin treatment
(Fig. 2b), meaning that O2 delivery was increased. This was
reflected by a significant increase in cortex tissue pO2

(p < 0.001; Fig. 2h) and medullary pO2 (p = 0.03; Fig. 2i).

Metformin administration also decreased RVR, by 16% (Fig.
2d). No changes were observed in MAP (p = 0.19; Fig. 2c),
TNa (p = 0.71; Fig. 2e), QO2 (p = 0.85; Fig. 2g) or TNa/QO2

(p = 0.43; Fig. 2f) with metformin treatment.

Metabolic effects of metformin on the healthy kidney
Metformin treatment changed both anaerobic metabolism
([1-13C]lactate/[1-13C]pyruvate ratio increased 2.0-fold; Fig.
3a ) and ae rob i c me tabo l i sm (1 3C-b i ca rbona t e /
[1-13C]pyruvate ratio decreased by 16%; Fig. 3c) in kidneys
from healthy animals. A dramatic decrease in intracellular
metabolite distribution was seen ([1-13C]alanine/
[1-13C]pyruvate ratio was decreased by 47%; Fig. 3b).
Furthermore, acute metformin treatment produced a 2.3-fold
increase in the balance between anaerobic and aerobic metab-
olism ([1-13C]lactate/13C-bicarbonate ratio; Fig. 3d).
Moreover, to verify that the renal metabolic changes resulted
from metformin treatment, and were not an artefact caused by
the large pyruvate injection, six rats were given saline infusion
as a placebo treatment. No metabolic effects could be detected
in any of the renal metabolic pathways examined in the six rats
that received placebo (see electronic supplementary material
[ESM] Fig. 1).

Redox effects of metformin on the healthy kidney Neither
plasma lactate concentration (control group 4.0 ± 1.9 mmol/
l, metformin group 5.3 ± 1.3 mmol/l; p = 0.59) nor plasma
pyruvate concentration (control group 0.90 ± 0.23 mmol/l,
metformin group 1.35 ± 0.30 mmol/l; p = 0.24) showed a
significant difference between metformin-treated and con-
trol rats. However, within the kidney cortex, lactate concen-
tration increased 5.2-fold in metformin-treated rats
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compared with saline-treated control rats (Fig. 4a). Cortical
pyruvate concentration showed no difference between the
treated and untreated groups (Fig. 4b). Thus, the lactate/
pyruvate ratio increased 5.4-fold in metformin-treated com-
pared with control rats (Fig. 4c). Moreover, metformin

t r e a tmen t d e c r e a s e d t h e c o n c e n t r a t i o n o f β -
hydroxybutyrate in the kidney cortex by 44% (Fig. 4d),
while the concentration of acetoacetate was maintained
(Fig. 4e). Thus, metformin treatment reduced the β-
hydroxybutyrate/acetoacetate ratio by 37% (Fig. 4f). The
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total NAD concentration in the renal cortex did not differ
between metformin-treated rats (310 ± 27 nmol/l) and con-
trol group rats (338 ± 31 nmol/l; p = 0.52). The NAD+

concentration was not different between the groups
(p = 0.09; Fig. 4g); however, the NADH concentration
was significantly increased (1.3-fold) in the metformin-
treated compared with control rats (Fig. 4h). This resulted
in a decrease in the NAD+/NADH concentration ratio of
47% following acute metformin treatment (Fig. 4i).

Metformin increased AMPK activation in the healthy kid-
ney Treatment with metformin for 30 min did not change the
total protein level of AMPK (p = 0.63; Fig. 5b), but increased
the p-AMPK protein level 2.4-fold (Fig. 5a).

Metabolic reprogramming with metformin in healthy vs
type 1 diabetic rats All the diabetic rats included developed
sustained hyperglycaemia, averaging 31.4 ± 1.4 mmol/l com-
pared with 6.9 ± 0.1 mmol/l in control rats. Diabetic rats had a
lower body weight and higher kidney weight than control rats
(p < 0.05; Table 1).

The arterial blood analysis using the i-STAT showed that
blood sodium concentrations did not differ between the dia-
betic group and the control group (p = 0.16). Potassium and
total carbon dioxide were elevated in the diabetic group, while
chloride and free calcium levels were decreased in the diabetic
group (p < 0.05 for all comparisons; Table 2). Blood urea
nitrogen was significantly increased in diabetic rats
(p < 0.05), while blood creatinine was decreased (p < 0.05)
in the diabetic group compared with the control rats. No dif-
ference was observed between controls and diabetic rats in the
state of anion gap metabolic acidosis (Table 2).

In all pathways investigated using hyperpolarised exam-
inations, acute metformin treatment elicited different re-
sponses in control rats compared with diabetic rats receiv-
ing metformin treatment (Fig. 6). In healthy control rats,
me t fo rmin t r ea tmen t l ed to an inc rease in the
[1-13C]lactate/[1-13C]pyruvate ratio (p = 0.003), accompa-
nied by reductions in the [1-13C]alanine/[1-13C]pyruvate
ratio (p < 0.0001) (Fig. 6a, b). The 13C-bicarbonate/
[1-13C]pyruvate ratio did not show a significant difference
between healthy rats and diabetic rats (Fig. 6c). Moreover,
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acute metformin treatment in healthy control rats compared
with diabetic rats increased the balance between anaerobic
and aerobic metabolism ([1-13C]lactate/13C-bicarbonate ra-
tio) (Fig. 6d).

Discussion

Our findings further support the proposed mechanisms of
metformin’s action in lowering blood glucose described by
Madiraju et al [2], in which metformin inhibits mGPD in liver,
thus increasing the cytosolic redox state, decreasing the mito-
chondrial redox state and hepatic gluconeogenesis, and in-
creasing AMPK activation.

The main finding in this study is that, in the healthy kidney,
metformin causes an acute energetic shift away from aerobic
metabolism to anaerobic metabolism (i.e. the Pasteur effect).
Acute metformin treatment increased lactate dehydrogenase
(LDH) flux and inhibited pyruvate dehydrogenase (PDH) flux
via an altered cytosolic and mitochondrial redox state, directly
limiting the substrates available to drive gluconeogenesis.
This change is largely blunted in the kidney tissue in diabetes,
where a basal increased lactate concentration is seen.
Interestingly, the effects were observed in the presence of
increased RBF, which supplied more oxygen to the tissue
and increased cortical pO2. Therefore the observed shift in
substrate metabolism was independent of oxygen.

In addition renal GFR, QO2, TNa and TNa/QO2 were largely
unaltered, indicative of maintained renal function and oxygen
demand. This finding suggests that the reduction in PDH flux
we observed upon metformin treatment did not reflect a local-
ised change in renal energy metabolism per se. Rather, it is
likely that metformin reduced renal PDH flux owing to its
systemic redox effects, the accumulation of NADH, which is
unfavourable for the conversion of lactate to pyruvate, directly
inhibiting pyruvate oxidation (limiting availability of NAD+).
This is supported by metformin treatment leading to a reduc-
tion in alanine signal, a pool size that represents the intracel-
lular pyruvate pool and thus indicates a simultaneous shift in
the pyruvate to lactate pool size, as seen in the biochemical
analysis.

The increased anaerobic metabolic pathway (indicated by
[1-13C]lactate production) was similarly increased in previous
reports on the liver and heart [2, 17]. Analyses of freeze-
clamped kidney tissue showed that metformin increased lactate
concentration and lactate/pyruvate ratio, which corresponded
with the results of the hyperpolarised MRI. Moreover, we dem-
onstrated that acute metformin treatment changed the renal re-
dox state, elevating cytosolic redox potential and decreasing
mitochondrial redox potential. A similar effect has previously
been demonstrated in liver and heart, although this, contrary to
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a bFig. 5 Effects of metformin
treatment on AMPK
phosphorylation. (a) p-AMPK/
total protein. (b) AMPK/total
protein. n = 8 per group *p < 0.05
for metformin vs saline

Table 2 Arterial blood electrolytes and characteristics in control and
diabetic rats

Variable Control Diabetic

Na+ (mmol/l) 137 ± 0 137 ± 0

K+ (mmol/l) 3.4 ± 0.1 3.9 ± 0.1*

Cl− (mmol/l) 100 ± 0 93 ± 2*

Ca2+ (mmol/l) 1.40 ± 0.02 1.24 ± 0.04*

Total CO2 (mmol/l) 23.0 ± 0.7 28.5 ± 0.3*

Blood urea nitrogen (mmol/l) 5.46 ± 0.1 9.64 ± 0.8*

Creatinine (mmol/l) 32.84 ± 1.6 17.46 ± 0.2*

Haematocrit (%) 34.9 ± 0.9 35.8 ± 1.1

Haemoglobin (g/l) 118.4 ± 3.1 121.5 ± 3.8

Anion gap (mmol/l) 18.3 ± 0.5 20.5 ± 1.3

Data are mean ± SEM of n = 4–7 per group

*p < 0.05 vs control group

Table 1 Body weight, kidney weight, blood glucose level and kidney
weight per kg of rat weight on the day of the scan in control and diabetic
rats

Variable Control Diabetes

Body weight (g) 289 ± 6 220 ± 8*

Kidney weight (g) 1.03 ± 0.06 1.23 ± 0.03*

Blood glucose level (mmol/l) 6.9 ± 0.1 31.4 ± 1.4*

Kidney weight/body weight (g/kg) 3.6 ± 0.2 5.6 ± 0.3*

Data are mean ± SEM of n = 4–7 per group

Kidney weight was the mean of both kidneys

Blood glucose was measured in the fed state

*p < 0.05 vs control group
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our results, found a maintained total cellular NAD+/NADH
redox state, balanced by the subcellular redox changes [2, 17].
It is important to note that our reported changes are acute, and
prior reports have emphasised that chronic metformin treatment
inhibits complex 1 mitochondrial respiration [33, 34]. However
inhibition of complex 1 is generally seen at high concentrations
above 1mmol/l, which is 10–20 times the clinical dose that was
used in this study [2, 33, 34].

Our study showed a decrease in the NAD+/NADH ratio,
which means that the total cellular redox state and energy
charge in the kidney had a different response to metformin
than was seen with the liver and heart. This could be explained
by the use of intravenous administration for the metformin,
thereby increasing the local accumulation of metformin in the
kidneys and driving the concentration-dependent mitochon-
drial respiratory inhibition [2, 34, 35]. This is, however, un-
likely as the systemic pharmacokinetic responses to acute
50 mg/kg intravenous metformin are consistent with those of
oral treatment in individuals with diabetes, and with previous
reports of the effects of acute and chronic treatment on the
liver and heart [2, 17].

Good glycaemic control of diabetes and early effective
treatment of diabetes-associated complications are important
in preventing or delaying nephropathy [21]. The role of met-
formin in maintaining glycaemic control in individuals with
renal impairment has, however, been questioned, owing to a
purported association between metformin treatment and lac-
tate acidosis. This has been proposed to originate from de-
creased gluconeogenesis leading to increased anaerobic me-
tabolism and an altered redox state, and subsequent inhibition
of mitochondrial respiration [21, 22, 36].

Metabolic acidosis is recognised as a risk factor in those
with chronic kidney disease, with low bicarbonate concentra-
tion being associated with worsening effects on the progres-
sion of chronic kidney disease [37]. Interestingly, a metformin
overdose can largely decrease global QO2, including in the
kidney [35]. Furthermore, chronic metformin treatment has
been observed to decrease renal QO2 and increase tissue pO2

[38]. Our results support this concept: we found that the
healthy kidney relies on anaerobic metabolism upon metfor-
min treatment, even with an increased oxygen supply. Our
study has confirmed that acute metformin treatment alters cel-
lular redox status in the kidneys, which has been proposed to
be the result of inhibited mGPD [2].

The diabetic animals showed a markedly different response
to the acute metformin treatment, as they were largely meta-
bolically unaffected by the metformin treatment, evidenced by
maintained PDH flux (bicarbonate/pyruvate ratio) and LDH
flux (lactate/pyruvate ratio). We can conclude that metformin
increases intrarenal lactate production acutely due to an al-
tered redox capacity. This alteration is attenuated by the in-
creased basal lactate production and an already elevated redox
state in the kidney tissue from the diabetic animals.

Interestingly, attempts to change the cytosolic and mito-
chondrial redox potential have been reported to protect organ
function in several disease states, including diabetes [39]. In
the kidney in diabetes, a decreased NAD+/NADH ratio due to
an accelerated polyol pathway has been demonstrated to blunt
diabetic complications by normalising the redox state (NAD+/
NADH ratio) [20, 23, 40].

Control animals receiving only saline injection show no
detectable metabolic alterations following the infusion of the
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Fig. 6 Comparison of metabolic pathway alterations between kidney
tissue from healthy control and diabetic rats at baseline (white bars) and
after acute bolus administration of metformin (black bars). (a) Lactate/
pyruvate ratio (p = 0.0001 for group, p = 0.0012 for treatment and
p = 0.0562 for interaction). (b) Alanine/pyruvate ratio (p = 0.134 for

group, p = 0.0001 for treatment and p = 0.0044 for interaction). (c)
Bicarbonate/pyruvate ratio (p = 0.13 for group, p = 0.46 for treatment
and p = 0.49 for interaction). (d) Lactate/bicarbonate ratio (p = 0.21 for
group, p = 0.0007 for treatment and p = 0.0246 for interaction). n = 6 for
control rats; n = 9 for diabetic rats; **p < 0.01, ***p < 0.001 as shown
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two supraphysiological (125 mmol/l, substrate saturated con-
dition) [1-13C]pyruvate infusions within the time frame of the
experiment. This is in agreement with previous reports in the
literature showing a minor influence on the metabolic pattern
with sequential measurements, with a minimum of 15 min
between infusions in rodents and 30 min in large animals
[20, 41–43]. Moreover, metformin has been proposed to have
anticancer effects by activating the AMPK pathway, and our
result showing increased p-AMPK further supports that met-
formin can activate the AMPK pathway.

These novel findings indicate that the effect of metformin is
predominantly due to the redox change, which highlights the
possibility of targeting the altered redox balance in order to
protect kidney function.
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