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Abstract

Metformin is currently considered a first-line therapy in type 2 diabetic patients. After issuing warnings for decades about
the risks of lactic acidosis in patients with chronic nephropathy, metformin is now being re-evaluated. The most recent
evidence from the literature has demonstrated both a low, acceptable risk of lactic acidosis and a series of favorable effects,
which go beyond its hypoglycemic activity. Patients treated with metformin show a significant mortality reduction and lower
progression towards end-stage renal disease in comparison with those treated with other hypoglycemic drugs. Concerning
lactic acidosis, in the last few years it has been shown how lactic acidosis almost always developed when patients kept tak-
ing the drug in the face of a concomitant disease or situation such as sepsis, fever, diarrhea, vomiting, which reduced met-
formin renal clearance. Actually, clearance of metformin is mainly renal, both by glomerular filtration and tubular secretion
(apparent clearance 933—1317 ml/min, half-life < 3 h). As regards treatment, in cases of lactic acidosis complicated by acute
kidney injury, continuous renal replacement therapy (CRRT) plays a crucial role. Besides the elimination of metformin,
CRRT improves survival by correcting acidosis, electrolyte alterations, and maintaining fluid balance. Lactic acidosis
almost always develops because of preventable drug accumulation. Therefore, prevention is a key factor. Patients should be
aware that discontinuation for a limited time does not affect their health, even when it may be inappropriate, but it may avoid
a serious, potentially fatal adverse event.
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Introduction

In April 2016, the Food and Drug Administration (FDA)
stated that the antidiabetic drug metformin could be used “in
patients with mild renal failure and, in particular situations,
even moderate” [1].

After issuing warnings for decades about the risks of
metformin-induced lactic acidosis in patients with chronic
kidney disease (CKD), the FDA concluded that the previous
guidelines were overly restrictive for metformin. Metformin
was approved in 1995, with contraindication in patients
with renal disease or dysfunction (serum creatinine lev-
els>=1.5 mg/dl for males and > = 1.4 mg/dl for females),
or in the presence of impaired creatinine clearance.
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Although lactic acidosis, the main complication related to
the use of metformin, was a serious and potentially fatal con-
dition, during the last 20 years a higher rate of lactic acidosis
has not been found in patients taking metformin compared
to the general population [2-4]. Furthermore, some inves-
tigations have shown that in the real world metformin was
used in high percentages in patients below the kidney func-
tion threshold values set by the FDA ((creatinine of 1.5 mg/
dl for males, and 1.4 mg/dl for females)). Nonetheless, no
significant increase in lactic acidosis cases occurred, and
when cases did occur in metformin-treated patients, they
were almost always associated with some triggering event
such as sepsis, or severe hemodynamic failure. Therefore,
for CKD diabetic patients suffering from a syndrome rather
than a single disease, metformin was simply a risk factor
that predisposed to the onset of a severe complication [5-7].

After 2016 the European Medicines Agency (EMA)
started reviewing the use of metformin in patients with dif-
ferent levels of renal impairment, aiming at harmonizing the
prescription in all European Union countries. After years

@ Springer


http://orcid.org/0000-0001-7137-2141
http://crossmark.crossref.org/dialog/?doi=10.1007/s40620-020-00941-8&domain=pdf

1128

Journal of Nephrology (2021) 34:1127-1135

of consolidated use, metformin has proved to be a safe and
efficient drug, with a favorable cost-benefit ratio (as high as
not to be comparable) to any other antidiabetic drug.

On the horizon of diabetes therapy, new “players”, such
as sodium-glucose co-transporter type 2 inhibitors (SGLT2i)
and glucagon-like peptide 1 receptor agonists (GLP1RA)
are currently emerging. Even though their real role in the
future of diabetic therapy is not fully defined, SGLT2i and
GLPI1RA have great potential for the prevention of cardio-
vascular (CV) risk and CKD in diabetic patients [8, 9]. The
recent guidelines of the ESC 2019 and the ADA-EASD 2020
Consensus suggested adding these drugs to metformin to
reach the HbA 1c target, and in high-risk CV patients regard-
less of the HbA1c values achieved with metformin treatment
[8-12].

The intrinsic value of the metformin molecule remains
undisputed for patients with CKD as it is always the first-
line drug treatment, at least as long as estimated glomerular
filtration rate (¢GFR) is >30 ml/min/1.73 m2 [11, 12], even
though some concerns remain regarding the reported asso-
ciation with lactic acidosis.

The purpose of this paper is to provide a nephrologist’s
point of view on the relationship between metformin, renal
function, CKD, and its potential long-term benefit. We will
also focus on lactic acidosis requiring renal replacement
therapy (RRT), with an update on the modalities of dialysis
that are more appropriate for this severe complication.

Metformin and renal function

Metformin (dimethylbiguanide, MW 129.17 daltons) was
first synthesized in 1922, and since 1958 it has been used in
the control of hyperglycemia in type II diabetes [13]. Met-
formin is a biguanide, chemically developed from galegina,
a natural guanidine compound found in Galega Officinalis
(French lilac).

Metformin is the natural successor of phenformin, that
was used as the reference oral biguanide for many years.
Phenformin is a hydrophobic molecule, rapidly absorbed
by the intestine, extensively metabolized in the liver to
4-hydroxy-phenformin, and with a long half-life of 11 h
[14]. Phenformin was withdrawn from the market in the late

Fig.1 Chemical structure of
biguanides metformin and
phenformin

Metformin

NH NH

HzNJ\I}\{JJLN”(‘:C-}-! N

"“CH:;}

@ Springer

(dimethyl groups = hydrophilic)

1990 s for inducing fatal lactic acidosis, mainly related to the
different ability of the subjects to metabolize the drug in the
liver. In subjects with low metabolic capacity, accumulation
of the drug and toxic levels occurred leading to potential
fatal lactic acidosis [15, 16]. As shown in Fig. 1, metformin
has 2 methyl groups instead of a phenyl group of phenformin
[17]. At physiological pH, metformin is a cationic hydro-
philic molecule (>99.8%). Despite its low molecular weight,
its chemical characteristics strongly limit passive diffusion
in cell membranes. Furthermore, unlike phenformin, met-
formin does not undergo metabolism and it is eliminated
unchanged [13].

Erythrocytes can slowly uptake metformin. Six hours
after a single dose, when plasma concentrations are negligi-
ble, metformin concentrations in erythrocytes exceed those
in plasma. Erythrocytes work like a separate compartment,
which slowly keeps releasing the accumulated drug. How-
ever, this prolonged elimination by the erythrocyte compart-
ment challenges the traditional view that the drug could be
shortly cleared even after short dialysis therapy. In the case
of lactic acidosis due to accumulation of metformin, the drug
is detected in plasma and erythrocytes for up to 13 days [18].

Metformin is administered per os 2-3 times a day in a
cumulative dose that rarely exceeds 3 g/day. Metformin is
absorbed in the upper part of the small intestine (duode-
num, jejunum) through specific membrane transporters.
Gastrointestinal absorption is incomplete, with a discrete
intra-subject as well as inter-subject variability. The mean
bioavailability (F) is at about 55% [13, 19].

Metformin plasma protein binding is negligible. In
healthy and/or diabetic patients with normal renal function
metformin half-life is 3-5 h depending on the oral formula-
tion (immediate or extended-release) (see Table 1).

The elimination of the drug takes place in the urine, by
tubular secretion, and as an unchanged drug. After oral
administration, the mean renal clearance and apparent total
clearance (Clear/F) are estimated to be 510 + 130 ml/min
and 1140 + 330 ml/min, respectively. These values, which
are 4.3 and 10.7 times the creatinine clearance, underline
the role of the kidney in metformin elimination. Since met-
formin clearance always maintains a direct proportion to
creatinine clearance for the different values of renal function
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Table 1 Pharmacology of
metformin in normal subjects

Parameter

Normal subjects Chronic renal failure

and in chronic renal failure

Bioavailability (%) 50-60 50-60
(adapted from 13,18-20) Distribution volume (L)? 500-600 -
Half-life (hours)® 3.0 4.5-13.0
Clear/F (ml/min)° 933-1317 200-850
Toxic threshold plasma level (mg/L)° 5.0 5.0
Threshold-dose (p.o mg/day)! BCrC 120 ml/min 3000 -
BCrC 60 ml/min - 2000
BCrC 30 ml/min - 1000
BCrC 15 ml/min - 500

*Values are referred to patients with type 2 diabetes mellitus with normal renal function

The values are referred for oral IR formulations and to the different stage of renal failure for chronic renal

failure (Ref [19, 20])

“Plasma peak levels for XR formulation and as equal split doses for IR formulation

dRecommended daily doses for XR formulation and as equal split doses for IR formulation. Doses in
chronic renal failure are according to renal function (Ref 20)

Clear/F clearance after oral administered dose, BCrC blood creatinine clearance, /R immediate release, XR

extended release

[20], with an increasing degree of renal failure the dosage
should be proportionally decreased (Table 1).

Intestinal absorption, liver uptake, and renal excretion are
largely mediated by the specific transport system Organic
Cation Transporter (OCTs) and Multidrug And Toxin Extru-
sion Transporter (MATE) [19]. Specific variants of these
transporters (OCT1, polymorphism rs622342) are known to
have been associated with a decreased hypoglycemic effect
in heterozygotes, and with a missing effect in homozygotes.
The specific transporter variants can significantly change
absorption, hepatic uptake, and renal secretion, and therefore
they can modulate the pharmacokinetics/pharmacodynamics
of metformin in the individual subject [21].

Metformin prescription

Current guidelines state that in normal subjects
(eGFR > 90 ml/min) the usual starting dose varies between
500 mg and 850 mg of metformin 2 or 3 times a day during
or after meals, with a maximum recommended daily dose of
3 g. In patients with renal impairment, eGFR must be evalu-
ated before starting treatment, and subsequently at least once
a year, or at least every 3—6 months for patients with eGFR
30-59 ml/min (11,12). Regarding the dose, in patients with
eGFR between 60 and 89 (stage II KDIGO) the maximum
dose should be less than 3 gr/day in 2-3 administrations,
in patients with eGFR between 45 and 59 ml/min the dose
must be less than 2 gr/day, and between 30 and 44 ml/min
less than 1 gr/day.

Metformin is contraindicated in patients with eGFR
less than 30 mL/min [11, 12, 22]. In patients with eGFR
between 30 and 60 mL/min, the known factors increasing
the risk of lactic acidosis (other drugs, serious respiratory

Table 2 Demographic data and RRT parameters of 117 metformin-
associated lactic acidosis patients admitted in ICUs and treated with
renal replacement therapy (modified from Ref. [45])

Patients no. (F/M)
ICU survival (survived/dead, %)

76/41 (64.9%)
92/25 (78.6%)

Age (years, mean) 71.6
At RRT start

Creatinine (umol/L, mean) 598.8
pH (arterial blood, mean) 7.04
Lactate (mmol/L, mean) 12
Time interval before RRT start (hours, mean) 3.2

RRT clinical parameters

Duration of RRT (days, mean) 3.9

Dialysis dose (ml/Kg/day, mean) 9717.17
Predilution (% of infusion, mean) 31.8

Heparin anticoagulant 84/19 (81.5%)
HF or HDF techniques (yes/no (%)) 91/18 (83.4%)

CRRT or PIRRT modalities (yes/no (%))

87/22 (79.8%)

RRT renal replacement therapy, HF hemofiltration, HDF hemodia-
filtration, CRRT continuous renal replacement therapy, PIRRT pro-
longed intermittent renal replacement therapy

and circulatory comorbidities, septic state, liver failure)
must be examined before considering the start of met-
formin treatment. Furthermore, the starting dose should
not exceed half the maximum indicated dose [11, 12, 22].
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Metformin and CKD

The use of metformin in CKD has always been controversial
and strongly limited in the last decades by the potential cases
of associated lactic acidosis [6, 11, 12, 23].

However, for patients with CKD recent evidence has
demonstrated on one hand a low risk of lactic acidosis [23],
and on the other a series of favorable effects that go beyond
hypoglycemic activity, including the possibility of slowing
down the decline of renal function [3, 4, 24-28].

In 2010, for the first time, a metformin protective effect for
patients with chronic renal failure was described in a cohort
of 19,691 patients with type II diabetes and documented ath-
erosclerotic disease. In the subgroup of 5031 patients with
KDIGO stage III nephropathy (eGFR 30—-60 ml/min) mortal-
ity rate was significantly lower in metformin-treated patients
than in non-metformin-treated patients. This effect was more
evident in patients with chronic KDIGO stage I1I-B (eGFR
30-45 ml/min) [3].

In 2012, a second large study confirmed the positive rela-
tionship between metformin and mortality in CKD patients.
A national study, carried out in Sweden on 51,675 diabetic
patients, showed that in patients with CKD KDIGO stage
III-A (eGFR 45-60 ml/min) the use of metformin in mono-
therapy for a median follow-up of 3.9 years was associated
with significant cardiovascular protection and reduced mor-
tality without any significant increase in lactic acidosis rate
[4]. In 2017, a meta-analysis of 5 large studies on metformin
use among adults with type 2 diabetes and comorbid mod-
erate-to-severe CKD (eGFR <45 mL/min/1.73m2 or even
30 mL/min), chronic heart failure, or chronic liver disease
with impaired hepatic function demonstrated that the relative
chance of dying during follow-up was 22% lower for patients
taking metformin than for those not taking it (HR 0.78; 95%
CI0.63-0.96) [25].

Other reports focusing on patients with CKD confirmed a
significant reduction in major cardiovascular events (MACE)
in metformin-treated subjects compared to sulphonylurea-
treated ones [26-28]. As to the severity of impaired renal
function, metformin should not be used in patients with
eGFR <30 ml/min (stage 5 KDIGO) because of an observed
significant increased mortality. Conversely, metformin was
safe when used in patients with eGFR > 30 ml/min/1.73
m2 [29, 30]. As to the risk of acidosis, in a large cohort of
patients with eGFR of at least 30 mL/min/1.73 m2, met-
formin was not associated with incident hospitalization with
acidosis, even after accounting for a change in eGFR stage
over time. In comparison with metformin nonuse, there was
a higher acidosis risk associated with use only at eGFR
less than 30 mL/min/1.73 m2 (adjusted HR, 2.07; 95% CI,
1.33-3.22) [31].

Interestingly, after the FDA changed the labeling
regarding metformin contraindications for diabetes
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patients with CKD, by eGFR and not by creatinine val-
ues, a reduction in racial and sex disparities of metformin
prescription was observed. Before 2016, Black patients
with eGFR of 30—44 ml/min/1.73 m2 were prescribed met-
formin less often than their White counterparts, whereas
this phenomenon was significantly attenuated after the
FDA label change (aPR, 0.90; 95% CI, 0.74-1.09; P value
for interaction by period =0.04) [32].

A recent retrospective, observational paper studied the
primary outcomes (mortality and progression of chronic
kidney disease) and the secondary outcome (incidence of
lactic acidosis) of 10,862 type 2 diabetic patients with
CKD for a long average follow-up of 7.3 +4.8 years.
Mortality was significantly reduced for 4597 “metformin-
users” compared to 6265 “no metformin-users”. In addi-
tion, the study demonstrated significantly reduced pro-
gression towards end-stage renal disease (ESRD) assessed
as renal replacement treatment need (aHR 0.66; 95%
CI 0.59-0.76; P=0.001) [33]. The significantly slower
decline of renal function in “metformin-users” vs “no-
metformin users” was also present after data analysis with
“Propensity Score Matching”, and with Kaplan—-Meier
curves constructed with patient stratification according
to KDIGO stage 3 and stage 4. In particular, the benefit
on mortality and progression of nephropathy was most
evident for patients with eGFR between 30 and 44 ml/min
[33]. As regards safety, only one case of lactic acidosis
associated with metformin use was demonstrated (aHR
0.92;95% CI1 0.668-1.276; P=0.629) [33].

The metformin protective effects described above were
not seen in the TREAT study, which failed to demonstrate
the statistical significance of a renal protective effect (aHR
1.01; 95% CI1 0.65-1.55; P=0.98) [30]. It has been hypothe-
sized that this result discrepancy was due to the short follow-
up of the TREAT study (average follow-up: 2.5 years, with
a maximum of 4.5 years) [30]. To highlight a significant
risk reduction on the progression towards ESRD, metformin
treatment is required for more than 2.6 years, and more than
4.5 years when considering 95% CI [33].

Several experimental data support the observed met-
formin-induced renal protection. Metformin exerts its meta-
bolic cellular effects essentially through an activated AMP-
protein kinase (AMPK) pathway [34]. The AMPK pathway
is important not only for increased peripheral glucose uptake
and (in the path of) gluconeogenesis (both related to insulin
signal), but also for the mechanisms of cell stress protection.
In tubular cells either a hyperglycemic state or proteinuria
down-regulates defensive mechanisms, such as the AMPK
pathway and autophagocytosis, and up-regulates pathologi-
cal pathways such as those of epithelial-to-mesenchymal
transition, oxidative stress, hypoxia, and apoptosis [35].
Metformin has the intrinsic potential of reducing tubulo-
interstitial fibrosis, the epithelial-mesenchymal transition,
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and the expression of TGF-1beta, a well-known fibrogenic
factor [35, 36].

Metformin, lactic acidosis and AKI

Metformin-associated lactic acidosis (MALA) is defined by
a blood lactate level >5 mmol/L, decreased pH and bicar-
bonates, and an increased anion gap. The therapeutic range
of metformin is 2—4 mg/L. In MALA patients, metformin
blood levels are generally high, largely exceeding 5 mg/L,
and the therapeutic range of 2-4 mg/L [37, 38]. Metformin
at a high dose exerts per se toxic effects. In healthy patients
during (anti-preservative attempts) with metformin at high
doses, the high blood concentrations of metformin exceeding
50 mg/L induced a state of severe lactic acidosis (lactate lev-
els> 25 mmol/L) burdened by a high mortality rate [37, 38].

The lactate increase means an increased lactate/pyru-
vate ratio. Generally speaking, the mechanisms underlying
lactate increase and biguanide intoxication involve several
metabolic pathways [34]. Metformin can inhibit the mito-
chondrial respiratory chain (complex 1) and mitochondrial
glycerophosphate dehydrogenase, and therefore direct the
cell towards an anaerobic respiratory shift [34, 39]. Accu-
mulated pyruvate upstream from Krebs cycle is converted to
lactate by lactic dehydrogenase. Furthermore, lactate cannot
be efficiently consumed in liver gluconeogenesis because of
inhibition of the pathway by metformin in an oxide-reduc-
tion-dependent manner [39]. Therefore, lactate increase is
sustained both by excess production and reduced consump-
tion in the liver.

However, in clinical settings the real role of metformin
in MALA onset is still not well defined. As a matter of fact,
it has been shown that the incidence of lactic acidosis for
metformin users was not substantially different from that
observed in patients treated with other oral hypoglycemic
agents [23], and risk factors such as the presence of renal
failure, cardiovascular disease and age > 65 years, were
crucial for the onset of lactic acidosis [23]. Furthermore,
even if metformin did not increase the risk of acute kidney
injury (AKI) [40], AKT is still a clinical condition that is fre-
quently described in association with MALA [41-45], and
the decline of renal function paralleled the accumulation of
metfomin at plasma levels capable of inducing lactic acido-
sis [41, 42]. In addition, in AKI patients MALA is worsened
as the kidney fails the function of a lactate-consuming organ.

Metformin, lactic acidosis and RRT

Data concerning the incidence of severe MALA cases
requiring RRT are scarce, often incomplete, and not so
conclusive. A recent survey in north-west Italy focused on
MALA cases admitted to the ICU and needing renal replace-
ment therapy for AKI [45]. The source of data was the
network of Nephrology and Dialysis Centers of Piedmont-
Aosta Valley regions, where all ICU replacement treatments
involved the nephrology community [46].

In 2012, 17 patients suffering from a serious form of
MALA were admitted to the ICU of Piedmont-Aosta Valley
regions requiring renal replacement therapy (MALA-RRT
patients) (Fig. 2). According to the Diabetes Registry [47],

Fig.2 Flow chart of RRT-
MALA cases recorded in 5,298,000
Piedmont and Aosta Valley Year 2012: number of habitants

regions in 2012 (modified from
Ref 45). RRT-MALA: cases

of metformin-associated lactic 282 973 (5.46%)

acidosis treated with renal
replacement therapy

Year 2012: number of diabetics (% of population)

231,024 (83.7%)

Year 2012: number of drug-treated diabetics (% all diabetics)

treated diabetics)

141,174 (61.1%)

Year 2012: number of metformin-treated diabetics (% of drug-

Year 2012: number of RRT-MALA (no / 100,000 metformin-treated diabetics)

17 (12.04 /100,000 metformin-treated diabetics)
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289,970 inhabitants (5.46%) out of 5,298,000 were affected
by diabetes, and 231,024 (4.36% of the population) were
treated with drugs. Of these 231,024 diabetics, 141,174
patients (61.1%) were on metformin therapy. Therefore, in
2012 the incidence of MALA-RRT patients in north-west
Italy was 12.04 cases/100,000 metformin-treated patients
(Fig. 2).

Over a 6-year period from 2010 to 2015, 117 cases
of MALA-RRT occurred, with a survival rate of 78.3%
(92/117) (Table 2). At admission, all MALA-RRT patients
had a picture of AKI stage III, and in 35% of cases AKI was
superimposed on CKD. Most of the patients (> 70%) were
shocked and required cardio-circulatory support with vaso-
active amines, and septic shock was diagnosed in 25% of
patients. Oliguria or anuria was present in 90% of patients,
and dehydrationand/or gastrointestinal losses were observed
in 80% of patients. Surprisingly, the metformin mean dose
prescribed in MALA-RRT patients was relatively low (1.6 g/
day) [45]. Gastrointestinal losses and dehydration status
likely played an important role in the accumulation of met-
formin driven by impaired renal clearance.

In 2020, a French observational study [48] involving 133
patients reported similar data. Sepsis was reported in 77/133
patients (58%), a shock condition in 64/133 patients (48%),
and digestive disorders in 87/133 patients [48].

Current evidences for extracorporeal treatment
of MALA-RRT patients

Current guidelines for the use of RRT in MALA patients
state that RRT is recommended in case of lactic acid con-
centration > 20 mmol/L, pH <7.0, shock, failure of standard
supportive measures, or decreased level of consciousness
[49].

Metformin is a small hydrophilic molecule (MW 165 D)
with negligible protein binding (< 1.1%). The diffusive tech-
nique at high blood flow allows high metformin clearance
from plasma up to 170 ml/min, and due to its high clearance
rate hemodialysis was considered the first-line therapy for
MALA patients [49].

However, over the years convective or mixed techniques
in continuous or prolonged modalities have shown a high
survival rate of MALA patients, despite being applied at a
fluid exchange rate much lower than classical hemodialy-
sis (41,45,48,50,51). Keller et al (50) treated 6 patients (3
continuous venovenous hemodiafiltration [CVVH], 3 con-
tinuous venovenous hemodialysis [CVVHDY]) by continuous
renal replacement therapy (CRRT) with a favorable outcome
in all cases. They demonstrated a significant improvement
in metabolic acidosis and reduction of plasma metformin
concentrations within the first 24 h, and normalization on the
second day. CRRT was carried out early, at a mean effluent
flow rate of 34 +6 ml/kg/h. A protective effect of RRT was
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suggested by Peters et al. [41] who found that the 30% mor-
tality rate was similar for 16 patients treated with intermit-
tent hemodialysis and for 14 non-dialyzed subjects, despite
greater illness severity in the former group.

Most cases of MALA admitted to ICUs are subjects with
typical chronic metformin toxicity associated with volume
depletion, and/or AKI with oligo-anuria. Taking into account
the high volume of distribution of metformin (up to 600 L)
and the time-dependent partitioning of metformin over time
into the intracellular compartment, extracellular compart-
ment, red blood cells, and plasma, metformin becomes less
and less available for removal when hemodialysis at high
blood flow rate (QB) is used. In a recent report on MALA
related to massive ingestion of metformin (plasma met-
formin peak concentration of 40.7 ug/L) and AKI treated
by hemodialysis for 6 h, the mean whole blood and plasma
clearances of metformin were 37.74 and 47.27 mL/min (QB
250 ml/min, dialysate flow rate [QD] 600 ml/min, high-flux
polysulfone filter 1.8 m?, metformin sieving coefficient of
0.15) [52]. During hemodialysis urine output recovered, and
mean urine clearance was 21.88 mL/min. The amount of
removed metformin was 888 mg by 6 h of hemodialysis,
and 142 mg in the urine during this time [52]. Thus, 6 h of
hemodialysis was poorly efficient as it removed only a « tab-
let» of metformin.

Conversely, the amount of metformin removed by con-
tinuous treatment can be more efficient. Continuous treat-
ment works at a lower effluent rate of 40—50 ml/min, but for
a long enough time to allow the drug to balance between the
body compartments. Furthermore, clinical experience shows
that when the CRRT improves hemodynamic instability and
acid-base status, lactate concentration usually decreases and
urine output recovers. Therefore, besides the elimination of
metformin CRRT plays a crucial supportive role for the ini-
tial survival of the patients by correcting acidosis, electrolyte
alterations, and maintaining fluid balance.

In the experience of 117 RRT-MALA patients treated
in ICUs, at the start of RRT mean plasma creatinine value
was 598 umol/L, and mean pH and lactate levels were 7.04
and 12 mmol/L, respectively. RRT started early, at a mean
of 3.2 h after admission, and lasted a mean of 3.9 days
(Table 2). The mortality rate was 21.4%. Continuous or
prolonged modalities or RRT, as well as pure convective or
mixed treatments, were applied in more than 80% of patients
at a mean dialysis dose of 977 ml/Kg/day (Table 2).

Even if the best modality of RRT for MALA patients
is not clearly defined [49], it is conceivable that the ideal
extracorporeal treatment should be early and continuous (or
at least prolonged), and should last until a sustained cor-
rection of acid-base status and hemodynamic stability are
obtained (Table 3). Current guidelines suggest that cessation
of extracorporeal treatment is indicated when lactate con-
centration is less than 3 mmol/L and pH is more than 7.35
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Table 3 Suggested RRT prescriptions for patients with metformin associated lactic acidosis

Indications References
Start of RRT Lactic acid concentration > 20 mmol/L pH <7.0, shock, failure of standard [41, 49]

supportive measures or decreased level of consciousness

Timing of RRT Early as soon as possible [45, 50]
Duration of RRT Continuous, or at least prolonged [41, 45, 48, 50-52]
Dialysis dose (ml/Kg/day) > 25 ml/Kg/hour (35-5077) [45, 50]
RRT with bicarbonate solution Yes, > 32 mmol/L [41, 45, 49]

RRT modality
Cessation of RRT

Diffusive, convective or mixed

[41, 45, 48-52]

When lactate concentration is <3 mmol/L and pH is>7.35 [49]

RRT renal replacement therapy

[49]. The rate of exchange with a bicarbonate-containing
solution should be more than the standard recommended
dose of 25 ml/Kg/hour, modulated to correct acid—base
status and electrolyte alterations. As to dialysis modalities,
CRRT should be preferentially carried out with high per-
meability hemodialyzers, either by diffusion, convection or
mixed techniques (Table 3).

Conclusions

Metformin is a well-known drug that has been used for more
than 70 years, and that is still in the headlines due to its sur-
prising pleiotropic effects. Inserted by the WHO in the list of
the safest and most effective drugs named “Essential Medi-
cines”, metformin is the most widely used oral antidiabetic
drug in the world. Nowadays, metformin is a generic drug
with a highly favorable cost-benefit ratio (monthly cost of
therapy: from 2 to 6 euros), whose use is crucial for diabetes
care in developing countries.

The clinical experience accumulated in these years has
shown how lactic acidosis almost always develops because
of a preventable drug accumulation. Patients taking the drug
in the face of a concomitant complication which has led
to reduced renal clearance of metformin (fever, diarrhea,
vomiting, general malaise) must discontinue metformin. In
the treatment of MALA patients, when standard support-
ive measures fail extracorporeal treatment should always be
considered as early adjunctive therapy.

In conclusion, prevention is a key factor in reducing
cases of MALA. By providing basic capillary information,
patients should be made aware of the fact that even inappro-
priate discontinuation for a limited time does not affect their
health, but it may prevent serious, potentially fatal adverse
events.

Author contributions FM collected, analyzed and interpreted the data,
and elaborated the manuscript. LB corrected the final version of the
manuscript. All authors read and approved the final version of the
manuscript.

Funding Open access funding provided by Universita degli Studi di
Torino within the CRUI-CARE Agreement. The authors declare no
funding sources and no financial interest.

Compliance with ethical standards

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Ethical approval All procedures performed in studies involving human
participants followed the ethical standards of the institutional and/or
national research committee and the 1964 Helsinki declaration and its
later amendments or comparable ethical standards.

Ethical responsibilities The manuscript has not been published previ-
ously except in the abstract form.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-
safety-communication-fda-revises-warnings-regarding-use-diabe
tes-medicine-metformin-certain

2. Kamber N, Davis WA, Bruce DG, Davis TM (2008) Metformin
and lactic acidosis in an Australian community setting: the fre-
mantle diabetes study. Med J Aust 21(188):446-449

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-revises-warnings-regarding-use-diabetes-medicine-metformin-certain
https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-revises-warnings-regarding-use-diabetes-medicine-metformin-certain
https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-revises-warnings-regarding-use-diabetes-medicine-metformin-certain

1134

Journal of Nephrology (2021) 34:1127-1135

10.

11.

12.

13.

14.

15.

16.

Roussel R, Travert F, Pasquet B, Wilson PW, Smith SC Jr, Goto
S, Ravaud P, Marre M, Porath A, Bhatt DL, Steg; Reduction of
Atherothrombosis for Continued Health (REACH) Registry Inves-
tigators (2010) Metformin use and mortality among patients with
diabetes and atherothrombosis. Arch Intern Med 22(170):1892—
1899. https://doi.org/10.1001/archinternmed.2010.409

Ekstrom N, Schiéler L, Svensson AM, Eeg-Olofsson K, Miao
Jonasson J, Zethelius B, Cederholm J, Eliasson B, Gudbj6rnsdottir
S (2012) Effectiveness and safety of metformin in 51 675 patients
with type 2 diabetes and different levels of renal function: a cohort
study from the Swedish National Diabetes Register. BMJ Open
13:2(4):e001076. https://doi.org/10.1136/bmjopen-2012-001076
Emslie-Smith AM, Boyle DI, Evans JM, Sullivan F, Morris AD,
DARTS, MEMO Collaboration (2001) Contraindications to met-
formin therapy in patients with Type 2 diabetes-a population-
based study of adherence to prescribing guidelines. Diabet Med
18:483-488. https://doi.org/10.1046/j.1464-5491.2001.00509.x
Calabrese AT, Coley KC, DaPos SV, Swanson D, Rao RH (2002)
Evaluation of prescribing practices: risk of lactic acidosis with
metformin therapy. Arch Intern Med 25(162):434-437. https://
doi.org/10.1001/archinte.162.4.434

Piccoli GB, Grassi G, Cabiddu G, Nazha M, Roggero S, Capizzi
I, De Pascale A, Priola AM, Di Vico C, Maxia S, Loi V, Asunis
AM, Pani A, Veltri A (2015) Diabetic kidney disease: a syndrome
rather than a single disease. Rev Diabet Stud Spring-Summer
12(1-2):87-109. https://doi.org/10.1900/RDS.2015.12.87
O’Hara DV, Neuen BL, Jardine MJ (2020) Kidney and cardiovas-
cular protection with SGLT2 inhibitors: lessons from cardiovascu-
lar outcome trials and CREDENCE. J Nephrol 33:977-983. https
://doi.org/10.1007/s40620-020-00809-x

Mosterd CM, Bjornstad P, van Raalte DH (2020) Nephroprotec-
tive effects of GLP-1 receptor agonists: where do we stand? J
Nephrol 33:965-975. https://doi.org/10.1007/s40620-020-00738
-9

Buse JB, Wexler DJ, Tsapas A, Rossing P, Mingrone G, Mathieu
C, D’Alessio DA, Davies MJ (2020) 2019 update to: management
of hyperglycaemia in type 2 diabetes, 2018. A consensus report
by the American Diabetes Association (ADA) and the European
Association for the study of diabetes (EASD). Diabetologia
63:221-228. https://doi.org/10.1007/s00125-019-05039-w
Pugliese G, Penno G, Natali A, Barutta F, Di Paolo S, Reboldi
G, Gesualdo L, De Nicola L, Italian Diabetes Society and the
Italian Society of Nephrology (2020) Diabetic kidney disease:
new clinical and therapeutic issues. Joint position statement of
the Italian Diabetes Society and the Italian Society of Nephrology
on “The natural history of diabetic kidney disease and treatment
of hyperglycemia in patients with type 2 diabetes and impaired
renal function”. J Nephrol 33:9-35. https://doi.org/10.1007/s4062
0-019-00650-x

Kidney Disease: Improving Global Outcomes (KDIGO) Diabe-
tes Work Group (2020) KDIGO 2020 clinical practice guideline
for diabetes management in chronic kidney disease. Kidney Int
98(4S):S1-S115. https://doi.org/10.1016/j.kint.2020.06.019
Bailey CJ, Turner RC (1996) Metformin. N Engl J Med
29(334):574-579. https://doi.org/10.1056/NEJM19960229334
0906

Alkalay D, Khemani L, Wagner WE, Bartlett MF (1975) Pharma-
cokinetics of phenformin in man. J Clin Pharmacol 15:446-448.
https://doi.org/10.1002/j.1552-4604.1975.tb02367.x

Mariano F, Benzi L, Cecchetti P, Rosatello A, Merante D, Goia
F, Capra L, Lanza G, Curto V, Cavalli PL (1998) Efficacy of con-
tinuous venovenous haemofiltration (CVVH) in the treatment of
severe phenformin-induced lactic acidosis. Nephrol Dial Transpl
13:1012-1015. https://doi.org/10.1093/ndt/13.4.1012

Bosisio E, Kienle MG, Galli G, Ciconali M, Negri A, Sessa
A, Morosati S, Sirtori CR (1981) Defective hydroxylation of

@ Springer

17.
18.

19.

20.

21.

22.
23.

24.

25.

26.

217.

28.

29.

30.

phenformin as a determinant of drug toxicity. Diabetes 30:644—
649. https://doi.org/10.2337/diab.30.8.644
en.wikipedia.org/wiki/Metformin. Access 24 Aug 2020

Kajbaf F, Bennis Y, Hurtel-Lemaire AS, Andréjak M, Lalau JD
(2016) Unexpectedly long half-life of metformin elimination in
cases of metformin accumulation. Diabet Med 33:105-110. https
://doi.org/10.1111/dme.12959

Graham GG, Punt J, Arora M, Day RO, Doogue MP, Duong
JK, Furlong TJ, Greenfield JR, Greenup LC, Kirkpatrick CM,
Ray JE, Timmins P, Williams KM (2011) Clinical pharmacoki-
netics of metformin. Clin Pharmacokinet 50:81-98. https://doi.
org/10.2165/11534750-000000000-00000

Duong JK, Kumar SS, Kirkpatrick CM, Greenup LC, Arora M,
Lee TC, Timmins P, Graham GG, Furlong TJ, Greenfield JR,
Williams KM, Day RO (2013) Population pharmacokinetics
of metformin in healthy subjects and patients with type 2 dia-
betes mellitus: simulation of doses according to renal function.
Clin Pharmacokinet 52:373-384. https://doi.org/10.1007/s4026
2-013-0046-9

Gong L, Goswami S, Giacomini KM, Altman RB, Klein TE
(2012) Metformin pathways: pharmacokinetics and pharma-
codynamics. Pharmacogenet Genom 22:820-827. https://doi.
org/10.1097/FPC.0b013e3283559b22
https://www.aifa.gov.it/trova-farmaco. Access 20 Aug 2020
Salpeter SR, Greyber E, Pasternak GA, Salpeter EE (2010) Risk
of fatal and nonfatal lactic acidosis with metformin use in type 2
diabetes mellitus. Cochrane Database Syst Rev 14(4):CD002967.
https://doi.org/10.1002/14651858.cd002967.pub4

Zhang K, Yang W, Dai H, Deng Z (2020) Cardiovascular risk
following metformin treatment in patients with type 2 diabetes
mellitus: results from meta-analysis. Diabetes Res Clin Pract
2020(160):108001. https://doi.org/10.1016/j.diabres.2020.108001
Crowley MJ, Diamantidis CJ, McDuffie JR, Cameron CB, Stanifer
JW, Mock CK, Wang X, Tang S, Nagi A, Kosinski AS, Williams
JW Jr (2017) Clinical outcomes of metformin use in populations
with chronic kidney disease, congestive heart failure, or chronic
liver disease: a systematic review. Ann Intern Med 166:191-200.
https://doi.org/10.7326/M16-1901

Marcum ZA, Forsberg CW, Moore KP, de Boer IH, Smith NL,
Boyko EJ, Floyd JS (2018) Mortality associated with metformin
versus sulfonylurea initiation: a cohort study of veterans with dia-
betes and chronic kidney disease. J Gen Intern Med 33:155-165.
https://doi.org/10.1007/s11606-017-4219-3

Roumie CL, Chipman J, Min JY, Hackstadt AJ, Hung AM, Greevy
RA Jr, Grijalva CG, Elasy T, Griffin MR (2019) Association of
treatment with metformin vs sulfonylurea with major adverse
cardiovascular events among patients with diabetes and reduced
kidney function. JAMA 322:1-11. https://doi.org/10.1001/
jama.2019.13206

Charytan DM, Solomon SD, Ivanovich P, Remuzzi G, Cooper
ME, McGill JB, Parving HH, Parfrey P, Singh AK, Burdmann
EA, Levey AS, Eckardt KU, McMurray JJV, Weinrauch LA, Liu
J, Claggett B, Lewis EF, Pfeffer MA (2019) Metformin use and
cardiovascular events in patients with type 2 diabetes and chronic
kidney disease. Diabetes Obes Metab 21:1199-1208. https://doi.
org/10.1111/dom.13642

Schernthaner G, Schernthaner-Reiter MH (2015) Therapy: risk
of metformin use in patients with T2DM and advanced CKD.
Nat Rev Endocrinol 11:697-699. https://doi.org/10.1038/nrend
0.2015.132

Hung SC, Chang YK, Liu JS, Kuo KL, Chen YH, Hsu CC, Tarng
DC (2015) Metformin use and mortality in patients with advanced
chronic kidney disease: national, retrospective, observational,
cohort study. Lancet Diabet Endocrinol 3:605-614. https://doi.
org/10.1016/S2213-8587(15)00123-0


https://doi.org/10.1001/archinternmed.2010.409
https://doi.org/10.1136/bmjopen-2012-001076
https://doi.org/10.1046/j.1464-5491.2001.00509.x
https://doi.org/10.1001/archinte.162.4.434
https://doi.org/10.1001/archinte.162.4.434
https://doi.org/10.1900/RDS.2015.12.87
https://doi.org/10.1007/s40620-020-00809-x
https://doi.org/10.1007/s40620-020-00809-x
https://doi.org/10.1007/s40620-020-00738-9
https://doi.org/10.1007/s40620-020-00738-9
https://doi.org/10.1007/s00125-019-05039-w
https://doi.org/10.1007/s40620-019-00650-x
https://doi.org/10.1007/s40620-019-00650-x
https://doi.org/10.1016/j.kint.2020.06.019
https://doi.org/10.1056/NEJM199602293340906
https://doi.org/10.1056/NEJM199602293340906
https://doi.org/10.1002/j.1552-4604.1975.tb02367.x
https://doi.org/10.1093/ndt/13.4.1012
https://doi.org/10.2337/diab.30.8.644
http://en.wikipedia.org/wiki/Metformin
https://doi.org/10.1111/dme.12959
https://doi.org/10.1111/dme.12959
https://doi.org/10.2165/11534750-000000000-00000
https://doi.org/10.2165/11534750-000000000-00000
https://doi.org/10.1007/s40262-013-0046-9
https://doi.org/10.1007/s40262-013-0046-9
https://doi.org/10.1097/FPC.0b013e3283559b22
https://doi.org/10.1097/FPC.0b013e3283559b22
https://www.aifa.gov.it/trova-farmaco
https://doi.org/10.1002/14651858.cd002967.pub4
https://doi.org/10.1016/j.diabres.2020.108001
https://doi.org/10.7326/M16-1901
https://doi.org/10.1007/s11606-017-4219-3
https://doi.org/10.1001/jama.2019.13206
https://doi.org/10.1001/jama.2019.13206
https://doi.org/10.1111/dom.13642
https://doi.org/10.1111/dom.13642
https://doi.org/10.1038/nrendo.2015.132
https://doi.org/10.1038/nrendo.2015.132
https://doi.org/10.1016/S2213-8587(15)00123-0
https://doi.org/10.1016/S2213-8587(15)00123-0

Journal of Nephrology (2021) 34:1127-1135

1135

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lazarus B, Wu A, Shin JI, Sang Y, Alexander GC, Secora A, Inker
LA, Coresh J, Chang AR, Grams ME (2018) Association of met-
formin use with risk of lactic acidosis across the range of kidney
function: a community-based cohort study. JAMA Intern Med
178:903-910. https://doi.org/10.1001/jamainternmed.2018.0292
Shin JI, Sang Y, Chang AR, Dunning SC, Coresh J, Inker LA,
Selvin E, Ballew SH, Grams ME (2020) The FDA metformin label
change and racial and sex disparities in metformin prescription
among patients with CKD. J] Am Soc Nephrol 31:1847-1858.
https://doi.org/10.1681/ASN.2019101119

Kwon S, Kim YC, Park JY, Lee J, An JN, Kim CT, Oh S, Park S,
Kim DK, Oh YK, Kim YS, Lim CS, Lee JP (2020) The long-term
effects of metformin on patients with type 2 diabetic kidney dis-
ease. Diabet Care 43:948-955. https://doi.org/10.2337/dc19-0936
Foretz M, Guigas B, Viollet B (2019) Understanding the glu-
coregulatory mechanisms of metformin in type 2 diabetes mel-
litus. Nat Rev Endocrinol 15:569-589. https://doi.org/10.1038/
$41574-019-0242-2

Ravindran S, Kuruvilla V, Wilbur K, Munusamy S (2017) Nephro-
protective effects of metformin in diabetic nephropathy. J Cell
Physiol 232:731-742. https://doi.org/10.1002/jcp.25598

Langer S, Kreutz R, Eisenreich A (2016) Metformin modulates
apoptosis and cell signaling of human podocytes under high glu-
cose conditions. ] Nephrol 29:765-773. https://doi.org/10.1007/
$40620-015-0258-1

Moioli A, Maresca B, Manzione A, Napoletano AM, Coclite D,
Pirozzi N, Punzo G, Mene P (2016) Metformin associated lactic
acidosis (MALA): clinical profiling and management. J Nephrol
29:783-789. https://doi.org/10.1007/s40620-016-0267-8
Dell’Aglio DM, Perino LJ, Kazzi Z, Abramson J, Schwartz MD,
Morgan BW (2009) Acute metformin overdose: examining serum
pH, lactate level, and metformin concentrations in survivors
versus nonsurvivors: a systematic review of the literature. Ann
Emerg Med 54:818-823. https://doi.org/10.1016/j.annemergme
d.2009.04.023

Madiraju AK, Qiu Y, Perry RJ, Rahimi Y, Zhang XM, Zhang
D, Camporez JG, Cline GW, Butrico GM, Kemp BE, Casals G,
Steinberg GR, Vatner DF, Petersen KF, Shulman GI (2018) Met-
formin inhibits gluconeogenesis via a redox-dependent mecha-
nism in vivo. Nat Med 24:1384-1394. https://doi.org/10.1038/
s41591-018-0125-4

Bell S, Farran B, McGurnaghan S, McCrimmon RJ, Leese GP,
Petrie JR, McKeigue P, Sattar N, Wild S, McKnight J, Lindsay
R, Colhoun HM, Looker H (2017) Risk of acute kidney injury
and survival in patients treated with Metformin: an observational
cohort study. BMC Nephrol 19(18):163. https://doi.org/10.1186/
$12882-017-0579-5

Peters N, Jay N, Barraud D, Cravoisy A, Nace L, Bollaert PE,
Gibot S (2008) Metformin-associated lactic acidosis in an inten-
sive care unit. Crit Care 12(6):R149. https://doi.org/10.1186/
cc7137

Vecchio S, Giampreti A, Petrolini VM, Lonati D, Protti A, Papa
P, Rognoni C, Valli A, Rocchi L, Rolandi L, Manzo L, Locatelli
CA (2014) Metformin accumulation: lactic acidosis and high plas-
matic metformin levels in a retrospective case series of 66 patients
on chronic therapy. Clin Toxicol (Phila) 52:129-135. https://doi.
org/10.3109/15563650.2013.860985

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Lepelley M, Giai J, Yahiaoui N, Chanoine S, Villier C (2016)
Lactic acidosis in diabetic population: is metformin implicated?
Results of a matched case-control study performed on the type 2
diabetes population of grenoble Hospital University. J Diabetes
Res 2016:3545914. https://doi.org/10.1155/2016/3545914
Connelly PJ, Lonergan M, Soto-Pedre E, Donnelly L, Zhou K,
Pearson ER (2017) Acute kidney injury, plasma lactate concen-
trations and lactic acidosis in metformin users: a GoDarts study.
Diabet Obes Metab 19:1579-1586. https://doi.org/10.1111/
dom.12978

Mariano F, Pozzato M, Inguaggiato P, Guarena C, Turello E,
Manes M, David P, Berutti S, Consiglio V, Amore A, Campo A,
Marino A, Berto M, Carpani P, Calabrese G, Gherzi M, Strami-
gnoni E, Martina G, Serra A, Comune L, Roscini E, Marciello
A, Todini V, Vio P, Filiberti O, Boero R, Cantaluppi V (2017)
Metformin-associated lactic acidosis undergoing renal replace-
ment therapy in intensive care units: a five-million population-
based study in the North-West of Italy. Blood Purif 44:198-205.
https://doi.org/10.1159/000471917

Mariano F, Pozzato M, Canepari G, Vitale C, Bermond F, Sacco
C, Amore A, Manes M, Navino C, Piedmont and Aosta Valley
Section of Italian Society of Nephrology (2011) Renal replace-
ment therapy in intensive care units: a survey of nephrological
practice in northwest Italy. J Nephrol 24:165-176. https://doi.
org/10.5301/jn.2010.2380

Registro Diabete Piemonte, Report on ‘Il Diabete in Piemonte
2011-2013’, Vol 1, IRES 2015. www.ires.piemonte.it

Corchia A, Wynckel A, Journet J, Moussi Frances J, Skandrani
N, Lautrette A, Zafrani L, Lewandowski E, Reboul P, Vrigneaud
L, Djerada Z, Rieu P (2020) Metformin-related lactic acido-
sis with acute kidney injury: results of a French observational
multicenter study. Clin Toxicol (Phila) 58:375-382. https://doi.
org/10.1080/15563650.2019.1648816

Calello DP, Liu KD, Wiegand TJ, Roberts DM, Lavergne V,
Gosselin S et al (2015) Extracorporeal treatment for metformin
poisoning: systematic review and recommendations from the
extracorporeal treatments in poisoning workgroup. Crit Care Med
43:1716-1730. https://doi.org/10.1097/CCM.0000000000001002
Keller G, Cour M, Hernu R, Illinger J, Robert D, Argaud L (2011)
Management of metformin-associated lactic acidosis by continu-
ous renal replacement therapy. PLoS ONE 6(8):¢23200. https://
doi.org/10.1371/journal.pone.0023200

Greco P, Regolisti G, Maggiore U, Ferioli E, Fani F, Locatelli C,
Parenti E, Maccari C, Gandolfini I, Fiaccadori E (2019) Sustained
low-efficiency dialysis for metformin-associated lactic acidosis in
patients with acute kidney injury. J Nephrol 32:297-306. https://
doi.org/10.1007/s40620-018-00562-2

Harding SA, Biary R, Hoffman RS, Su MK, Howland MA (2020)
A pharmacokinetic analysis of hemodialysis for metformin-associ-
ated lactic acidosis. J Med Toxicol. https://doi.org/10.1007/s1318
1-020-00802-7

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1001/jamainternmed.2018.0292
https://doi.org/10.1681/ASN.2019101119
https://doi.org/10.2337/dc19-0936
https://doi.org/10.1038/s41574-019-0242-2
https://doi.org/10.1038/s41574-019-0242-2
https://doi.org/10.1002/jcp.25598
https://doi.org/10.1007/s40620-015-0258-1
https://doi.org/10.1007/s40620-015-0258-1
https://doi.org/10.1007/s40620-016-0267-8
https://doi.org/10.1016/j.annemergmed.2009.04.023
https://doi.org/10.1016/j.annemergmed.2009.04.023
https://doi.org/10.1038/s41591-018-0125-4
https://doi.org/10.1038/s41591-018-0125-4
https://doi.org/10.1186/s12882-017-0579-5
https://doi.org/10.1186/s12882-017-0579-5
https://doi.org/10.1186/cc7137
https://doi.org/10.1186/cc7137
https://doi.org/10.3109/15563650.2013.860985
https://doi.org/10.3109/15563650.2013.860985
https://doi.org/10.1155/2016/3545914
https://doi.org/10.1111/dom.12978
https://doi.org/10.1111/dom.12978
https://doi.org/10.1159/000471917
https://doi.org/10.5301/jn.2010.2380
https://doi.org/10.5301/jn.2010.2380
http://www.ires.piemonte.it
https://doi.org/10.1080/15563650.2019.1648816
https://doi.org/10.1080/15563650.2019.1648816
https://doi.org/10.1097/CCM.0000000000001002
https://doi.org/10.1371/journal.pone.0023200
https://doi.org/10.1371/journal.pone.0023200
https://doi.org/10.1007/s40620-018-00562-2
https://doi.org/10.1007/s40620-018-00562-2
https://doi.org/10.1007/s13181-020-00802-7
https://doi.org/10.1007/s13181-020-00802-7

	Metformin, chronic nephropathy and lactic acidosis: a multi-faceted issue for the nephrologist
	Abstract
	Introduction
	Metformin and renal function
	Metformin prescription
	Metformin and CKD
	Metformin, lactic acidosis and AKI
	Metformin, lactic acidosis and RRT​
	Current evidences for extracorporeal treatment of MALA-RRT patients

	Conclusions
	References




