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Metformin is a biguanide anti-
hyperglycemic that inhibits hepatic
gluconeogenesis, decreases enterocyte

intake of glucose, and attunes cells for periph-
eral glucose uptake.1 It has become a nearly
universally used first-line agent in the treat-
ment of diabetes mellitus and impaired glucose
tolerance.2 Metformin is a historic treatment
for diabetes mellitus, with lilac goat’s rue used
in French herbal therapy in the Middle Ages.1

The active ingredients, guanidino compounds,
were identified and chemically isolated in the
1920s.1 These compounds do have a potentially
hazardous side because they are also uremic
toxins, which can result in hypoglycemia as
their concentrations rise in acute kidney injury
and chronic kidney disease (CKD). It is in the
context of this background that we discuss a
derivative of these compounds, metformin,
which was officially approved by the US Food
and Drug Administration in 1995.

The benefits of metformin in improving
insulin sensitivity, promoting weight loss, and
improving hepatic steatosis have been useful,
and millions of patients have been exposed to
this agent worldwide. Cardiovascular benefits
have been reported,2 although these positive
findings are not unique to biguanides and are
increasingly being duplicated and surpassed in
studies of patients receiving sodium glucose
cotransporter (SGLT2) inhibitors.3 The trade-
off has been the development of life-
threatening metformin-associated lactic
acidosis (MALA) in patients with impaired
estimated glomerular filtration rate (eGFR),
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Figure 1 | Pathways to lactic acidosis from metformin use. AMP-kinase, adenosine monophosphate–
activated protein kinase; ATP, adenosine triphosphate; CKD, chronic kidney disease; FBPase 1, fructose 1,6
bisphosphatase (1); GFR, glomerular filtration rate; O2, oxygen; PKF, phosphofructokinase-1.
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hepatic insufficiency, and congestive heart
failure.1,4 The rate of lactic acidosis has been
reported as 2.2 events per 100,000 patients in
patients without renal dysfunction but 7.4 per
100,000 patients in the CKD population.
Although the event rate is small, the fatality rate
is exceedingly high, with an astounding mor-
tality rate of 50%.1,2 The mechanism of lactic
acidosis in metformin administration is lactic
acid production, accumulation, and decreased
clearance of lactic acid.1 Figure 1 demonstrates
how metformin administration results in lactic
acidosis.5

Metformin was actually not the first bigua-
nide compound used in the treatment of dia-
betes mellitus. In 1970, phenformin and
buformin were used extensively and were
removed from the market due to reports of
multiple cases of lactic acidosis.4 Metformin
was more readily cleared and so presented less
of a risk of lactic acidosis in patients with
normal kidney function.1 Metformin levels rise
75% when the eGFR drops to the equivalent of
Kidney Disease Improving Global Outcomes
stage 3a–b kidney disease (eGFR 30–59).6 The
mechanism of lactic acidosis is clearly the in-
hibition of gluconeogenesis, the same mecha-
nism responsible for the agent’s
antihyperglycemic effect.1 Large-scale studies
were held to examine the rate of development
of MALA. Connelly et al. used a case-control
design and looked at development of anion
gap metabolic acidosis with a serum bicar-
bonate of 18 meq/l and a lactic acid level >5
meq/l.7 The study used the Genetics of Diabetes
Audit and Research Tayside (GoDART) and
involved 846 individuals. The relative risk of a
patient developing MALA was 2.3 times higher
in the metformin arm. The risk of lactic
acidosis increased with degree of CKD and
eGFR decline.7

Bell et al. conducted an even larger-scale
study of 25,148 patients with type II diabetes
that attempted to use acute kidney injury as a
proxy for lactic acidosis.8 Although this was not
significant, there was a 1.3-fold higher risk of
lactic acidosis in patients who had used met-
formin at any time previously.8 This is impor-
tant in discerning that acute kidney injury is
not the cause of MALA; rather, it is eGFR
decline that predicts metformin buildup and
direct toxicity from the agent’s action against
mitochondria. Given the aforementioned his-
torical data with other biguanides and the 2
prior studies, the original recommendations for
metformin suggested using a serum creatinine
Kidney International (2020) 98, 1098–1107



con t rove r s i e s in nephro logy

Kidney International (2020) 98, 1098–11
of 1.4 mg/dl in males and 1.3 mg/dl in fe-
males.2 In many cases, this corresponded to
stage 3a CKD (eGFR 45–60 ml/min); but the
inaccuracy of GFR estimating equations meant
that this creatinine covered a wide range of
actual GFRs. Ekstrom et al. studied 51,675 and
suggested an inflection point toward increased
cardiovascular, mortality, and infection risks at
an estimated GFR of 45 ml/min.9

Outside of the United States, restrictions on
metformin use were even more liberal than the
creatinine criteria. Taiwanese data from before
2009 is instructive; at that time, patients with
CKD 4 and 5 and end-stage renal disease were
prescribed metformin.4,10 Hung et al. followed
mortality data on patients receiving erythro-
poietin stimulating agents,11 which are
restricted in Taiwan in patients with
creatinine >6 mg/dl, corresponding to CKD 5
and end-stage renal disease. Of the 1005 met-
formin users in this database, 813 were
matched using propensity scores to 2395 pa-
tients who were not taking metformin. A sta-
tistically significant increased mortality risk
(hazard ratio ¼ 1.35) was noted, with a dose
response observed with increasing doses of
metformin. A higher risk of metformin-
induced lactic acidosis was found in metfor-
min users versus nonusers, but the difference
was not statistically significant despite a hazard
ratio of 1.3.11

The US Food and Drug Administration
guidelines for metformin prescription were
changed in 2016 to allow prescribing this agent
in patients with an eGFR $30 ml/min.6

Although the use of eGFR is prudent and
more specific than the use of serum creatinine,
there is some evidence that at the 30 to 45 ml/
min eGFR that metformin buildup can
contribute to morbidity and mortality gener-
ally, and to MALA specifically.6 It is important
also to call to mind that GFR estimations, are at
best, estimations, and calculated eGFR can vary
between creatinine and cystatin C. Measures
that are closer to a gold standard include nu-
clear medicine renal scintalligraphy and the
accurate but cumbersome and rarely used
inulin clearance. This error in estimating renal
clearance is also confounded by the dynamic
and often progressive nature of CKD and dia-
betic kidney disease.4

The data supporting an inflection point
where the risks of lactic acidosis due to met-
formin use rise are from population studies
showing increased MALA risk below various
eGFR thresholds of <45 or <60 ml/min per
07
1.73 m2.10,12,13 Because the precise eGFR
threshold for metformin toxicity remains un-
certain and the risks of overestimation of renal
function remain a possibility, the recommen-
dation of the US Food and Drug Administra-
tion to drop the eGFR threshold for caution to
30 ml/min comes into question. The current
recommendation to give metformin freely in
eGFR >60 ml/min, with careful review if use
and dose reduction between eGFR or 45 ml/
min to 60 ml/min makes sense. The effect of a
medication in which levels build up com-
pounds the problem.14 Various newer studies
cite concerns about use of metformin in
CKD.7,10–12,15–18 These studies include Gos-
manova et al., showing higher lactate levels in
elderly patients17; Corchia et al., quoting 23%
mortality rate of MALA as worse than the 7%
mortality rate of metformin-induced lactic
acidosis16; Angioi et al., showing 21.4% mor-
tality in patients with MALA despite being
treated with slow low efficiency dialysis15; and
Mariano et al., who found a rate of 12.04 per
100,000 cases of MALA among metformin-
treated diabetics.18 Table 1 includes these re-
sults and systematic reviews, along with other
trials showing more positive data regarding risk
of developing MALA, for the sake of a balanced
presentation.7–13,15–21

The SGLT2 inhibitors vetted by CREDENCE
trials demonstrate even greater cardioprotective
potential than biguanides. Their renal risks,
although initially a concern, have been shown
to also be very low likelihood events.3 Risk of
cardiovascular death has decreased by 2% ab-
solute risk and 33% relative risk in trials of
SGLT2 blockade.3 This suggests that biguanides
are not irreplaceable agents, and SGLT2 in-
hibitors will likely overtake them and have a
superior safety margin in CKD patients.
Nevertheless, the makers of SGLT2 inhibitors
wisely recommend careful monitoring with an
eGFR <45 ml/min.3 We would do well to recall
Dr Frances Oldham Kelsey’s principled crusade
against the dangers of thalidomide during
pregnancy. She proclaimed that the US Food
and Drug Administration should “never again”
compromise safety, despite dogged proindustry
lobbyists using every effort to obscure the
truth. It is our responsibility as physicians to
advocate for our patients, without compromise.
This high calling is particularly aimed at
physician thought leaders at the crossroads of
endocrinology and nephrology.

Developments in hematology may also aid
in making metformin safer for patients in the
1103



Table 1 | Studies and meta-analyses regarding metformin use

Study Findings
N taking
Metformin Year Reference

Connelly et al.a Clear association was found between metformin and
lactic accumulation and lactic acidosis

1746 2017 7

Bell et al.a No evidence of acute kidney injury on metformin 25,148 2017 8
Ekstrom et al.a Worsening safety of metformin at an eGFR of#45 ml/min

with risk for serious infection, CVD, and AC mortality
51,675 2012 9

Yeh et al.a Lactic acid level in MILA correlated with mortality rate 253 2017 10
Hung et al.a Hazard ratio of 1.35 for mortality among metformin users

Dose response: higher mortality risk with higher dose
831 2015 11

Eppenga et al.a Risk of lactic acidosis 7.4/100,000 person years in
metformin users vs. 2.2/100,000 person years in
nonusers

223,968 2014 12

Richy et al.a No difference in lactic acidosis across range of renal
function

77,601 2014 13

Angioi et al.a MALA mortality rate with slow low efficiency dialysis as
21.4%

28 2018 15

Corchia et al.a MILA mortality rate of 7% and MALA mortality rate of 23% 173 2019 16
Gosmonava et al.a Higher lactate level in elderly patients 92 2020 17
Mariano et al.a Rate of MALA 12.04/100,000 141,174 2017 18
Chartyan et al.b Metformin safe for use in CKD 3 and lower risk of

cardiovascular events
591 2019 19

Kwon et al.b No increased risk of MALA 10,426c 2020 20
Lalau et al.b If properly dose adjusted, metformin Is safe in CKD 3–4,

without high levels of metformin in blood
69 2018 21

AC, all cause; CKD, chronic kidney disease; CVD, cardiovascular disease; MALA, metformin-associated lactic acidosis; MILA, metformin-
induced lactic acidosis.
aStudies showing deleterious metformin safety profile in CKD.
bStudies showing favorable safety results of metformin in CKD.
cMetformin and sulfonylurea groups.
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intermediate zone of risk (CKD 3b–4, with
eGFR of 30–45 ml/min). Recent studies found
that coadministration of metformin with prolyl
hydroxylase inhibitors–hypoxia-inducing factor
stabilizers may decrease risk of MALA. Suga-
hara et al.22 and Oyaizu-Toramaru et al.23 both
present an attractive although expensive ther-
apeutic option to decrease lactic acidosis in
patients with moderate CKD while improving
hemoglobin levels. However, many patients
with diabetic kidney disease who receive met-
formin may not have anemia and thus not
require concurrent therapy with these agents.
Thus, the clinical utility of this approach under
real-world scenarios may be questionable. We
believe that metformin is a drug that was pre-
maturely deemed safe in advanced CKD,6,24,25

and past guidelines of prominent organization
remind us of earlier trepidation of its use in
CKD.25 Clearly, a stark accounting of the ben-
efits and risks are in order. Without magnifying
risk or minimizing gain, a reasonable recom-
mendation of reserving metformin use for pa-
tients with an estimated GFR of 60 ml/min,
with review of use below this and down to 45
ml/min, can be made. The SGLT2 inhibitors
show great potential and a potential improve-
ment in risk-factor profile in patients with
CKD 3a–b. These heartening new trial results
give hope for a superior agent that will be
available to combat diabetes, cardiovascular
disease, and even diabetic kidney disease. Ul-
timately, we can provide metformin to our
patients with mild and moderate CKD—but
with a strong dose of caution.
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Metformin improves insulin sensitivity,
reduces body weight, and improves
cardiovascular events. Although recent

clinical trials have provided strong evidence of
improvement of cardiovascular and kidney
outcomes by sodium glucose cotransporter
(SGLT2) inhibitors,1 it is an overstatement to
say that metformin had been the only drug
with firm evidence of improvement of hard
endpoints among a variety of antidiabetic
agents before the SGLT2 inhibitor era.

Several studies have shown beneficial ef-
fects of metformin that are independent of
glucose control. Hypoxia is a final common
pathway to end-stage kidney disease and plays
a crucial role in the pathogenesis of diabetic
kidney disease (DKD). Systemic metabolic
disorders such as hyperglycemia cause alter-
ations of kidney metabolism, and pharmaco-
logic activation of hypoxia-inducible factor, a
master regulator of defense against hypoxia,
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