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• Elisa Merizzoli1 • Albania Calvetta1

•

Emanuela Morenghi1 • Claudio Angelini1 • Claudio Ponticelli1 • Salvatore Badalamenti1

Received: 6 October 2015 / Accepted: 1 January 2016 / Published online: 28 January 2016

� Springer-Verlag Italia 2016

Abstract

Aims The role of metformin in the development of lactic

acidosis (LA) in the setting of acute renal failure (ARF) is

debated. Moreover, recent experiments suggested that

metformin can also be nephrotoxic, but little clinical data

exist about this topic. We sought to investigate these pos-

sible associations in a large cohort of patients with diabetes

who developed ARF.

Methods We analyzed data from patients with diabetes

admitted to our emergency department between 2007 and

2011 with ARF and a previously normal renal function

(n = 126). We compared acid–base balance and renal

function of patients taking metformin (n = 74) with

patients not taking it (n = 52).

Results Patients taking metformin had decreased pH

(7.31 ± 0.16 vs 7.39 ± 0.11, p = 0.008) and higher lac-

tates (4.54 ± 4.30 vs 1.71 ± 1.14 mmol/L, p\ 0.001).

Both acidosis (pH\ 7.35) and LA (lactates [5 mmol/L

and pH\ 7.35) were more frequently observed in this

group (p = 0.0491 and p\ 0.001, respectively). Multi-

variate analysis ruled out the role of some possible con-

founders, especially decreased renal function. The

influence of metformin on pH and lactates grew signifi-

cantly with higher doses of the drug (p = 0.259 and

p = 0.092 for \1 g/day, p = 0.289 and p\ 0.001 for

1–2 g/day, p = 0.009 and p\ 0.001 for 2–3 g/day, for pH

and lactates, respectively). Metformin influenced creatinine

levels in a dose-related manner as well (p = 0.925 for

\1 g/day, p = 0.033 for 1–2 g/day, p\ 0.001 for

2–3 g/day).

Conclusions In patients with diabetes who were admitted

to our emergency department with ARF, the use of met-

formin was associated in a dose-related fashion with both

LA and worse renal function.

Keywords Metformin � Lactic acidosis � Nephrotoxicity �
Diabetes � Acute kidney injury � Mitochondrial dysfunction

Introduction

It is commonly believed that metformin can increase the

risk of lactic acidosis (LA) in patients with renal failure and

other conditions, such as hepatic insufficiency or hypoxia.

This opinion arises from the fact that phenformin, another

biguanide previously sold in the market, has been with-

drawn for an increased incidence of fatal cases of LA in
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these settings. Moreover, a large number of case reports

have described the occurrence of the so-called metformin-

associated lactic acidosis (MALA) in patients with acute

renal failure (ARF) [1–4].

Nevertheless, the link between metformin and LA has

been questioned. The last Cochrane meta-analysis concluded

that there is no evidence that therapeutic doses of metformin

are associated with the development of LA, and that most of

the reported cases have occurred in patients with other

severe acute conditions, which could have been the real

cause of LA. However, this meta-analysis failed to assess

metformin safety in patients with renal failure, since this

condition was listed as an exclusion criterion in most of the

included studies [5]. Another limitation of the available

studies lies in the fact that drug safety was assessed in a

chronic setting: Data were obtained from outpatients who

were on a steady state, and not from patients who developed

acute renal function deterioration during the study period.

Owing to this lack of data, the active role of metformin in

inducing LA in the acute setting could have been missed, as

suggested by MALA case reports. In order to test whether

metformin can favor the development of LA in patients with

ARF, we analyzed the acid–base balance of all the patients

with diabetes who came to our emergency department with

ARF in a 4-year period, comparing arterial blood gas (ABG)

values between patients taking metformin and patients not

taking it.

The mechanistic interpretation of MALA rests on the

increased blood levels of the drug that occur in acute

intoxications or when renal function rapidly deteriorates,

since metformin is excreted unmetabolized by the kidneys

[6]. These two events are somewhat different since met-

formin diffusion from blood to tissues is relatively slow:

Patients suffering from inadvertent drug accumulation

developing over days are expected to present with lower

blood drug levels, but higher tissue drug levels and more

severe LA than those with voluntary intoxication. How-

ever, patients with voluntary or accidental intoxications

usually develop LA as well [7–10]. On a theoretical point

of view, patients taking a higher dose of the drug should

have increasingly higher blood and tissue levels of met-

formin when ARF develops.

Therefore, we investigated whether higher doses of

metformin were related to an increased risk of developing

LA in the setting of ARF. Curiously, intoxicated patients

also develop ARF along with LA [11–13]: This might

mean that metformin can have a sort of direct nephrotoxic

effect. A recent experimental model showed indeed that

metformin can impair renal mitochondrial function [14].

Thus, in order to understand the possible contribution of

metformin to the development of ARF, we tested in our

cohort the hypothesis that metformin can also be a

nephrotoxic agent.

Materials and methods

The Humanitas Clinical and Research Center Ethics

Committee approved the study and waived informed con-

sent as data were collected retrospectively on an anon-

ymized database.

Study population

Patients with diabetes mellitus type 2 arrived to our

emergency department with ARF who had a previously

normal renal function.

Inclusion and exclusion criteria

We collected data from all the patients with diabetes who were

discharged from the medical wards of our hospital with the

ICD-9 diagnosis code of ‘‘acute renal failure’’ from January 1,

2007, to December 31, 2011. Algorithm for patient selection is

schematized in Fig. 1. Patients with chronic kidney disease

(CKD) and type 1 diabetes mellitus were excluded.

Definitions

• Diabetes was defined as the use of insulin and/or any

oral antidiabetic drug (OAD) or a previous diagnosis of

type two diabetes mellitus made by a physician.

• CKD was defined as a previous serum creatinine

greater than 1.5 mg/dL [5] or ultrasonographic signs of

CKD (kidneys length\9 cm or a thin and hyperechoic

cortex). For those patients in whom creatinine had not

been tested previously, we ruled out CKD if patients

were discharged with a serum creatinine \1.5 mg/dL,

i.e., if they had a complete renal function recovery after

the acute event.

Fig. 1 Algorithm of patient selection. CKD chronic kidney disease,

ARF acute renal failure
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• Acidosis was defined as an arterial pH\ 7.35.

• LA was defined as an arterial pH\ 7.35 along with

lactates[5 mmol/L [15].

• Comorbidities were approximated as the number of

drugs taken daily.

Data collection

For each patient, demographic and clinical data were retrieved

by accurate analysis of hospital archives. Clinical data col-

lected included renal function before and after emergency

department (ED) admission, use of metformin, the prescribed

daily dose taken at home before ED admission, use of insulin

or any other OAD, arterial blood gas analysis (ABG) values of

the first sample taken after ED admission, glycaemia at ED

admission, glycated hemoglobin, hemoglobin, total bilirubin,

number of drugs taken daily, cause of ARF (expressed as pre-

renal, intrinsic renal or post-renal on the basis of the work-up

made after admittance), use of ACE-inhibitors (ACE-I) and/or

angiotensin receptor blockers (ARBs), length of hospital stay,

need for hemodialysis and hospital-survival.

Study aims

1. To verify whether the occurrence of acidosis and LA

was more frequent in patients taking metformin (Group

A) than in patients taking any other OAD and/or

insulin (Group B);

2. To assess whether metformin influenced pH and lactate

levels in an independent fashion from renal function,

estimated as the creatinine value on ED admission,

glycemia, number of drugs taken daily and causes of

ARF through a multivariate analysis. To study whether

different doses of the drug (\1, 1–2 and 2–3 g/day)

had an influence on pH and lactate levels, considering

as 0 g/day patients who were not taking it;

3. To investigate whether metformin had an influence on

renal function, estimated as the creatinine value on ED

admission, in an independent fashion from causes of

ARF, use of ACE-I and/or ARBs and the number of

drugs taken daily through a multivariate analysis. To

study whether different doses of the drug (\1, 1–2 and

2–3 g/day) had an influence on creatinine, considering

as 0 g/day patients who were not taking it;

4. To investigate whether the use of metformin had an

influence on hospital-survival and need for hemodialysis.

Statistical analysis

Data were expressed as number and percentage, or mean

and standard deviation, or median and range, where

appropriate. Differences between patients taking or not

metformin were explored with Fisher or Wilcoxon test,

where appropriate. All possible association with pH and

lactate levels was explored with a linear regression analy-

sis. A p value \0.05 was considered as statistically sig-

nificant. All analyses were performed with Stata11

(StataCorp. 2009. Stata Statistical Software: Release 11.

College Station, TX: StataCorp LP).

Results

From a cohort of 5841 patients, discharged between Jan-

uary 1, 2007, and December 31, 2011, we isolated 126 non-

CKD ARF patients with diabetes (Fig. 1), 74 of which

were taking metformin (group A), while the remaining 52

were taking insulin, any other OAD or both (group B). The

median dose of metformin in group A was 1500 mg

(400–3000 mg). Clinical data are listed in Table 1. Serum

creatinine levels tended to be higher in patients taking

metformin (361.7 ± 247.3 vs 264.9 ± 158.4 lmol/L or

4.11 ± 2.81 vs 3.01 ± 1.80 mg/dL, p = 0.071). Causes of

ARF were similar between the two groups, with pre-renal

ARF accounting for more than 80 % in both of them. ABG

values showed a significant difference in pH and lactate

levels among groups, with group A having lower pH

(7.31 ± 0.16 vs 7.39 ± 0.11, p = 0.008) and higher lac-

tates (4.54 ± 4.30 vs 1.71 ± 1.14 mmol/L, p\ 0.001).

Bicarbonate levels and base excess were decreased as well,

with a trend toward a lower pCO2 (Table 1).

1. Acidosis occurred in 57 cases, more frequently in

group A (40 cases in group A, 17 cases in group B,

odds ratio 2.11, p = 0.0491). LA, as defined earlier,

occurred in 21 cases, all of which belonged to group A

(p\ 0.001).

2. By multivariate analysis, metformin acted as an

independent variable for pH (p = 0.042) and lactate

levels (p\ 0.001) when data were adjusted for crea-

tinine on ED admission, number of drugs taken at

home, glycaemia and causes of ARF (Table 2a).

Creatinine had a strong influence on pH, as expected

(p\ 0.001), but a lesser effect on lactates (p = 0.059).

We observed a good correlation between increasing

doses of metformin and lactates, especially with doses

greater than 1 g/day (p\ 0.001). The effect on pH

became significant only with doses above 2 g/day

(p = 0.009) (Table 2b; Fig. 2).

3. Renal function, estimated as creatinine value on ED

admission, was worse among metformin users

(Table 1). This has been confirmed by the multivariate

analysis, when data were adjusted for causes of ARF,

number of drugs taken at home and use of ACE-I and/

or ARBs (Table 3a). Higher doses of metformin
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significantly influenced creatinine (p = 0.033 for 1–2

and p\ 0.001 for 2–3 g/day) (Table 3b).

4. Thirteen patients deceased (10.3 %) and sixteen

needed dialysis (12.7 %). There were no differences

in hospital-survival and need for hemodialysis among

groups A and B.

Discussion

These results demonstrated a strong association between

the use of metformin and both lactate and pH levels in

patients with diabetes admitted to our ED with ARF

(Table 2a). This association was dose-related: The risk of

lactic acidosis increased with escalating doses of the drug

independently of renal function and the other studied

confounders (Table 2b).

These data are in contrast with the common belief that

LA in metformin users is due to the accompanying con-

ditions [5, 16]. This idea was deducted from the fact that

MALA has usually been observed in acutely ill patients

and trials did not demonstrate any increased incidence of

LA among metformin users. However, most of the trials

had focused on stable outpatients and did not provide data

about acid–base status during acute illnesses. Notably,

57 % of the studies considered by the Cochrane meta-

analysis excluded patients with renal failure, 46 % exclu-

ded patients with cardiovascular, and 54 % excluded those

with liver diseases [5]. In one of the biggest trials, the

mean age was 53 and exclusion criteria included renal

failure, myocardial infarction in the previous year, con-

current angina pectoris or heart failure and more than one

major vascular event [17]: This setting is often much dif-

ferent from the clinical reality. By contrast, we chose to set

ARF as the first inclusion criterion in our study in order to

understand whether the data reported for the general pop-

ulation at the steady state are valid even in the acute set-

ting. We chose to exclude patients with an already

impaired kidney function for essentially two reasons: (1)

These patients were unlikely to take metformin because in

Table 1 Main clinical features in patients taking metformin (group A) and patients taking insulin and/or OAD (group B)

Global population Group A Group B p

n 126 74 52

Age 79 ± 10 78 ± 10 81 ± 10 0.142

Sex (M) 60 (47.62 %) 35 (47.30 %) 25 (48.08 %) 0.931

Creatinine before admission 96.8 ± 18.5 lmol/L

1.10 ± 0.21 mg/dL

95.9 ± 20.2 lmol/L

1.09 ± 0.23 mg/dL

99.4 ± 16.7 lmol/L

1.13 ± 0.19 mg/dL

0.594

Creatinine on ED admission 322.1 ± 220 lmol/L

3.66 ± 2.50 mg/dL

361.7 ± 247.3 lmol/L

4.11 ± 2.81 mg/dL

264.9 ± 158.4 lmol/L

3.01 ± 1.80 mg/dL

0.071

BUN on ED admission 25.8 ± 12.3 mmol/L

72.3 ± 34.6 mg/dL

24.8 ± 10.7 mmol/L

69.6 ± 30 mg/dL

27.2 ± 14.3 mmol/L

76.3 ± 40.2 mg/dL

0.683

Glycemia 13.4 ± 10.4 mmol/L

243 ± 188 mg/dL

12.4 ± 9.7 mmol/L

224 ± 175 mg/dL

14.9 ± 11.3 mmol/L

269 ± 204 mg/dL

0.246

HbA1c 8.6 ± 2.6 %

70.5 ± 4.9 mmol/mol

8.6 ± 2.5 %

70.4 ± 3.8 mmol/mol

8.6 ± 2.9 %

70.5 ± 8.2 mmol/mol

0.806

Hemoglobin 11.9 ± 2.3 g/dL 11.7 ± 2.5 g/dL 12.1 ± 2.5 g/dL 0.477

Total bilirubin 0.8 ± 0.3 g/dL 0.8 ± 1.4 g/dL 0.7 ± 0.4 g/dL 0.720

Number of drugs taken at home 7 (0–16) 7 (2–15) 7 (0–16) 0.326

Etiology 0.188

Pre-renal failure 107 (84.92 %) 63 (85.14 %) 44 (84.62 %)

Intrinsic renal failure 12 (9.52 %) 5 (6.76 %) 7 (13.46 %)

Post-renal failure 7 (5.56 %) 6 (8.11 %) 1 (1.92 %)

ABG values at ED admission

pH 7.35 ± 0.15 7.31 ± 0.16 7.39 ± 0.11 0.008

pO2 (mmHg) 81.2 ± 35.6 83.1 ± 41.2 78.6 ± 25.9 0.764

pCO2 (mmHg) 33.60 ± 10.40 32.28 ± 9.25 35.48 ± 11.69 0.185

HCO3 (mmol/L) 20.06 ± 7.23 18.47 ± 6.53 22.32 ± 7.63 0.010

B.E. (mmol/L) -5.86 ± 9.01 -8.02 ± 8.59 -2.79 ± 8.78 0.004

Lactates (mmol/L) 3.37 ± 3.64 4.54 ± 4.30 1.71 ± 1.14 \0.001

ED emergency department, ABG arterial blood gas analysis, BUN blood urea nitrogen
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Italy, this drug was contraindicated with eGFR \60 mL/

min/1.73 m2 in the study period, and (2) patients with

CKD are likely to have a lower pH, i.e., a potential con-

founder, while we wanted to isolate a cohort of patients

with a normal acid–base balance at the baseline.

Thereafter, we decided to test the hypothesis that met-

formin could exert a nephrotoxic effect. Metformin

switches cell metabolism from an anabolic to a catabolic

phenotype, reducing lipids, glucose and protein synthesis

and increasing beta-oxidation. This is accomplished

through the activation of AMP-activated kinase (AMPK), a

crucial enzyme in cell metabolism that regulates the

expression of many enzymes, especially those involved in

gluconeogenesis. Metformin increases AMP/ATP ratio,

thus activating AMPK, through a transient inhibition of

mitochondrial respiration, being its molecular target the

mitochondrial-respiratory chain complex one [18]. It has

been recently demonstrated in an animal model that the

mitochondrial dysfunction that follows this inhibition

reduces oxygen consumption and determines an increase in

lactic acid production. This is a widely spread process that

is not limited to a single organ or apparatus, since met-

formin inhibits mitochondrial function in almost any cell

that uptakes it, including renal cells [14]. Therefore, it is

reasonable to think that this process is dose-dependent and

has a therapeutic effect as long as the lactates produced are

effectively cleared, preventing the occurrence of LA. Protti

et al. [19] demonstrated that global oxygen extraction is

reduced in metformin-intoxicated patients: This highlights

that mitochondrial dysfunction is global and may resemble

cyanide poisoning. This effect can theoretically be worse in

those cells that have a high aerobic metabolism, such as

renal tubular epithelial cells, and may explain why ARF is

observed in voluntary or accidental intoxications [11–13].

Our results show indeed that metformin is associated with

increased plasma creatinine values (Table 3a), and the

strength of this association is higher when increasing doses

of metformin are administered (Table 3b). This may

underline an additive negative effect of the drug on renal

function when ARF has already developed due to other

causes. Most of our patients had a pre-renal failure (Table 1);

thus, hypoperfusion is a likely trigger of ARF in our cohort.

We can speculate that increased blood levels of metformin

can worsen renal function when renal tubular epithelial cells

are already suffering from hypoxia, as in most of our cases,

through direct mitochondrial toxicity. Reasonably, the worse

hypoperfusion and hypoxia are, the higher the toxicity will

be. Our hypothesis is summarized in Fig. 3.

It is well known that metabolic acidosis is associated

with a worse prognosis in terms of mortality, morbidity and

Table 2 Multivariate analysis showing the influence of metformin, renal function (estimated as the creatinine value on ED admission),

glycemia, cause of ARF and number of drugs taken at home, an estimate of comorbidities, on pH and lactate levels (panel a)

Lactates pH

Coefficient (95 % CI) p Coefficient (95 % CI) p

(a)

Metformin use 2.657 (1.428; 3.886) \0.001 -0.478 (-0.940; -0.017) 0.042

Creatinine on ED admission 0.240 (-0.009; 0.4884) 0.059 -0.268 (-0.362; -0.175) \0.001

Glycemia 0.002 (-0.002; 0.005) 0.292 0.0003 (-0.0009; 0.0016) 0.613

Cause of ARF (intra and post vs. pre) -1.431 (-3.078; 0.217) 0.088 0.441 (-0.177; 1.060) 0.160

Number of drugs taken at home 0.028 (-0.207; 0.151) 0.760 0.048 (-0.020; 0.115) 0.165

Coefficient 0.905 (-1.353; 3.163) 0.429 74.2 (73.4; 75.1) \0.001

(b)

Metformin dose

No use 0 0

B1 g/day 1.328 (-0.221; 2.878) 0.092 -0.351 (-0.963; 0.262) 0.259

1–2 g/day 2.766 (1.261; 4.272) \0.001 -0.320 (-0.915; 0.275) 0.289

2–3 g/day 4.486 (2.628; 6.344) \0.001 -0.987 (-1.722; -0.253) 0.009

Creatinine on ED admission 0.106 (-0.149; 0.362) 0.412 -0.249 (-0.350; -0.148) \0.001

Glycemia 0.002 (-0.002; 0.005) 0.334 0.0004 (-0.0009; 0.0017) 0.548

Cause of ARF (intra and post vs. pre) -1.174 (-2.752; 0.405) 0.144 0.415 (-0.209; 1.039) 0.191

Number of drugs taken at home -0.034 (-0.855; 3.588) 0.226 0.047 (-0.022; 0.116) 0.180

Coefficient 1.366 (-0.855; 3.588) 0.226 74.2 (73.3; 75.0) \0.001

Panel b shows the influence of different doses of the drug on these variables
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need for hospitalization [20]. However, there was no sig-

nificant difference in the overall survival and need for

hemodialysis between patients who were given metformin

and those who were not. This can be explained by the low

rate of events in our cohort (mortality 10 % and need for

hemodialysis 13 %).

Taken together, all these data support the hypothesis that

in patients presenting with ARF and LA, metformin is not

just an innocent bystander, but rather one of the major

contributors to the acid–base disorder. The dose–effect

relationship we have showed in our study could be

explained by drug accumulation due to higher intake

combined with a reduced excretion in the setting of renal

failure. As showed previously, drug accumulation per se

can lead to lactic acidosis [7–10], and the linear correlation

we found between lactate production and the dose of the

drug taken at home supports the theory that this could be

the pathogenic mechanism underlying LA in these patients.

The difference in results between our study and the ones

reported in literature is probably due to the patients’

selection: We considered only patients in the setting of

ARF, and not on a steady state. Notably, mean age of our

patients (79 ± 10) was much higher than the ones reported

before [5, 17]. This may account for the different results

obtained, meaning that we explored a field that was pre-

viously neglected, i.e., the role of metformin in frail

patients who develop an acute illness. According to our

Fig. 3 Proposed model for metformin toxicity
Fig. 2 Relationship between pH and daily metformin intake

Table 3 Multivariate analysis

showing the influence of

metformin, cause of ARF, use

of ACE-I and/or ARBs and

number of drugs taken at home,

an estimate of comorbidities, on

renal function, estimated as the

creatinine value on ED

admission (panel a)

Creatinine on ED admission

Coefficient (95 % CI) p

(a)

Metformin use 1.112 (0.213; 2.011) 0.016

Cause of ARF (intra and post vs. pre) 0.090 (-1.125; 1.305) 0.884

Number of drugs taken at home -0.071 (-0.200; 0.057) 0.274

ACE-I/ARB 0.173 (-0.830; 1.176) 0.733

Coefficient 3.374 (2.196; 4.553) \0.001

(b)

Metformin dose

No use 0

B1 g/day -0.055 (-1.209; 1.099) 0.925

1–2 g/day 1.208 (0.098; 2.318) 0.033

2–3 g/day 2.775 (1.481; 4.069) \0.001

Cause of ARF (intra and post vs. pre) 0.249 (-0.918; 1.415) 0.674

Number of drugs taken at home -0.094 (-0.218; 0.030) 0.136

ACE-I/ARB 0.043 (-0.929; 1.014) 0.931

Coefficient 3.583 (2.440; 4.725) \0.001

Panel b shows the influence of different doses of the drug on this variable
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findings, a recently published population-based study from

the Netherlands observed that patients taking high doses of

metformin ([2 g/day) had greater risk to develop LA [21].

To our knowledge, the finding that metformin can exert

a nephrotoxic effect has already been observed in animal

models [14], but little clinical data exist about this topic. In

a recently published MALA case series, a strong correla-

tion between blood metformin and creatinine levels was

noted [22]. However, this may only reflect the normal

increase in blood metformin levels when renal function

deteriorates. On the other hand, our data may suggest an

active role of metformin in renal function worsening for

two reasons: Firstly, we considered a control group who

did not take metformin. Secondly, we observed a dose–

effect relationship that may provide an additional meaning:

The more metformin our patients took, the worse their

renal function was on ED admission.

Of course, considering the retrospective nature of this

study, there are some drawbacks that need to be addressed.

First, blood metformin levels were not available: Further

studies will be needed to better clarify the drug pharma-

cokinetic during ARF. Second, comorbidities were

approximated as the number of drugs taken at home. Third,

patients were selected through the ICD-9 code at discharge.

An US study found a high specificity for ARF coding but a

sensitivity as low as 35 % [23]. Thus, many ARF cases

may have been missed and we cannot rule out selection

bias, i.e., that metformin use could have influenced the

ARF coding by the physician. Moreover, due to the size of

the cohort we could analyze only few variables in the

multivariate analysis. Therefore, our results should be

interpreted with caution: The hypothesis generated with

this retrospective study has to be further evaluated in both

experimental and clinical models.

In conclusion, in a relatively large cohort of patients

with diabetes who developed ARF, we observed a strong

association between the dose of metformin and both pH

and lactate levels. Physicians should be aware of its dan-

gerous effects on acid–base balance when renal function

acutely deteriorates and that the drug administration should

be promptly stopped in the setting of ARF. To our

knowledge, the possible nephrotoxic effect of metformin is

currently being discovered and our findings reinforce this

hypothesis.
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