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Abstract

Introduction: Metformin-treated patients may experience
severe hyperlactatemia or lactic acidosis (LA). LA often re-
quires intensive-care-unit (ICU) treatment, and mortality
rates are high. Here, we investigate the impact of renal dys-
function and renal replacement therapy (RRT) on the out-
comes of critically ill patients with metformin-associated LA
(MALA). Furthermore, we assessed associations between
mortality and metformin dose, metformin plasma/serum
concentrations, lactate level, and arterial pH. Finally, we inves-
tigated whether the recommended classification in MALA,
metformin-unrelated LA, metformin-induced LA, and LA in
metformin therapy appears useful in this regard. Methods:
We performed a retrospective analysis based on a system-
atic PubMed search for publications on hyperlactatemia/LA
in metformin-treated ICU patients from January 1995 to Feb-
ruary 2020. Case-level data including demographics and
clinical conditions were extracted, and logistic regression
analyses were performed. Results: A total of 92 ICU patients
were reported. Two of these patients had no comorbidities

interfering with lactate metabolism. In the overall group, ar-
terial pH, lactate levels, and metformin plasma/serum con-
centrations were similar in survivors versus non-survivors.
Ingested daily metformin doses and plasma/serum creati-
nine levels were significantly higher in survivors versus
non-survivors (p = 0.007 vs. p = 0.024, respectively). Higher
plasma/serum creatinine levels, higher lactate levels, and
lower arterial pH were all associated with patients receiving
RRT (all p < 0.05). Overall mortality was 22% (20 out of 92 pa-
tients) and did not differ between the RRT and non-RRT
groups. Conclusion: Mortality is high in ICU patients with
metformin-associated hyperlactatemia/LA. Unexpectedly,
higher ingested metformin dose and plasma/serum creati-
nine were associated with a better outcome. Survival was
similar in patients with or without need for RRT.

© 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Metformin is an oral anti-hyperglycemic drug of the
biguanide class used in Europe since 1957 [1]. It is rec-
ommended as first-line therapy for the treatment of di-
abetes mellitus type 2 [2, 3]. A prominent side effect in
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metformin-treated patients is lactic acidosis (LA), with
an estimated incidence of 1-10 per 100,000 patient-years
[4, 5]. While rare, metformin-associated LA (MALA) is
potentially life-threatening and often requires intensive
care support [6] and reported mortality is high [7-9]. Al-
though LA is often observed in the intensive care unit
(ICU), the evaluation of a potential impact of metformin
and the clinical management represent a challenge for in-
tensivists.

Metformin’s standard therapeutic dose ranges from 500
to 2,000 mg daily with a maximal dose of 3,000 mg daily
[10]. Once absorbed, it has a large volume of distribu-
tion of 1-5 L/kg with main accumulation intracellularly,
especially in intestinal cells and erythrocytes [11-13].
Steady-state plasma concentrations with routine clinical
doses are generally <1.5 pg/mL but can be as high as 5 pg/
mL [14].

Importantly, metformin is excreted unmetabolized via
the kidney both via glomerular filtration and tubular se-
cretion (normal clearance is 500 mL/min, i.e., x5 normal
GFR) [15]. Thus, in patients with impaired kidney func-
tion, standard metformin doses may lead to increased
plasma/serum metformin concentrations [15-17] and is
contraindicated in patients with severely reduced renal
function (estimated glomerular filtration rate <30 mL/
min/1.73 m? respectively [10]). Metformin interferes
with lactate metabolism and augments lactate production
by inhibiting the electron transport chain and thus shifts
aerobic to anaerobic metabolism. The resulting increase
in NADH prevents gluconeogenesis, leading to reduced
lactate clearance [18]. Under physiologic conditions, lac-
tate produced by therapeutic metformin doses is cleared
without significant lactate accumulation [19].

Several additional medical conditions may lead to hy-
perlactatemia, classified as type A or type B according to
Cohen and Woods [20]. This includes reduced tissue per-
fusion/oxygenation, resulting in hyperlactatemia (type
A) or hypoxic conditions (type B). Additional medical
drugs or medical conditions include, e.g., adrenaline,
metformin, and/or renal/hepatic impairment that are re-
sponsible for lactate clearance [21, 22] as 70% of lactate
clearance is performed by the liver and 30% by the kid-
neys [23,24]. The terms hyperlactatemia and LA are often
used as synonyms in the literature. However, it seems im-
portant that hyperlactatemia is not always associated with
LA (defined as a serum lactate concentration >5 mmol/L
and arterial pH < 7.35) [25].

Development of hyperlactatemia/LA in metformin-
treated patient is influenced by multiple conditions,
whereby metformin can play a causal, co-responsible,
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and/or coincidental role. A new diagnostic approach
was postulated by Lalau et al. [19] to categorize the role
of metformin in hyperlactatemia/LA in metformin-
treated patients. Depending on plasma metformin con-
centrations and comorbidities, it was proposed to dis-
tinguish between MALA, metformin-unrelated LA
(MULA), metformin-induced LA (MILA), and LA in
metformin therapy (LAMT). In MALA, metformin ac-
cumulation plays a co-responsible role with one or sev-
eral concomitant diseases, e.g., kidney disease, hepatic
impairment, and/or acute/chronic heart failure. In
MULA, blood metformin levels are not augmented, i.e.,
either normal to low or even undetectable [19]. Here,
metformin has a coincidental role, and additional sys-
temic disease is responsible for development of LA.
MILA is a condition exclusively caused by metformin.
In respective cases, blood metformin levels are increased
due to metformin intoxication and/or acute kidney in-
jury (AKI). Here, metformin plays a causal role. LAMT
describes a condition where plasma metformin concen-
tration was not assessed [19]. Renal dysfunction seems
of particular interest in metformin intoxication with re-
nal replacement therapy (RRT) successfully applied in
some respective cases [4, 22].

Here, we investigated the influence of renal dysfunc-
tion and RRT on the outcomes of critically ill patients.
We searched previous reports on hyperlactatemia/LA in
metformin-treated ICU patients to analyze whether
metformin dose, metformin plasma/serum concentra-
tions, lactate levels, and/or arterial pH are associated
with adverse patient outcomes. Finally, we assess the
published cases regarding the terminology MALA,
MULA, MILA, and LAMT and investigate whether this
classification reflects prognosis and/or outcome in the
critically ill.

Methods

Search Strategy and Study Selection

A search was performed according to PRISMA [21]. Literature
search was performed in PubMed (censor date February 4, 2020)
using the following search terms: (metformin OR biguanid) AND
(LA OR lactic acidemia OR lactic acidaemia OR hyperlactatemia
OR hyperlactatemia OR toxicity OR intoxication) AND (critical
care OR intensive care OR critically ill). Articles older than 25 years
(before January 1995), articles not involving humans, articles not
reporting data on adults (e.g., pediatrics/neonatal reports), re-
views/comments/letters, and/or language other than English were
excluded. Further, articles with no full-text access, articles not re-
porting data of ICU patients, and/or articles not reporting about
cases fulfilling our LA definition and/or different study focus (e.g.,
no patient-level data) were excluded (Fig. 1). Abstracts of identified
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articles identified in February 2020 using
search-algorithm in updated PubMed

149

74 articles excluded
| * n=43 not humans
« n=17 reviews

+ n=14 not english

.

articles included for screening

75

34 articles excluded

+ n=4 published more than 25y ago

+ n=14 out of study focus

* n=15 comments, letters,
experimental

+ n=1 paediatrics/neonatal

Y

h

articles included for full-text review

41

20 articles excluded

« n=8 no full-text access

.| * n=1MALA cases not extractable
« n=2 pH or lactate value missing
« n=9 no individual data reporting

h 4

Fig. 1. Study flowchart. PRISMA flowchart.
Three steps were conducted: search strat-
egy/identification, screening, and eligibil-

included in final analysis

21

ity. Respective exclusion criteria are listed
separately.

articles were screened by two independent reviewers. The study
was performed in adherence to local guidelines. Formal ethics ap-
proval was not required.

Data Extraction

Individual data from each case report/series were collected.
Age, median plasma/serum creatinine levels, arterial pH, and
lactate levels are important parameters concerning the choice
of renal treatment (i.e., RRT vs. conservative treatment) and
were included in the extraction process. For each report, the
following information was extracted (i.e., if provided by the ar-
ticles): age, gender, metformin daily doses, metformin plasma/
serum concentration, plasma/serum creatinine level at admis-
sion, arterial pH, lactate and bicarbonate concentration, the
presence or absence of following clinical conditions: diarrhea
and vomiting before admission, acute or chronic renal impair-
ment, liver impairment/alcoholism, infection, other reasons for
hypoxia. Further, classifications including MALA, MULA, MILA,

LA and Metformin in the ICU

LAMT, RRT use, and clinical outcome were noted as shown in
online supplementary Table S1 (for all online suppl. material,
see www.karger.com/doi/10.1159/000528252) (raw data). For ana-
lytical purposes, we categorized the metformin levels based on
our literature search into three groups: low (<5 pg/mL) [19],
moderate (>5 pg/mL and <50 pug/mL) [24], and high (>50 ug/
mL). In online supplementary Figure S2, we used a creatinine
level above 4 mg/dL (i.e., its converted value in pmol/L) to sep-
arate patients with/without kidney failure for our analysis.

Statistical Methods

Analyses were performed with R version 4.1.0 (2021-05-18, R
core Team). Continuous variables were presented as median and
interquartile ranges and categorical variables as numbers and
percentages. Between-group differences were tested with the
Kruskal-Wallis test and Fisher’s exact test. Pairwise comparisons
of means were computed using the Wilcoxon rank sum test and
Fisher’s exact test for continuous and categorical data, respectively.
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Table 1. Description of included studies

Author (year) Study type

Patients, n

Carlon (2010) [31]
Chiew (2018) [44]
Dichtwald (2012) [36]
Galea (2007) [28]
Giuliani (2010) [32]
Keller (2011) [35]
Krzymien (2013) [37]
Lalau (1995) [23]
Lemyze (2010) [33]
McNamara (2015) [39]
Nakamura (2017) [42]
Ncomanzi (2014) [38]
Pan (2009) [29]

Case series
Retrospective clinical study

Case report
Retrospective clinical study
Retrospective clinical study
Case series
Case report

Case report
Case report
Case report

Protti (2010) [34] Case series
Runge (2008) [17] Case series
Schure (2003) [26] Case report
Schwetz (2017) [43] Case series

Sehra (2016) [40]
von Mach (2004) [27]
Wen (2009) [30]
White (2016) [41]

Case report
Retrospective clinical study
Case report

Case report (intentional overdose)

Case report (intentional overdose)

(Retrospective) case series (intentional overdose)

Case report (intentional overdose)

4

(2 excluded; missing pH/lactate level)

3 (1 excluded; phenformin)

AL W=, DAN 2 NN OV = W

Total

92

Correlations between variables and metformin dose and metfor-
min serum/plasma concentrations were computed using Spear-
man rank correlation (p). Directional changes of lactate levels and
arterial pH between groups were tested with one-sided Wilcoxon
rank sum tests. Multiple logistic regression was used to test for in-
dependent predictors with the clinical outcome as the dependent
variable. p < 0.05 was considered as statistically significant.

Results

Seventy five full-text articles were identified. After assess-
ment of pre-defined in- and exclusion criteria, 21 articles
remained in the final analysis set as shown in Figure 1 and
Table 1 ([17, 23, 26-44]). The included 21 articles con-
sisted of 11 case reports, 6 case series, 4 retrospective
clinical studies. A total of 92 patients met the inclusion
criteria for the final analysis.

Patient Demographics and Clinical Conditions

Demographics of included patients are given in Table 2.
In brief, median age was 67 years (IQR 58, 74). 41 patients
(59%) were female, 28 patients (41%) were male, and 23
patients were unknown. In 7 cases (15%), the ingested
metformin doses were intentional (14,000-132,000 mg/
days); in 39 cases (83%), in the recommended therapeutic
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range (500-3,000 mg/days); and in one case (2%), a pre-
scribed overdose (3,400 mg/days) was reported (n = 45
unknown). Cases were classified as LA (defined as pH <
7.35 and lactate >5 mmol/L) in 89 patients (96.7%) and
as hyperlactatemia (defined as lactate >2.4 mmol/L) in 3
patients (3.3%). The overall median plasma/serum creati-
nine level was 528 umol/L (IQR 277, 799), median arterial
pH was 6.93 (IQR 6.80, 7.12), and median lactate concen-
tration, 16 mmol/L (IQR 12, 21). The median plasma bi-
carbonate concentration was 5.0 mmol/L. The median
metformin plasma/serum concentration was 53 pg/mL
(IQR 14, 69; n = 39 patients), with 6 patients (15.4%) hav-
ing concentrations of <5 pg/mL, 12 patients (30.8%) be-
tween >5 pg/mL and <50 pg/mL, and 21 patients (53.8%)
> 50 pg/mL.

Of the 92 patients, all but 2 patients had at least one
acute and/or chronic organ dysfunction before or at ICU
admission. In summary, 38 patients (66%) had AKI (n =
34 unknown), 23 patients (46%) experienced gastroen-
teritis days before admission (n = 46 unknown), 17 pa-
tients (40%) suffered from an infection or sepsis (n = 51
unknown), 13 patients (25%) had chronic renal impair-
ment (1 = 40 unknown), 10 patients (23.8%) had hepatic
impairment or alcohol abuse (# = 50 unknown). Based on
plasma metformin concentrations and comorbidities, we
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Table 2. Comparison of ICU patients along all-cause mortality

Overall, Survivors, Non-survivors, p value
(N=92) N=72) (N=20)
Age, years 67 (58, 74) 66 (57,72) 74 (60, 76) 0.2
Unknown 23 18 5
Gender, n (%)
Female 41 (59) 33 (61) 8(53) 0.6
Male 28 (41) 21(39) 7 (47)
Unknown 23 18 5
Metformin doses, mg/days 2,500 (1,700, 3,000)  2,550(1,700, 3,000) 1,700 (1,700, 1,700) 0.007
Unknown 45 36 9
Metformin concentration, pg/mL (plasma/serum) 53 (14, 69) 55 (36, 70) 29(2,62) 0.2
Unknown 53 43 10
Creatinine (median), umol/L (plasma/serum) 528 (277,799) 589 (371, 824) 313 (191, 624) 0.024
Arterial pH 6.93 (6.80,7.12) 6.95 (6.80,7.12) 6.89 (6.80, 7.13) 0.6
Lactate (median), mmol/L 16 (12, 21) 16 (12, 21) 17 (13, 24) 0.2
Bicarbonate, mmol/L 5.0(3.0,9.3) 5.0(3.0,8.7) 6.0(4.9,84) 0.5
Unknown 50 37 13
Acute renal impairment, n (%)
No 20 (34) 10 (23) 10 (71) 0.002
Yes 38 (66) 34(77) 4(29)
Unknown 34 28 6
Diarrhea/vomiting days before admission, n (%)
No 23 (50) 13(37) 10(91) 0.002
Yes 23 (50) 22 (63) 1(9.1)
Unknown 46 37 9
Chronic renal impairment, n (%)
No 39 (75) 30(79) 9 (64) 0.3
Yes 13 (25) 8 (21) 5(36)
Unknown 40 34 6
Liver impairment/alcoholism, n (%)
No 32(76) 23(77) 9 (75) >0.9
Yes 10 (24) 7 (23) 3(25
Unknown 50 42 8
Infection, n (%)
No 24 (59) 16 (57) 8(62) >0.9
Yes 17 (47) 12 (43) 5(38)
Unknown 51 44 7
Other reasons for hypoxia, n (%)
No 28 (56) 22 (59) 6 (46) 0.5
Yes 22 (44) 15 (41) 7 (54)
Unknown 42 35 7

classified cases into MALA, MULA, MILA, and LAMT
according to Lalau et al. [19] shown in online supplemen-

tary Table SI.

Renal (Dys)function and Metformin Plasma/Serum
Concentrations, Metformin Doses, Lactate Levels,

Arterial pH

Ingested daily metformin doses correlated with met-
formin plasma/serum concentrations (rho (p) =0.51, p =
0.011, online suppl. Fig. S1a). Metformin plasma/serum
concentrations showed no significant correlation with

LA and Metformin in the ICU

lactate concentrations (p = 0.22, p = 0.18, online suppl.
Fig. S1b), arterial pH (p = —0.33, p = 0.84, online suppl.

Fig. S1c), and plasma/serum creatinine levels (p = 0.16, p
= 0.32, online suppl. Fig. S1d).

Ingested daily metformin doses showed no correlation
with lactate concentrations (p = —0.085, p = 0.57) and ar-

terial pH (p = 0.054, p = 0.72) (online suppl. Fig. S2a, S2¢).

Patients with a plasma/serum creatinine <354.2 umol/L
displayed a negative association between the ingested
metformin dose and lactate concentrations (p = —0.46, p =
0.073) and a positive correlation between the metformin

Pharmacology
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dose and arterial pH (p = 0.43, p = 0.093). In patients with
a plasma/serum creatinine >354.2 umol/L, there was no
significant association with lactate levels (p = 0.22, p =
0.24) and arterial pH (p = —0.13, p = 0.5), as shown in on-
line supplementary Figure S2b, S2d.

Renal Dysfunction and Outcome Parameters

All-cause ICU mortality in the 92 ICU patients was
22% (n = 20 non-survivors, Table 2). Non-survivors did
not differ from survivors regarding age, gender, arterial
pH, lactate concentration levels, and metformin plasma/

Table 3. Demographics of ICU patients treated with RRT versus without RRT

Overall, RRT(-), RRT(+), p value
(N =45) (N=9) (N=36)
QOutcome, n (%)
Survivor 37 (82) 6 (67) 31(86) 0.3
Non-survivor 8(18) 3(33) 5(14)
Age, years 67 (55, 74) 55(32,60) 70 (58, 75) 0.015
Gender, n (%) 0.7
Female 29 (64) 5(56) 24 (67)
Male 16 (36) 4 (44) 12 (33)
Metformin doses, mg/days 2,550(1,775,3,000) 15,000 (14,500, 15,000) 2,550 (1,700, 3,000) 0.037
Unknown 11 6 5
Metformin concentration, ug/mL (plasma/serum) 60 (42, 80) NA (NA, NA) 60 (42, 80) NA
Unknown 32 9 23
Creatinine (median), umol/L (plasma/serum) 511 (246, 779) 126 (93, 250) 647 (371,799) <0.001
Arterial pH 6.90 (6.80, 7.09) 7.25(7.09, 7.28) 6.88 (6.73,7.01) <0.001
Lactate (median), mmol/L 15(12,19) 9(6,16) 15(13,19) 0.057
Bicarbonate, mmol/L 5.2(2.5,11.0) 14.0(11.5,14.8) 43(24,7.0) 0.006
Unknown 13 3 10
Acute renal impairment, n (%)
No 10 (29) 7(78) 3(12) <0.001
Yes 25(71) 2(22) 23 (88)
Unknown 10 0 10
Diarrhea/vomiting days before admission, n (%)
No 9(41) 0 (NA) 9(41) >0.9
Yes 13 (59) 0 (NA 13 (59)
Unknown 23 9 14
Chronic renal impairment, n (%)
No 18 (64) 6 (100) 12 (55) 0.062
Yes 10 (36) 0(0) 10 (45)
Unknown 17 3 14
Liver impairment/alcoholism, n (%)
No 14 (78) 4(67) 10 (83) 0.6
Yes 4(22) 2(33) 2(17)
Unknown 27 3 24
Infection, n (%)
No 10 (59) 2 (33) 8(73) 0.2
Yes 7 (47) 4(67) 3(27)
Unknown 28 3 25
Other reasons for hypoxia, n (%)
No 12 (46) 2 (33) 10 (50) 0.7
Yes 14 (54) 4(67) 10 (50)
Unknown 19 3 16

Fig. 2. Boxplot of lactate and arterial pH stratified by RRT and mortality. Boxplot of lactate levels (a) and arterial pH (b), stratified by
patients with and without RRT and clinical outcomes (survivors/non-survivors). Overall differences in group means is indicated by
Kruskal-Wallis test statistics. Significance levels of difference for pairwise group comparisons are indicated with stars (**: 0.001 < p <
0.01; *: 0.01 < p < 0.05, ns: p < 0.05).

(For figure see next page.)
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Kruskal-Wallis, p = 0.038

LA and Metformin in the ICU
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serum concentrations. In particular, median arterial pH
was comparable in survivors versus non-survivors (pH
6.95 vs. pH 6.89). Significant differences were observed
regarding the ingested metformin dose and plasma/se-
rum creatinine levels between survivors and non-survi-
vors (p = 0.007 and p = 0.024, respectively). Survivors
more often had AKI with previous episodes of diarrhea
and/or vomiting when compared to non-survivors (p =
0.002). The available data revealed no differences between
survivors and non-survivors regarding further predispos-
ingrisk factors for developing hyperlactatemia/LA (please
note missing data).

RRT and Clinical Outcome

Data on mortality and RRT were only available in a
subset of 45 patients. Table 3 shows a comparison be-
tween ICU patients treated with RRT versus without
RRT. Patients in the RRT group had advanced age (Z =
—2.4564, p = 0.007017), higher plasma/serum creatinine
levels (Z = -3.9587, p < 0.0001), higher lactate levels (Z =
—-1.916, p = 0.02769), and lower arterial pH (Z = 3.3937,
p = 0.0003447) when compared to the non-RRT group.
Significant differences in lactate (p = 0.038) and arterial
pH (p = 0.0079) were found in patients grouped by RRT
and mortality (Fig. 2). Pairwise group comparisons of lac-
tate values by RRT and mortality showed significant
mean differences to be restricted to alive patients with
and without RRT (Fig. 2a). Significant differences in
means of arterial plasma values stratified by RRT and
mortality are found between the presence and absence of
RRT and not mortality (Fig. 2b).

AKI was, as expected, more often observed in the RRT
group compared to non-RRT-treated ICU patients (p =
0.001). Overall mortality (i.e., all-cause) was somewhat
lower in the RRT group when compared to the non-RRT
group, but this did not reach statistical significance (14%
vs. 33%, p = 0.3). To assess overall mortality in the sub-
group of 45 patients with RRT information, multivariable
logistic regression analysis (included variables were age,
arterial pH, RRT [yes/no], plasma/serum creatinine, and
acute renal impairment [yes/no]) did not find any sig-
nificant factors (data not shown).

Discussion

In this retrospective analysis, we investigate data
from 92 metformin-treated ICU patients with hyperlac-
tatemia/LA. In the absence of comorbidities interfering
with lactate metabolism, metformin seems rarely to cause
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hyperlactatemia/LA. In particular, we observe that renal
dysfunction seems to be associated with higher lactate
levels, lower arterial pH, and, somewhat surprisingly,
lower mortality. In the current analysis, we observed
that reduced plasma/serum creatinine levels on admis-
sion are associated with a rather “indolent” disease
course with moderate arterial pH and lactate derange-
ment, even after ingestion of rather high metformin
doses. Importantly, however, improved renal function
was not associated with lower all-cause mortality with
plasma/serum creatinine levels higher in the survivor
versus the non-survivor group.

Clearly, the proposed terminology MALA, MULA,
MILA, and LAMT by Lalau et al. [19] cannot be chal-
lenged in the light of this retrospective analysis given all
its limitations. Measurement of metformin concentrations
may be logistically challenging (e.g., often not rapidly
available), its interpretation may be considered complex,
nevertheless are drug levels worth requesting in order to
better understand the patients’ mechanism of disease and
estimate the patients’ prognosis.

MILA cases may allow to study associations between
metformin, lactate, and pH more precisely and may elu-
cidate the influence of metformin on development of hy-
perlactatemia/LA in metformin-treated ICU patients.
However, in light of the fact that only 2 out of 92 patients
(1 MILA and 1 LAMT) included in this study had no oth-
er comorbidities, this question cannot be answered in the
context of the current analysis.

The present study included ICU patients with an all-
cause mortality rate of 22%, which seems rather in line
with previously published data (17.2% mortality rate
[45]) but lower when compared to other publications
(about 50% mortality rates [46, 47]). Since arterial pH,
lactate level, metformin plasma/serum concentration
were similar in survivors versus non-survivors in the cur-
rent analysis, a direct link between respective laboratory
parameters and mortality appears unlikely, although un-
certainties remain with regard to the role of RRT given
the sample size in respective cases. Somewhat counterin-
tuitively, the present study identified higher plasma/se-
rum creatinine levels in survivors versus non-survivors,
which is also a finding in a previous investigation [45].
Another key finding of our study is the observation that
the survivor group had a significantly higher ingested
metformin dose than in the non-survivor group. Further-
more, acute renal dysfunction and diarrhea prior to ICU
admission were observed more often in survivors versus
non-survivors. Hence, a potential reversible cause (dehy-
dration, i.e., prerenal AKI) seems to be associated with a
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favorable clinical outcome. Again, it should be kept in
mind that patients with high doses of ingested metfor-
min, low arterial pH, increased lactate level, high plasma/
serum creatinine level, and/or AKI at ICU admission are
likely to be treated with RRT on the ICU, and RRT may
impact significantly on the clinical outcome, in particu-
lar, in severe cases. This is consistent with a proposed de-
cision-making algorithm for RRT in metformin-treated
patients with hyperlactatemia/LA [22]. RRT indications
may include, among others, severe acidosis [22]. Further, in
contrast to a previous study [45], our data do not show gen-
der-related differences in survivors versus non-survivors.

Additionally, we observed high mortality in patients
who did not receive RRT, had a high metformin intake,
good renal function, and an only minimal acid-base dis-
order. This would raise the question if some of these pa-
tients could be undertreated and if clinical practice should
address this aspect in future studies more thoroughly and
consider RRT treatment in such a setting. One potential
explanation could also be reduced resources at the respec-
tive centers. Given the limited information provided in
the articles, this question remains unanswered.

A number of important limitations of our analysis re-
quire discussion. First, by nature of severe intoxications
leading to critical illness, we present data from a retro-
spective analysis relying on observational, non-randomized
investigations (often case series), mostly with a limited
sample size, resulting in uneven distribution of, e.g., the
cohorts of patients treated with RRT versus without RRT.
Second, potential confounders to our observational study
include a large heterogeneity of reports with at least part-
ly inconsistent definitions regarding hyperlactatemia;
LA; and classification in MALA, MULA, MILA, and
LAMT. Third, the data set available may be biased by het-
erogenous data reporting with (partly) important clinical
(e.g., preexisting organ dysfunctions, comorbidities) and/
or laboratory data missing. Fourth, baseline plasma/se-
rum creatinine levels, which would be of great impor-
tance for exact assessment of progression of renal (dys)
function, were often unavailable. Hence, classification of
a stated “acute kidney injury” by the articles according to
the KDIGO guidelines was not possible. Although this
may be considered typical in the context of critical illness,
the course of renal dysfunction may be difficult to deter-
mine in respective cases. Nevertheless, even in cases of
reported plasma/serum creatinine levels, it may be im-
portant to keep in mind that renal function often is not in
a steady state, and creatinine assessment may therefore
only reflect the estimated glomerular filtration rate at a
given point in time. In addition, best timing, optimal
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dose, and/or (RRT) mode in hyperlactatemia/LA under
metformin therapy is currently unknown. Fifth, data ex-
traction from the articles shows that in the majority of
patients (n = 60), it was not specified in what type of
medium (serum or plasma) laboratory analyses were per-
formed, which limits comparative research. Sixth, varia-
tion in standard medical practice may impose bias on our
data. Seventh, and importantly, by nature of the retro-
spective observational study design, we demonstrate as-
sociations but not causality.

The strength of the present study is that among the
cases analyzed, misidentification of hyperlactatemia/LA
in metformin-treated patients can likely be excluded
since all cases meet preset definitions and were classified
according to the classification by Lalau et al. [19]. In ad-
dition, we screened all articles thoroughly and meticu-
lously tried to extract certain preconditions for organ
dysfunction acting as cofactors impacting metformin me-
tabolism (online suppl. Table S1).

Conclusions

Our data indicate that metformin rarely causes hyper-
lactatemia/LA in non-frail patients, when no comorbidi-
ties interfere with lactate metabolism. Established renal
dysfunction, as suggested previously, appears of key im-
portance for developing hyperlactatemia/LA. In contrast,
our study reveals an increased all-cause mortality in ICU
patients presenting with lower plasma/serum creatinine
levels at admission, which may be confounded by inter-
ference of renal replacement strategies.
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