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Abstract
Metformin is a common diabetes drug that may reduce lactate clearance by 
inhibiting mitochondrial oxidative phosphorylation, leading to metformin-
associated lactic acidosis (MALA). As diabetes mellitus is a common chronic 
metabolic condition found in critically ill patients, pre-existing metformin use can 
often be found in critically ill patients admitted to the intensive care unit or the 
high dependency unit. The aim of this narrative mini review is therefore to update 
clinicians about MALA, and to provide a practical approach to its diagnosis and 
treatment. MALA in critically ill patients may be suspected in a patient who has 
received metformin and who has a high anion gap metabolic acidosis, and 
confirmed when lactate exceeds 5 mmol/L. Risk factors include those that reduce 
renal elimination of metformin (renal impairment from any cause, histamine-2 
receptor antagonists, ribociclib) and excessive alcohol consumption (as ethanol 
oxidation consumes nicotinamide adenine dinucleotides that are also required for 
lactate metabolism). Treatment of MALA involves immediate cessation of met-
formin, supportive management, treating other concurrent causes of lactic 
acidosis like sepsis, and treating any coexisting diabetic ketoacidosis. Severe 
MALA requires extracorporeal removal of metformin with either intermittent 
hemodialysis or continuous kidney replacement therapy. The optimal time to 
restart metformin has not been well-studied. It is nonetheless reasonable to first 
ensure that lactic acidosis has resolved, and then recheck the kidney function 
post-recovery from critical illness, ensuring that the estimated glomerular 
filtration rate is 30 mL/min/1.73 m2 or better before restarting metformin.
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Core Tip: Metformin-associated lactic acidosis (MALA) in critically ill patients may be suspected in a patient who has 
received metformin and who has a high anion gap metabolic acidosis, and confirmed when lactate exceeds 5 mmol/L. Risk 
factors include those that reduce renal elimination of metformin and excessive alcohol consumption. Treatment of MALA 
involves immediate cessation of metformin, supportive management, treating other concurrent causes of lactic acidosis like 
sepsis, and treating any coexisting diabetic ketoacidosis. Severe MALA requires extracorporeal removal of metformin with 
either intermittent hemodialysis or continuous kidney replacement therapy.

Citation: See KC. Metformin-associated lactic acidosis: A mini review of pathophysiology, diagnosis and management in critically ill 
patients. World J Diabetes 2024; 15(6): 1178-1186
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INTRODUCTION
Diabetes mellitus is a common chronic metabolic condition found in critically ill patients[1], and is a poor prognostic 
factor for survival[2]. One of the first-line treatments for type 2 diabetes mellitus is the oral biguanide drug metformin, 
given its high efficacy, low cost, lack of hypoglycemia, potential of modest weight loss, and potential reduction of major 
adverse cardiovascular events[3] and mortality[4]. Therefore, pre-existing metformin use can often be found in critically 
ill patients admitted to the intensive care unit (ICU) or the high dependency unit.

Metformin is, however, a double-edged sword for critically ill patients. On the one hand, it helps to control hyper-
glycemia via inhibition of hepatic gluconeogenesis[5]. On the other hand, during critical illness, metformin accumulation 
and severe toxicity in the form of metformin-associated lactic acidosis (MALA) can occur. MALA is not benign, with 
mortality exceeding 10% according to several studies. Twenty-five deaths (10.8% crude mortality) were recorded from 
232 MALA cases reported to the United Kingdom National Poisons Information Service between 2010 and 2019[6]. A 
systematic review of 253 reported cases of MALA demonstrated a crude mortality rate of 16.2%, with higher lactate and 
metformin levels in non-survivors compared to survivors[7]. Among 82 adult patients with MALA admitted to a 
Taiwanese ICU, ICU mortality was 17.0%[8]. And among 105 patients with MALA hospitalized in Thailand, the 30-day 
mortality rate was 36.2%[9].

According to a population-based study conducted in the United Kingdom, metformin use, compared to no metformin 
use, has been associated with about 4.5-fold greater incidence of lactic acidosis in patients with type 2 diabetes mellitus 
(45.7 versus 11.8 cases per 100000 patient-years), with increasing risk with worsening kidney function[10]. The incidence 
of MALA ranges from 2.4 to 15 cases per 100000 patient-years in Sweden[11], 4.6 to 39 cases per 100000 patient-years in 
the United Kingdom[12], and 3 to 10 cases per 100000 patient-years based on a meta-analysis of 65 studies[13]. The 
incidence of lactic acidosis with metformin is several-fold lower than the 40-64 cases per 100000 patients-years with 
phenformin, another biguanide, which has been withdrawn from clinical use since the late 1970s for its strong association 
with lactic acidosis[14,15].

Given the high prevalence of diabetes mellitus and consequently of metformin use, clinicians should expect to 
encounter MALA in critically ill patients, including those admitted to the ICU[16-18]. To facilitate clinical management, 
this narrative mini review aims to provide updated information on the pathophysiology, diagnosis, and management of 
MALA in critically ill patients.

PATHOPHYSIOLOGY OF MALA
The mechanism leading to MALA involves lactate accumulation due to reduced clearance by oxidative phosphorylation 
in mitochondria[19], as illustrated in Figure 1. Metformin-induced inhibition of oxidative phosphorylation leads to 
mitochondrial dysfunction[20,21], which leads to lactic acidosis even in the presence of normal oxygen supply[22]. Such 
mitochondrial dysfunction resembles cyanide poisoning, and affects multiple sites such as the liver, skeletal muscle, 
heart, kidney, and platelets[23].

Metformin by itself usually does not lead to MALA, as evidenced by relatively safe use in most patients, unless acute 
ingestion of massive amounts metformin occurs[24,25], or when metformin accumulates in the setting of severe renal 
impairment[14]. Metformin is absorbed mainly through the small intestine[26], negligibly protein-bound in the blood, 
minimally metabolized, and eliminated unchanged by the kidneys[27]. Peak concentration of metformin during 
therapeutic dosing ranges from 1.5 to 3 mg/L[28]. Elevated metformin levels as defined by a plasma level exceeding 4 
mg/L was associated with worse lactic acidosis[14,29].

Apart from metformin, oxidative phosphorylation can also be impaired by lack of oxygen supply from hypoxemic 
respiratory failure and circulatory failure (generally marked by a systolic blood pressure persistently lower than 90 
mmHg[30] or a mean arterial pressure persistently lower than 65 mmHg[31]), sepsis-induced mitochondrial dysfunction, 
or hepatic failure from any viral, toxic, or other cause. In most cases, MALA is driven by a combination of metformin and 
one of the other causes, which may be present in critically ill patients.
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Figure 1 Pathophysiology of metformin-associated lactic acidosis. 1Metformin is eliminated unchanged by the kidney.

DIAGNOSIS OF MALA
MALA may be suspected in a patient who has received metformin and who has a high anion gap metabolic acidosis 
(HAGMA)[32] on either arterial or venous blood gas analysis (Figure 2). Although high metformin levels support the 
diagnosis of MALA, low levels do not exclude it, with a sensitivity of only 67% at a threshold level of 9.9 mg/L[29]. 
HAGMA is the combination of low pH < 7.35[33], low bicarbonate < 22 mmol/L[17], and a widened anion gap (sodium – 
chloride – bicarbonate). The widened anion gap must be due to highly elevated lactic acid > 5 mmol/L[33,34] that cannot 
be completely explained by other causes such as inadequate tissue oxygenation[35]. Clinically, HAGMA leads to 
respiratory compensation of acidosis, which involves the patient breathing more quickly and deeply. The concomitant 
appearance of tachypnea and hyperpnea is a form of hyperventilation eponymously termed Kussmaul respiration[36,37]. 
For diabetic patients who are critically ill with HAGMA, one should be vigilant for diabetic ketoacidosis, which is another 
cause of HAGMA. Notably, diabetic ketoacidosis with normal blood glucose levels (i.e., euglycemic ketoacidosis) can 
occur in patients with combined use of metformin and sodium/glucose cotransporter 2 inhibitors (e.g., empagliflozin)
[38].

Non-specific clinical features of MALA include fatigue, anorexia, nausea, hypothermia, hypotension, abdominal pain, 
altered consciousness[7,39]. Such non-specific features may lead to erroneous diagnoses like acute mesenteric ischemia
[40], which may lead to unnecessary laparotomy[41]. Unusual clinical features include acute reversible blindness, which 
may be due to acidosis-related retinal cell impairment[42,43]. As cases of MALA with non-specific or unusual clinical 
features have been described, it may be prudent to screen any ill patient who has been taking metformin for the presence 
of metabolic acidosis with serum bicarbonate, as part of a basic electrolyte panel. Once metabolic acidosis is detected, 
further testing for lactic acidosis can then be done.

Differentiating mitochondrial dysfunction from metformin versus inadequate tissue oxygenation from inadequate 
oxygen supply as the cause of lactic acidosis is crucial for appropriate therapy[35] (Table 1), and both can coexist in 
critically ill patients. Inadequate tissue oxygenation from insufficient oxygen supply to meet tissue oxygen demand to 
drive the respiratory chain causes Type A lactic acidosis, which is marked by a capillary refill time > 3 seconds[31]. If 
arterial blood gas and central venous blood gas analyses are available, a central venous oxygen saturation (ScvO2) < 70%, 
or a combination of ScvO2 ≥ 70% and a carbon dioxide gap > 6 mmHg (difference between the central venous partial 
pressure of carbon dioxide, as measured from a blood sample taken from a central line with its tip around the junction of 
the superior vena cava and right atrium, and the arterial partial pressure of carbon dioxide) indicates Type A lactic 
acidosis[35]. Treatment requires improving oxygen supply by increasing blood oxygenation, cardiac output, or 
hemoglobin. In addition, oxygen demand can be reduced through sedation and mechanical ventilation. Conversely, these 
treatments do not directly treat mitochondrial dysfunction, which leads to Type B lactic acidosis. Here, oxygen supply is 
adequate, but the respiratory chain is inhibited from utilizing the available oxygen. Elimination of the respiratory chain 
inhibitor – which is metformin in the case of MALA – will be necessary. Such elimination can be achieved naturally via 
the kidneys if renal function is adequate, or artificially via extracorporeal treatment (i.e., kidney replacement therapy).

In clinical practice, a definitive diagnosis of MALA may be challenging for the following reasons. Firstly, MALA must 
be diagnosed and treated in a timely manner. Secondly, lactic acidosis is commonly due to inadequate tissue oxygenation 
in critically ill patients, which may take several hours to resolve before a definitive diagnosis of MALA can be done. 
Thirdly, MALA may resolve concurrently with improvement of tissue oxygenation, and cannot be excluded if lactic 
acidosis and inadequate tissue oxygenation are both absent later in the course of critical illness. Overall, a working 
diagnosis of MALA will often anchor on a possible diagnosis rather than a definitive diagnosis, where metformin is a 
possible, though not necessarily the sole, contributor to lactic acidosis.



See KC. MALA in critically ill patients

WJD https://www.wjgnet.com 1181 June 15, 2024 Volume 15 Issue 6

Table 1 Lactic acidosis due to inadequate tissue oxygenation versus mitochondrial dysfunction[35]

Clinically relevant considerations Lactic acidosis due to inadequate tissue oxygen 
supply to meet demand (Type A lactic acidosis)

Lactic acidosis due to mitochondrial 
dysfunction (Type B lactic acidosis)

Hypovolemia/dehydration Metformin toxicity

Sepsis Sepsis

Heart failure Cyanide poisoning

Selected causes

Respiratory failure

Capillary refill time > 3 s Capillary refill time 0-3 s

ScvO2 < 70% ScvO2 ≥ 70% and CO2 gap < 6 mmHg

Clinical and laboratory features

ScvO2 ≥ 70% and CO2 gap > 6 mmHg

Fluid challenge, followed by fluid loading if capillary refill 
time or blood pressure improves

Stop further administration and consider 
extracorporeal removal of toxic agent (e.g., 
metformin)

Empirical broad-spectrum antimicrobials for suspected sepsis Empirical broad-spectrum antimicrobials for 
suspected sepsis

Vasopressors/inotropes to maintain a mean arterial pressure 
≥ 65 mmHg

Supplemental oxygen and mechanical ventilation to maintain 
an arterial oxygen saturation of 94%-98%

Treatment

Correct severe anemia and maintain hemoglobin 7-9 g/dL

CO2 gap: Difference between the central venous partial pressure of carbon dioxide (measured from a blood sample taken from a central line with its tip 
around the junction of the superior vena cava and right atrium) and the arterial partial pressure of carbon dioxide (measured from an arterial blood 
sample); ScvO2: Central venous oxygen saturation, which is measured from a blood sample taken from a central line with its tip around the junction of the 
superior vena cava and right atrium.

Figure 2 Diagnosis and management of metformin-associated lactic acidosis. HCO3: Serum bicarbonate concentration; PaCO2: Arterial partial 
pressure of carbon dioxide; VA-ECMO: Venoarterial extracorporeal membrane oxygenation.

RISK FACTORS FOR MALA
As metformin is renally excreted by filtration and active tubular secretion[12], kidney disease with renal impairment, as 
indicated by a low estimated glomerular filtration rate (eGFR), is the main risk factor for metformin accumulation and 
toxicity (Table 2). Renal impairment can be due to a variety of pre-renal (e.g., post-operative gastrointestinal losses and 
dehydration[44]), renal, post-renal (i.e., obstructive) causes. In a large study in the United States involving 157430 
patients, metformin use was associated with hospitalization with acidosis only when patients had eGFR < 30 ml/min/
1.73 m2[45]. In a separate Taiwanese population-based cohort study, metformin was associated with increasing lactic 
acidosis risk when eGFR was below 30 ml/min/1.73 m2[46]. This eGFR threshold therefore marks the lower limit of 
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Table 2 Risk factors for metformin-associated lactic acidosis

Risk factors Mechanism

Kidney failure (any cause) Reduced renal elimination of metformin[45]

Cimetidine Reduced renal elimination of metformin[51]

Ribociclib Reduced renal elimination of metformin[52]

Excessive alcohol consumption Ethanol oxidation consumes nicotinamide adenine dinucleotides that are also required for lactate metabolism[50]

kidney function for safe use of metformin in non-critically ill patients[47]. However, newer evidence might alter the 
safety threshold. For instance, among 320882 patients with type 2 diabetes mellitus and chronic kidney disease in the 
United States Veterans Administration, metformin use was associated with incident lactic acidosis when chronic kidney 
disease resulted in eGFR < 45 mL/min/1.73 m2[48].

Other risk factors for MALA include excessive alcohol consumption[49], as ethanol oxidation consumes nicotinamide 
adenine dinucleotides that are also required for lactate metabolism[50]. Drugs that reduce renal elimination of metformin, 
such as histamine-2 (H2) receptor antagonists[51] and ribociclib[52], predispose to metformin accumulation and MALA. 
A recent pharmacovigilance study using the United States Food and Drug Administration’s Adverse Event Reporting 
System demonstrated that metformin combined with cimetidine at conventional therapeutic doses was associated with 
increased risk of lactic acidosis[51]. Separately, a case report highlighted the development of MALA in a 62-year-old 
woman on metformin who also took ribociclib, a CDK4 and CDK6 inhibitors used in for the treatment of metastatic breast 
cancer[52]. Nevertheless, the absence of the above risk factors does not exclude MALA[39].

PREVENTION AND TREATMENT OF MALA
Since critically ill patients often have risk factors – such as hypoxemia, cardiac failure, and renal impairment – that 
combine with metformin to elevate the risk of MALA, it is prudent to stop metformin for these patients initially even in 
the absence of lactic acidosis. Glucose control in critically ill diabetic patients can be achieved with insulin rather than 
metformin, targeting 7.8-10 mmol/L for most patients[53]. As metformin achieves peak concentration only 1-3 h after 
ingestion of immediate release formulations and 6-8 h after ingestion of extended release formations[28], and has an 
elimination half-life of approximately 5 h even in patients with normal kidney function[26], the effects of metformin will 
continue to persist for hours after metformin has been discontinued on the patient’s medication list.

Once clinicians diagnose MALA, treatment needs to start immediately with the cessation of metformin. In the setting of 
severe metformin toxicity, supportive management of affected organ systems is necessary. Treatment of concomitant 
Type A lactic acidosis, and extracorporeal removal of metformin can facilitate resolution of MALA (Figure 2). In general, 
faster lactate clearance is associated with improved survival in critically ill patients[54]. Reversal of Type A lactic acidosis 
requires treatment of the underlying causes and improving cardiorespiratory parameters[35]. Empirical broad-spectrum 
antimicrobials should be promptly administered for suspected sepsis. To improve the oxygen supply, adequate volume 
expansion is required. Not all patients will require fluids, so fluid loading should only be done if a fluid challenge 
improves capillary refill time or blood pressure[55]. Vasopressors (e.g., noradrenaline, vasopressin[56]) and inotropes 
may be needed to maintain a mean arterial pressure ≥ 65 mmHg[31]. Intravenous methylene blue infusion has been 
reported in some case studies to reverse metformin-induced vasodilation, as it counters the activation of endothelial nitric 
oxide synthase by metformin[57]. Supplemental oxygen and mechanical ventilation may also be needed to maintain an 
arterial oxygen saturation of 94%-98%[58]. During mechanical ventilation, high minute ventilation is needed for 
respiratory compensation of acidemia, and higher tidal volumes (e.g., 8 mL/kg predicted body weight) while keeping 
plateau pressure under the safe upper limit of 30 cmH2O, together with high respiratory rates of up to 35 breaths per 
minute, may be used[59]. Furthermore, correction of severe anemia with blood transfusion, maintaining a hemoglobin 
level 7-9 g/dL[60], enhances the oxygen-carrying capacity of the blood. Rarely, refractory cardiovascular failure in MALA 
may require mechanical circulatory support in the form of venoarterial extracorporeal membrane oxygenation[61,62].

As part of supportive management, intravenous sodium bicarbonate infusion can mitigate profound acidemia, 
indicated by a pH ≤ 7.2. Mechanistically, such severe acidemia[63] and lactic acidosis[64] can impair cardiac function. 
Although direct improvement of cardiac function with bicarbonate has not been demonstrated, in patients with 
moderate/severe acute kidney injury (Acute Kidney Injury Network score of 2-3; serum creatinine > 2 times of the 
baseline or urine output < 0.5 mL/kg/h for > 12 h), with pH ≤ 7.2 and arterial partial pressure of carbon dioxide ≤ 45 
mmHg and serum bicarbonate ≤ 20 mmol/L, giving intravenous sodium bicarbonate aiming for pH ≥ 7.3 reduces the 
composite outcome of all-cause mortality at day 28 and the presence of at least one organ failure at day 7[65]. These 
treatment thresholds are likely applicable to MALA since many patients would have concurrent acute kidney injury, and 
metformin is associated with elevated lactate level in critically ill patients when Acute Kidney Injury Network score is ≥ 2
[66]. Theoretical concerns of bicarbonate generating excessive carbon dioxide and paradoxically worsening acidemia has 
led to the use of tris-hydroxymethyl aminomethane, a buffer that increases the intracellular pH of hepatocytes[67], 
though this has not been widely adopted.
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Metformin is a small molecule of 129 Daltons that is water-soluble, minimally protein-bound, and easily dialyzable
[68]. The Extracorporeal Treatments in Poisoning Workgroup has recommended the institution of extracorporeal removal 
when any one the following conditions of severity are met: Lactate > 20 mmol/L, pH ≤ 7.0, or failure of standard 
supportive measures (e.g., use of bicarbonate infusion)[28]. The clinical utility of measuring metformin levels before 
prescribing extracorporeal treatment is unclear as metformin toxicity cannot be excluded if levels are not high[28]. 
Extracorporeal removal of metformin can be considered when biochemical parameters are less severe in patients with 
circulatory failure/hypotension, decreased level of consciousness, kidney failure, or liver failure[28]. If the patient is 
hemodynamically stable, intermittent hemodialysis is the preferred modality as it is highly efficient in correcting 
acidemia and removing metformin. Alternatively, if intermittent hemodialysis is not available, or if the patient is 
hemodynamically unstable, then continuous kidney replacement therapy may be used. Despite concerns that metformin 
can inhibit citrate metabolism and lead to citrate accumulation, regional citrate anticoagulation to prolong filter life for 
continuous kidney replacement therapy can be safely used[69]. Extracorporeal treatment can be stopped when the lactate 
concentration falls below 3 mmol/L, and the pH corrects to at least 7.35, though repeated monitoring will be required to 
detect rebound of MALA due to redistribution of metformin from tissues to the intravascular space[28]. When 
intermittent hemodialysis is used, one study showed that a cumulative duration of 15 h was associated with normal-
ization of metformin levels to the therapeutic range[70].

RESTARTING METFORMIN AFTER CRITICAL ILLNESS OR MALA
The optimal time to restart metformin has not been well-studied. It is nonetheless reasonable to first ensure that lactic 
acidosis has resolved, and then recheck the kidney function post-recovery from critical illness, ensuring that the eGFR is 
30 mL/min/1.73 m2 or better before restarting metformin. Metformin should be avoided in patients with advanced 
chronic kidney disease with creatinine > 530 µmol/L, given 35% increased odds of mortality compared to non-use of 
metformin[71]. Dose adjustment of metformin when eGFR is between 30-60 mL/min/1.73 m2 may help avoid metformin 
accumulation above the safe upper limit of 5 mg/L: Maximum total daily doses should be kept at 1500 mg when eGFR is 
between 45-59 mL/min/1.73 m2, and at 1000 mg when eGFR is between 30-44 mL/min/1.73 m2[72]. Additionally, for 
stable patients with chronic liver disease, who are not in liver failure and who do not excessively consume alcohol, 
hepatic elimination of lactate remains sufficient for safe use of metformin[73].

CONCLUSION
MALA in critically ill patients is associated with a mortality rate above 10% and occurs with 2.4-39 incident cases per 
100000 patient-years. It may be suspected in a patient who has received metformin and who has a HAGMA, and 
confirmed when lactate exceeds 5 mmol/L. Risk factors include those that reduce renal elimination of metformin (renal 
impairment from any cause, H2 receptor antagonists, ribociclib) and excessive alcohol consumption (as ethanol oxidation 
consumes nicotinamide adenine dinucleotides that are also required for lactate metabolism). Treatment of MALA 
involves immediate cessation of metformin, supportive management, treating other concurrent causes of lactic acidosis 
like sepsis, and treating any coexisting diabetic ketoacidosis. Severe MALA requires extracorporeal removal of metformin 
with either intermittent hemodialysis or continuous kidney replacement therapy.
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