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Risk of Fatal and Nonfatal Lactic Acidosis With
Metformin Use in Type 2 Diabetes Mellitus:
Systematic Review and Meta-analysis

Salpeter SR, Greyber E, Pasternak GA, Salpeter EE

There is no evidence to date that metformin therapy is
associated with an increased risk of lactic acidosis or
with increased levels of lactate compared with other
antihyperglycemic treatments if the drugs are

prescribed under study conditions, taking into account
contraindications.




METFORMINA E ACIDOSI LATTICA

L’incidenza di acidosi lattica
In pazienti diabetici non trattati con metformina
e risultata pari a 0,07 casi/1000 pazienti per anno
(limitandosi ai soli casi confermati)
ed a 0,16 casi/1000 pazienti per anno
(includendo anche i casi sospetti ma non confermati)

La conclusione e che:

“Nei pazienti con diabete mellito di tipo 2
non trattati con metformina
’acidosi lattica si verifica con un’incidenza
simile a quella riportata nei soggetftti
che assumono metformina”

Holstein et al., 1999

Holstein A, Nahrwold D, Hinze S, Egberts EH. Contra-indications to
metformin therapy are largely disregarded. Diabet Med 1999;16:692-

Studio osservazionale di coorte, condotto su oltre 41000 pazienti per anno in differenti aree
geografiche, dimostra che I’incidenza di acidosi lattica nei diabetici di tipo 2 non trattati con
metformina risulta simile a quella riportata nei diabetici trattati con la biguanide .

E noto che il diabete di per sé tende ad aumentare i livelli di acido lattico in circolo. Pertanto,
questi dati confermano I’ipotesi secondo cui “I’acidosi lattica associata alla metformina non ¢
necessariamente dovuta all’accumulo di metformina™




CONDIZIONI PRESENTI NEI CASI DI ACIDOSI
LATTICA DA METFORMINA VERIFICATASI IN
SOGGETTI CON NORMALI LIVELLI DI CREATININA

Scompenso cardiaco
Cardiopatia ischemica
Insufficienza respiratoria
Eta > 80 anni

Nulla

Stang MR et al., 1999

Uno studio di Stang ha evidenziato che in un numero consistente di casi (cioé in oltre i 2/3 dei pazienti trattati
con metformina) la decisione di iniziare il trattamento non ha tenuto conto della presenza di eventuali
controindicazioni . Nonostante cio, la frequenza di acidosi lattica e risultata bassissima, appena di 0,05-0,09
casi per 1000 pazienti/anno, dimostrando che la metformina ¢ un farmaco decisamente sicuro. Peraltro anche
in un piccolo gruppo di pazienti assolutamente privi di controindicazioni si ¢ comunque verificata un’acidosi
lattica, dimostrando la relativa indipendenza del fenomeno dall’impiego .



ADERENZA ALLE CONTROINDICAZIONI
ALL'USO DI METFORMINA

Tutte: o i

lecontro- | o CHD | Casidi

o indicazioni- | Insufficienza | | Scompenso | compreso | acidosi
Autori/ rischi Epatopatia | cardiaco IMA lattica.
Durata ) | e | G | (%) (%) (%) (n)
Sulkin et al. 2 22
3 mesi

Holstein et al. 1.3 51

3.5 anni

Emslie- : , 2.8 i 3,5
Smith et al.
3 anni

Horlen et al. 27 Non 14 Non
9 mesi stahilita stabilito

Calabrese et al. 62 Non Non Non
6 mesi stahilita stabilito stabilito

Kennedy Non : Non Non Non Non
e Herman stabiliti stabilita stahilito stabilito stahiliti

Rakovac et al. 18,9 Non 13,6 Non Non
5 anni stabilita stabilito stabiliti

Holstein A. et al., 2005




Current contraindications to metformin use

Contraindications

e Renal dysfunction

e Congestive cardiac failure needing drug treatment
® Hypersensitivity to metformin

e Acute or chronic metabolic acidosis

* Impaired hepatic function

Precautions

e Age »80 years until renal dysfunction ruled out

e Acute myocardial infarction

e Radiological studies involving iodinated contrast
e Surgical procedures

* Alcoholintake

These contraindications/precautions have been
increasingly challenged by recent evidence, although this
evidence is mostly from observational studies
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College of Pharmacy, Qatar University, Doha, Qatar

Metformin, a well-known anti-diabetic agent, is very effective in lowering blood glucose in patients with type 2 diabetes with minimal side-
effects. Metformin is also being recommended in the treatment of obesity and polycystic ovary syndrome. Metformin elicits its therapeutic
effects mainly via activation of AMP-activated kinase (AMPK) pathway. Renal cells under hyperglycemic or proteinuric conditions exhibit
mactivation of cell defense mechanisms such as AMPK and autophagy. and activation of pathologic pathways such as marmmalian target of
rapamycin (mTOR), endoplasmic reticulum (ER) stress, epithelial-to-mesenchymal transition (EMT), oxidative stress, and hypoxia. As
these pathologic pathways are intertwined with AMPK signaling, the potential benefits of metformin therapy in patients with type 2 diabetes
would extend beyond its anti-hyperglycemic effects. However, since metformin is eliminated unchanged through the kidneys and some
studies have shown the incidence of lactic acidosis with its use during severe renal dysfunction, the use of metformin was contraindicated in
patients with renal disease until recently. With more studies indicating the relatively low incidence of lactic acidosis and revealing the
additional benefits with metformin therapy, the US FDA has now approved metformin to be administered in patients with established renal
disease based on their renal function. The purpose of this review is to highlight the various mechanisms by which medormin protects renal
cells that have lost its functionality in a diabetic or non-diabetic setting and to enlighten the advantages and therapeutic potential of
metformin as a nephroprotectant for patients with diabetic nephropathy and other non-diabetic forms of chronic kidney disease.

J. Cell. Physiol. 232: 731-742, 2017. @ 2016 Wiley Periodicals, Inc.

J. Cell. Physiol. 232: 731-742, 2017
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Fig. 9. Summary of the effects of metformin on various signaling pathways in diabetic nephropathy. Metformin protects renal cells under
hyperglycemic and hypoxic conditions through mechanisms dependent and independent of phosphorylation of AMPK. Upward and downward

arrows indicate stimulation and inhibition of the parameter respectively by metformin. e
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Metformin Reduces Risk of Death




Metformin Reduces Risk of Death

A systematic review of 17 observational studies
found that metformin use is associated with
reduced all-cause mortality in patients with
T2DM with chronic kidney disease (CKD),
congestive heart failure (CHF), or chronic liver
disease (CLD) with hepatic impairment, and
with fewer heart failure readmissions in
patients with CKD or CHF.

Metformin Reduces Risk of Death

A meta-analysis of five studies that examined
all-cause mortality in 33,442 subjects showed a
22% reduction in relative risk of dying with
metformin use than without.
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REVIEW

Clinical Outcomes of Metformin Use in Populations With Chronic
Kidney Disease, Congestive Heart Failure, or Chronic Liver Disease

A Systematic Review

Matthew J. Crowley, MD, MHS; Clarissa J. Diamantidis, MD, MHS; Jennifer R. McDuffie, PhD; C. Blake Cameron, MD, MBI;
John W. Stanifer, MD, MSc; Clare K. Mock, MD; Xianwei Wang, MD; Shuang Tang, PhD; Avishek Nagi, MS;

Andrzej S. Kosinski, PhD; and John W. Williams Jr., MD, MHS

Background: Recent changes to the U.S. Food and Drug Ad-
ministration boxed warning for metformin will increase its use in
persons with historical contraindications or precautions. Pre-
scribers must understand the clinical outcomes of metformin use
in these populations.

Purpose: To synthesize data addressing outcomes of metformin
use in populations with type 2 diabetes and moderate to severe
chronic kidney disease (CKD), congestive heart failure (CHF), or
chronic liver disease (CLD) with hepatic impairment.

Data Sources: MEDLINE (via PubMed) from January 1994 to
September 2016, and Cochrane Library, EMBASE, and Interna-

tional Pharmaceutical Abstracts from January 1994 to November
2015.

Study Selection: English-language studies that: 1) examined
adults with type 2 diabetes and CKD (with estimated glomerular
filtration rate less than 60 mL/min/1.73 m?), CHF, or CLD with
hepatic impairment; 2) compared diabetes regimens that in-
cluded metformin with those that did not; and 3) reported all-
cause mortality, major adverse cardiovascular events, and other
outcomes of interest.

Data Extraction: 2 reviewers abstracted data and indepen-
dently rated study quality and strength of evidence.

Data Synthesis: On the basis of quantitative and qualitative syn-
theses involving 17 observational studies, metformin use is asso-
ciated with reduced all-cause mortality in patients with CKD,
CHF, or CLD with hepatic impairment, and with fewer heart fail-
ure readmissions in patients with CKD or CHF.

Limitations: Strength of evidence was low, and data on multiple
outcomes of interest were sparse. Available studies were obser-
vational and varied in follow-up duration.

Conclusion: Metformin use in patients with moderate CKD,
CHF, or CLD with hepatic impairment is associated with im-
provements in key clinical outcomes. Our findings support the
recent changes in metformin labeling.

Primary Funding Source: U.S. Department of Veterans Affairs.
(PROSPERO: CRD42016027708)

Ann Intern Med, doi;10.7326/M146-1901
For author affiliations, see end of text.

www.annals.org

This article was published at www.annals.org on 3 January 2017.
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Clinical Outcomes of Metformin Use in Populations With Chronic
Kidney Disease, Congestive Heart Failure, or Chronic Liver Disease

A Systematic Review

Figure 2. Meta-analysis of all-cause mortality among patients with moderate to severe CKD receiving treatment regimens
including metformin versus those receiving regimens without metformin.

Study, Year (Reference) Patients, n

Morgan et al, 2014 (32) 11481
Masoudi et al, 2005 (31) 5859
Eckstrom et al, 2012 (30) 7177
Aguilar et al, 2011 (29) 1246
Roussel et al, 2010 (33) 4960
Eckstrom et al, 2012 (30) 2146

CKD Definition

SCr>132.6 umol/L* (M);
>123.8 pmol/Lt (W)

SCr >132.6 pmol/L*

eGFR 45-60 mL/min/1.73 m?
eGFR <60 mL/min/1.73 m?
eGFR 30-60 mL/min/1.73 m?
eGFR 30-45 mL/min/1.73 m?

Summary (? = 82.9%, Q = 29.2, P < 0.001)

Roussel et al, 2010 (33) 573
Overall summary
I?=79.8%,Q=29.7, P <0.001

eGFR <30 mL/min/1.73 m?
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0.86 (0.75-0.98)
0.87 (0.77-0.99)
0.60 (0.40-0.90)
0.64 (0.48-0.86)
1.02 (0.84-1.24)
0.77 (0.61-0.97)

1.06 (0.47-2.39)
0.78 (0.63-0.96)
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Figure 3. Meta-analysis of all-cause mortality among patients with CHF receiving treatment regimens including metformin

versus those receiving regimens without metformin.

Study, Year (Reference)

Eurich et al, 2005 (19)

Inzucchi et al, 2005 (36)
Masoudi et al, 2005 (31)
Andersson et al, 2010 (18)

Evans et al, 2010 (35)
Roussel et al, 2010 (33)
Shah et al, 2010 (37)
Aguilar et al, 2011 (29)
Romero et al, 2013 (39)
Weir et al, 2014 (20)
Tinetti et al, 2015 (38)

Overall summary

Patients, n

981
2591
13 930
4303
346
4010
401
2874
1184
4467
863

?=62.3%,Q=26.6, P=0.003

Favors metformin

Favors other

0.00

0.50

HR

1.00

|
1.50

A 4

ROB

Moderate
Low
Moderate
Moderate
Moderate
Moderate
Moderate
Low
Low
Moderate

Moderate

Weight, %

10.84
6.66
14.81
17.01
5.79
6.36
0.94
9.28
20.14
4.56
3.61
100.00

HR (95% CI)

0.64 (0.55-0.76)
0.92 (0.72-1.18)
0.86 (0.77-0.96)
0.87 (0.80-0.95)
0.67 (0.51-0.88)
0.69 (0.53-0.89)
0.79 (0.36-1.72)
0. 76 (0.63-0.92)
0.85 (0.82-0.88)
0.53 (0.38-0.73)
0.77 (0.53-1.11)
0.78 (0.71-0.87)
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Clinical Outcomes of Metformin Use in Populations With Chronic
Kidney Disease, Congestive Heart Failure, or Chronic Liver Disease

Figure 4. Meta-analysis of CHF readmission among patients with CHF receiving treatment regimens including metformin
versus those receiving regimens without metformin.

Study, Year (Reference) Patients, n ROB
Masoudi et al, 2005 (31) 13930 —— Moderate
Aguilar et al, 2011 (29) 2874 Low
Romero et al, 2013 (39) 1184 ik Low
Weir et al, 2014 (20) 9062 Moderate

Overall summary ———

I=74.3%,Q=117,P=0.009 Favors metformin Favors other

[ I [
0.00 0.50 1.00 1.50

HR

Weight, %*

35.31
12.44
41.50
10.74
100.00

HR (95% CI)

0.92 (0.86-0.99)
0.93 (0.74-1.17)
0.81 (0.79-0.84)
0.87 (0.67-1.13)
0.87 (0.78-0.97)

Studies are listed chronologically. CHF = congestive heart failure; HR = hazard ratio; ROB = risk of bias.

* Numbers do not total 100% because of rounding.
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A Systematic Review

Figure 5. Meta-analysis of cardiovascular mortality among patients with CHF receiving treatment regimens including
metformin versus those receiving regimens not including metformin.

Study, Year (Reference) Patients, n
Eurich et al, 2005 (19) 981
Andersson et al, 2010 (18) 4303
Romero et al, 2013 (39) 1184

Overall summary
?=74.3%,Q=7.8,P=0.02

0.00
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- Low
=S SRR
Favors metformin Favors other
[ [ |
0.50 1.00 1.50
HR

Weight, %

20.87
34.73
44.40
100.00

HR (95% CI)

0.62 (0.50-0.77)
0.87 (0.77-0.98)
0.78 (0.74-0.82)
0.77 (0.53-1.12)

Studies are listed chronologically. CHF = congestive heart failure; HR = hazard ratio; ROB = risk of bias.



Continuation of metformin use after a diagnosis of cirrhosis
significantly improved survival of patients with diabetes

Xiaodan Zhang', William S. Harmsen?, Teresa A. Mettler!, W. Ray Kim', Rosebud O.
'Division of Gastroenterology and Hepatology, Mayo Clinic College of Medicine, Rochester,

HEPATOLOGY
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Storia della Metformina

La Galega officinalis, ricca di guanidina, ¢ usata
come fitoterapico nell’Europa medievale.

1918 - Vengono descritte le proprieta
ipoglicemizzanti della guanidina.

1929 — Per la prima volta vengono riportati gli effetti
sulla glicemia delle biguanidi sintetiche.

1957 — Viene descritto il primo impiego clinico di
metformina, fenformina e buformina.

1995 - Meformina ottiene I’autorizzazione alla
commercializzazione negli USA .

Le attuali linee guida indicano la priorita di metformina
rispetto a tutte le altre opzioni per il trattamento del T2DM



Storia della Metformina

Table 1| Summary of pharmacological differences between
metformin and phenformin

Property Metformin Phenformin

Adherence to Poor Strong
mitochondrial
membrane®z%3

Inhibition of electron Absent Present
transport chain®?*>

Inhibition of glucose Absent Present
oxidation"?

Interference with lactate Absent Present
turnover?

Metabolism"? Not metabolised/ Inactive hydroxylated
excreted unchanged derivative

These differences might explain the lower incidence of lactic acidosis with
metformin.




Catione e’ uno ione carico positivamente
( attrae cariche + e respinge cariche -)

=N NH NH

C7
H N~
N+ >-\N)kN)kMt
]
H,N" “NH, |
(1) (2) (3)

dimethylamine and 2-cyanoguanidine

Metformin is an organic cation and is positively charged
at physiological pH that renders it hydrophilic, resulting
in limited passive diffusion .



Metformin’s mechanism of action :

1) Decreased hepatic and intestinal gluconeogenesis
2) Enhanced muscle — adipose glucose utilization,

3) Modulation of mitochondrial oxidation of F.A.



METFORMIN GLUCOSE

o 7 ) - Glycolysisl
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Respiration
O
oxidative
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Metformin directly acts on mitochondria and shifts the balance between coupling and uncoupling
reactions. Metformin is transported into cells through the OCT family of transporters, where it acts on
mitochondria to inhibit complex I-dependent respiration and increase the proportion of uncoupled
respiration. Cells respond by increasing glycolysis, ultimately leading to increased lactate production.
As a result, mitochondrial metabolism becomes energetically inefficient, and cells compensate for
this limitation in ATP production by increasing aerobic glycolysis .
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AMP-activated protein kinase (AMPK) is an energy sensor and master regulator of metabolism.
AMPK functions as a fuel gauge monitoring systemic and cellular energy status. Activation of
AMPK occurs when the intracellular AMP/ATP ratio increases and leads to a metabolic switch
from anabolism to catabolism. Cytosolic ATP/ADP ratio is a key feature that determines if cell

metabolism is predominantly oxidative or glycolytic. High cytosolic ATP/ADP generated by
oxidative phosphorylation inhibits glycolysis .
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METFORMIN
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The ratio between ATP and AMP is
used as a way for a cell to sense
how much energy is available and AMP/ATP

control the
that produce and consume ATP . LKB1
\‘ n2@ /

p53 1
p27Kip1 1
- liferati AMPK Allosteric activation
umor proliferation } o
progression mTORCT | prow 4 AMP
Lipogenesis |
|
- Metabolic regulation v
Anabolic pathways Catabolic pathways
Regulation Lipogenesis (fatty acids, cholesterol) Glucose uptake/Glycolysis
> :positive Glycogenolysis Fatty acid oxidation
F—y = TMgu. Protein synthesis Autophagy

High cytosolic ATP/ADP ratio inhibit glycolysis
Lower cytosolic ATP/ADP ratios enhanced glycolysis



Metformin’s pharmacokinetic :

Metformin peak serum concentration approximately 2
h after ingestion. Steady-state levels are achieved
within 24 to 48 h . The half-life ranges between 2.5 and
4.9 h . Metformin is excreted predominantly unchanged
by the Kidneys. The elimination half-life is
approximately 17 h , with 90 % of the dose ingested
being renally cleared within 24 h . The drug has high
water solubility, minimal plasma protein binding, and a
large volume of distribution, being concentrated
primarily in the intestinal wall, salivary glands,
kidneys, and liver .



Caratteristiche farmacocinetiche della Metformina
Dosaggio (g/die) 0.5-3
Biodisponibilita (%) 50— 60
AUC (ore x mg/l) 8—-12
Cyvax (mg/l)

Tvax (ore)

Ty, (ore)

Clearance renale (1/ore)
Legame plasmaproteine

*La clearance renale e pari a 3.5 volte quella della creatinina
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Transport of Metformin by :

PMAT ( plasma membrane monoamine transporter )
MATE s 1 -2 ( multidrugs and toxin extrusion antiporter )




OCT]1 0CT2 OCT3 OCT4
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Figure 2. Metformin transporters: Isoforms and genes that demonstrate a role in metformin pharmacokinetics, pharmacogenetics, and thus have an
impact on its pharmacological efficacy. Metformin is absorbed from the lumen of the gastrointestinal tract through plasma membrane monoamine transporter (PMAT). It
requires the organic cation transporters (OCTs), located in the basolateral membrane of human hepatocytes, to be transported into the liver, thus decreasing hepatic glucose

synthesis. The multidrug and toxin extrusion | and 2 (MATEI and MATE2), located in the apical membrane of kidney proximal tubular cells, facilitate metformin excretion into
urine. Genetic variation in transporter genes may alter transporter expression and functionality and thus metformin response.




In the anaerobic state...
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The hallmark of LA is the presence of tissue hypoxemia, which leads
to enhanced anaerobic glycolysis and to increased lactic acid formation
LA results from decreased availability of NAD caused by lack of oxvgen.

The normal blood lactic acid concentration is 1 mmol/l,
and the pyruvic to lactic ratio is 10:1.




LACTATE ELIMINATION-CORI CYCLE
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Under normal conditions, gluconeogenesis consumes pyruvate through pyruvate-
carboxylase.  Metformin inhibit pyruvate carboxylase, thereby causing pyruvate to
accumulate . Increased amounts of pyruvate are then converted to lactate via lactate
dehydrogenase. Conversely, metformin also inhibit conversion of lactate back to
pyruvate for use in gluconeogenesis
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Mechanisms of lactic acidosis with use of metformin under renal impairment

b - :
AKI CKD Metformin aanices
(abrupt drop in GFR) | (eGFR <30 ml/m) overdose
+ CAMP
Metformin | PKA
accumulation Lack of phosphorylation *
prevents FBPase 1
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+ Gluconeogenesis t Glycolysis

. The increase in PFK activity along with FBPase 1 activity inhibition suppresses gluconeogenesis and stimulates
glycolysis. The subsequent decrease in hepatic energy status activates AMPK, a cellular metabolic sensor, leading to a
reduction in hepatic gluconeogenesis and glycogenolysis while glycolysis is promoted and enhanced by impaired
mitochondrial function with secondary inhibition of oxygen consumption, resulting in increased lactate generation and
accumulation. FBPase 1, fructose-2,6-bisphosphatase 1 ; PFK, phosphorylated phosphofructokinase 2.



Metiommin-induced lactic acidosis

Activation of AMP-K
npensate the decrease in available enet

AP0 S

v

g to the balance between production & elimination rates of lactate and ketone bodies:

_ Riskof acidosis




Lactate/pyruvate ratio

ESEE—E—_—————_EE_E_B
Lactate/pyruvate = K x: (NADH/NAD) x H*

© Hypoxia blocks oxidative phosphorylation
* prevents NADH re-oxidation to NAD
* increases the NADH/NAD ratio

* Normal ratio around 10:1

Cardiogenic shock Resuscitated septic shock

L/P ratio 40:1 L/P'ratio 14:1
Consistent with hypoxia Not consistent with hypoxia

m




When T lactate E=hypoperfusion

© Cardiogenic shock
Haemorrhagic shock
© Septic shock if
* Catecholamine resistant + depressed Cl
Unresuscitated (see Rivers)




When T lactate #8hypoperfusion

Reduced lactate clearance

Conflicting data depending on technique and initial lactate
Possibly contributes to mild hyperlactataemia

Unlikely to play major role in cases where production is near normal

Pyruvate dehydrogenase dysfunction
PDH shifts pyruvate to Kreb’s cycle not to lactate
Sub-normal levels in muscle in sepsis

Function restored by dichloroacetate which also reduces lactate level

Protein catabolism

AA’s converted to pyruvate then lactate

Inhibition of mitochondrial respiration

Sepsis, drugs e.g. metformin (rare), cyanide, antiretrovirals




Normal Lactate Metabolism

Daily production ~ 1400 mmol/day

Serum Level< 2 mmol/l

Metabolized in liver (70%) and
kidney (30%) via Cor1 Cycle

PRk



Lactate Metabolism

LIVER

60%

MUSCLE

10%

KIDNEYS

30%

Excretion renal
threshold = 5-6 mmol/L



Basal lactate production

- Renal Gut
Muscle Brain RBC WBC Platelets Sl S

0.14 0.18

mmol/ mmol/ 0.11 mmol/kg/hr
kg/hr kg/hr

Total = 1290 mmol / 24 hours for 70 kg




Cell-to-cell lactate shuttle




LACTIC ACIDOSIS (LA)

DEFINITION

* Lactic acidosis 1s a pathological state diagnosed when
the serum concentration of lactate or lactic acid 1s
persistently Smmol/L or greater and there 1s
significant acidemia and serum pH< 7.335.

(Normal lactate concentration 1s 2.0 mmol/L).




Classification of lactic acidosis

Type A Lactic Acidosis

Associated with malperfusion / dysoxia

Type B Lactic Acidosis

In the absence of malperfusion / dysoxia




Hyperlactataemia (> 2mmolL)

- Production

Utilization/ A

!
Removal I




Pathophysiological classification of lactic acidosis

HYPOXIC NON-HYPOXIC

Shock, severe anemia, cardiac arrest Renal or }Epauc dysfunction

Global Hypoxia Pyruvate Dehydrogenase
Dysfunction

Carbon monoxide poisoning Sepsis, thiaminre deficiency,
catecholamine excess, alcoholic and
diabetic ketoacidosis

Respiratory Failure Uncoupling of Oxidative
Phosphorylation

Severe asthma, COPD, asphyxia Cyanide, salicylates, methanol &
ethylere glycol metabolites, anti-
retroviral drugs, valproic acid,
higuanides, INH

Regional Hypoperfusion Accelerated Aerobic Glycolysis
Limb or mesenteric ischemia Increased effort, sepsis, seizures, large
fructose loads, malignancies




PATHOPHYSIOLOGY OF
LACTIC ACIDOSIS

Increased lactic acid generation

* Reduced oxygen delivery (hypotension, shock,
hypoxemia, anemia, carbon monoxide poisoning)

* Increased tissue demand (exercise, seizures,
sepsis)




PATHOPHYSIOLOGY OF
LACTIC ACIDOSIS

Decreased lactic acid utilization
* Liver dysfunction
* Reduced perfusion

* cellular dysfunction

* Enzymatic or cofactor deficiency: Inherited, Acquired

Combination
* Malignancy, diabetes, alcohol, other drugs




Other hyperglycemic states
Diabetes mellitus
Mon-ketotic hyperosmolar

coma Hyper-
glycemia

Impaired glucose tolerance
Stress hyperglycemia

Other metabolic acidotic states
Other ketotic states Lactic acidosis

ﬁféoo:,'gu?fgggfsem'a Hyperchloremic acidosis

Starvation ketosis Salicylism
Uremic acidosis
Drug-induced acidosis



Lactate Symptoms of pH
mmol/L (mg/dl) Lactic Acidemia* (if measured)

Low-Level

Lactic Acidemia 2-5 (18-49) Absent or Mild

Moderate-Level

Lactic Acidemia 5-10 (45-90) Absent or Mild

Severe-Level 5-10 (45-90) Present

Lactic Acidemia >10 (>90) Absent or Present

Lactic Acidosis >2 (>18) Absent or Present

v.an. pH 7.35-7.45
v.n. HCO3 21-30 mEq/L




® Headache

¢ Changes in LOC

(Confusion, Tdrowsiness)

e Decreased BP

* Hyperkalemia * Kussmaul
Respirations
* Muscle Twitching (C"mﬁﬁﬁﬁm

e W3 rm, pH is less than 7.2.

Flushed
Skin

(Vasodilation)
* Nausea,

Vomiting
Diarrhea

Blood glucose level 1s not high - Glucosuria 1s absent



Common Symptoms of Lactic Acidosis

Mental status

Weakness changes

Decreased ability
to recover from exercise

Increased
heart rate

Low blood sugar

Prolonged exercise can
lead to lactic acid buildup

Mitochondrial dysfunction

Seizures Poor circulation
Liver failure Diabetes
Prolonged lack of oxygen Metformin use




EFFECTS ON CELLULAR FUNCTION

The cellular dysfunction in hyperlactatemia is
complex.

Tissue hypoxia, if present, is a major factor.

If the cellular milieu is also severely acidic, cellular
dysfunction is likely to be exacerbated.

Decrease cardiac contractility, cardiac output, blood
pressure, and tissue perfusion.

Sensitize the myocardium to cardiac arrhythmias;
and can attenuate the cardiovascular
responsiveness to catecholamines.



HYPERLACTATAEMIA

Lactate production exceeds lactate consumption.
Addition of a number of protons equivalent to
the number of excess lactate ions

Coexisting acidemia contributes to decreased
lactate removal by the liver

Severe hypoxia and acidemia can convert the liver
into a net lactate-producing organ.

Normal Anion Gap (3—11 mEq/L)
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Pharmacogenetic Variation and Metformin Response
Current Drug Metabolism, 14{10): 1070-1082.
Author(s): Suning Chen, Jie Zhou, Miaomiao Xi, Yanyan Jia, Yan Wong, Jinyi Zhao, Likun Ding, Jian Zhang and Aidong Wen,

Affiliation: Department of Pharmacy, Xijing Hospital, and The State Key Laberatory of Cancer Biology and The Department of Biochemistry and Molecular
Biology, The Fourth Military Medical University, Xi’an, Shaanxi Province, 710032, People’s Republic of China.

Abstract

Diabetes is a major health problem worldwide, and metformin, a traditional oral anti-hyperglycemic drug, is now believed to be the most widely prescribed
antidiabetic drug. Metformin acts primarily by inhibiting hepatic glucose production and improving insulin sensitivity. Metformin is absorbed predominately
by the small intestine and excreted in an unaltered form in the urine, The pharmacokinetics of metformin is primarily determined by membrane
transporters, including the plasma membrane monoamine transporter (PMAT), the organic cation transporters (OCTs), the multidrug and toxin extrusion
(MATE) transporters, and the critical protein kinase AMPactivated protein kinase (AMPK). PMAT may play a role in the uptake of metformin from the
gastrointestinal tract, while OCTs mediate the intestinal absorption, hepatic uptake, and renal excretion of metformin. MATEs are believed to contribute to
the hepatic and renal excretion of the drug. The pharmacologic effects of metformin are primarily exerted in the liver, at least partly via the activation of
AMPK and the subsequent inhibition of gluconeogenesis. A considerable amount of pharmacogenetic research has demonstrated that genetic variation is
one of the major factors affecting metformin response. Moreover, it has become increasingly clear that membrane transporters are important
determinants of the pharmacokinetics of metformin. In this review, we will discuss the genetic variants of major transporters that purportedly determine
the pharmacokinetics of metformin in terms of drug bioavailability, distribution, and excretion, such as PMAT, OCTs, and MATEs. Understanding how
genetic variation affects metformin response will help promote more effective use of the drug for the treatment of type 2 diabetes (T2D).

Keywords: AMPK, MATE, metformin, OCT, pharmacogenetic, SNP, T2D.
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Effect of Genetic Variation in the Organic Cation Transporter 1,
OCT1, on Metformin Pharmacokinetics

Y Shul:3, € Brownl, RA Castrol, R) Shil, ET Linl, RP Owenl, SA Sheardown?, L Yue>, EG
Burchardl, CM Bret??, and KM Giacominil

1 Department of Biopharmaceutical Sciences, University of California San Francisco, San Francisco,
California, USA

2 GlaxoSmithKline, New Frontiers Science Park, Harlow, UK
3 GlaxoSmithKline, Collegeville, Pennsylvania, USA

4 Department of Anesthesiology, University of California San Francisco, San Francisco, California,
USA

Abstract

The goal ofthis study was to determine the effects of genetic variation in the organic cation transporter
1, OCT1, on the pharmacokinetics of the antidiabetic drug, metformin. Twenty healthy volunteers
with known OCT1 genotype agreed to participate in the study. Each subject received two oral doses
of metformin followed by collection of blood and urine samples. OCT1 genotypes had a significant
(P<0.05) effect on metformin pharmacokinetics, with a higher area under the plasma concentration—
time curve (AUC), higher maximal plasma concentration (Cyax), and lower oral volume of
distribution (V/F) in the individuals carrying a reduced function OCT]1 allele (R61C, G401S, 420del,
or G465R). The effect of OCT1 on metformin pharmacokinetics in mice was less than in humans
possibly reflecting species differences in hepatic expression level of the fransporter. Our studies
suggest that OCT1 genotype is a determinant of metformin pharmacokinetics. GlinicalPharseo gy

& Therapeutics iz

Clin Pharmacol Ther. 2008 February ; 83(2): 273-280




Effect of Genetic Variation in the Organic Cation Transporter 1,
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Figure 1.

The plasma concentration-time curves of metformin after oral administration in healthy
individuals who carry an OCT1-variant allele (n=12) and those who carry only OCT1-reference
alleles (n=8). The individuals were given two doses of metformin. The first dose of 850mg
was given at 1800hours on study day 1 and the second dose of 1,000mg at 0600hours on study
day 2. Blood samples for the pharmacokinetic analysis were drawn up to 24h after the second
dose. The plasma metformin concentration-time curves after the second dose are shown. Data
represent mean+SE.
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Compound Affinity (Ki) for transporters (uM) Plasma concentration (uM)
MATEl MATE2K OCT2
Organic cation
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MPP 100 (km)® 110 (km)®  19-78 —~ P e PP WL
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Treatment of lactic acidosis

1. Treatment underlying disease

2. Sodium bicarbonate: may worsen
oxygen delivery, increase lactate production
(especially when hypoxia=>induce glycolysis),
decrease portal vein flow

°The surviving sepsis campaign recommended hold
sodium bicarbonate unless profound lactic acidosis and
acidemia (arterial pH less than 7.1 and serum
bicarbonate 6 meq/L or less).

3. Hemodialysis / CRRT




Hemodialysis

* Dialysis may be a useful mode of
therapy when severe lactic acidosis
exists in conjunction with renal failure or
congestive heart failure.

* Dialysis would allow bicarbonate
iInfusion without precipitating or
worsening fluid overload. Therefore,
dialysis would correct acidosis by
restoring the buffer pool.

Guo PY, Storsley LJ, Finkle SN. Severe lactic acidosis treated
with prolonged hemodialysis: recovery after massive overdoses
of metformin. Semin Dial. 2006;19(1):80-3.




TaBLE 1: Optimal physicochemical properties for extracorporeal
removal of drugs.

Hemodialysis Hemofiltration Hemoperfusion

Molecular <500 Da <40KDa <40KDa
weight

Protein binding Low (<80%) Low Low or high
l‘;lt‘ifgzt‘l’sn <1L/Kg <1L/Kg <1L/Kg
Solubility Water Water Water or lipid
Endogenous

<4 mL/Kg/min <4 mL/Kg/min <4 mL/Kg/min
clearance

TABLE 3: Summary of pharmacological and clearance properties of some pharmacological substances”.

. 1 Volume of : Clearance without Clearance with
: Molecular ~ Protein binding e Metabolism and S o
Substance Sl (e (%) distribution excretion (%) hemodialysis hemodialysis
’ (L/kg) 0 (mL/min) (mL/min)
Metformin ~129 Minimal ~1.1 >90 renal ~7 Up to 170

The pharmacokinetics of metformin are generally favorable for hemodialysis and
extracorporeal elimination such as a low molecular weight and minimal protein binding
except with high volume of distribution . The low molecular weight, negligible plasma
protein binding, and rapid transport of drug from cells to serum allow for drug removal
by hemodialysis despite a relatively large VD (Volume Distribution ).



TaBLE 1: Optimal physicochemical properties for extracorporeal
removal of drugs.

Hemodialysis Hemofiltration Hemoperfusion

Molecular <500 Da <40 KDa <40 KDa
weight
Protein binding Low (<80%) Low Low or high
Volume of

<IL/K <lL/K <IL/K
distribution & 5 5
Solubility Water Water Water or lipid
Endogenous <4 mL/Kg/min <4 mL/Kg/min <4 mL/Kg/min
clearance

TABLE 3: Summary of pharmacological and clearance properties of some pharmacological substances”.

ey Volume of . Clearance without Clearance with
: Molecular ~ Protein binding e Metabolism and S o
Substance weight (daltons) (%) distribution Srarren () hemodialysis hemodialysis
: ' ° (L/kg) ’ (mL/min) (mL/min)
Metformin ~129 Minimal ~11 >90 renal ~7 Up to 170

Hemodialysis should be strongly considered in patients with advanced renal
failure, decompensated congestive heart failure, severe metabolic acidosis
(pH <7.1), and hemodynamic and clinical decline despite supportive care .



Table 2 Indications for
HD/CVVH [33] Indications for HD/CVVH

Significant comorbidities
Critically 1ll

pH<7.1

Failure of supportive care
Renal 1nsufficiency

Fluid overload state

33. Nguyen H (2011) Metformin intoxication requiring dialysis.
Hemodial Int 15:S68—S71

N.B. : valutare I’anion gap ( v.n. 10-18 mmol I'! ) e ripristinare il
valore di concentrazione plasmatica della Metformina < 2 mg 1-!.



Using dialysis to provide bicarbonate can prevent
a decrease in ionized calcium, prevent volume
overload and hyperosmolality (potential
complications of bicarbonate infusion), and remove
substances associated with lactic acidosis, such as

metformin.

Continuous dialysis is often favored over
intermittent dialysis because it delivers bicarbonate
at a lower rate and is associated with fewer
adverse events in patients with hemodynamic
instability.




Indications for HD/CVVH

Significant comorbidities
Critically 11l

pH<7.1

Failure of supportive care
Renal insufficiency

Fluid overload state

100-

1

1
Pre-metformin

x

| §
Post-metformin Metformin

I
removal %

Nguyen H (2011) Metformin intoxication requiring dialysis.
Hemodial Int 15:S68-S71
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Panel A: Data from all patients, expressed as mean + SD, showing that metabolic acidosis, as well as the
excessive dose of metformin observed at admission (day 1, D1), were dramatically reduced from day 2
(D2). * p<0.01 versus D1. Panel B: Typical evolution in case patient 1 of both metformin plasma
concentrations and metabolic disorders, which were controlled within 2 days of initiating continuous
venovenous hemofiltration (CVVH), 1.e. without dialysate




Table 3 Acid-base parameters postdialysis

Standard
N Mean deviation

HCO3 atfter dialysis (mEq/L) 8 192 4.1

Lactic acid postdialysis (mmol/L) 6.1 4.9
pH postdialysis 7.4 0.06
Metformin level postdialysis (ug/mL) & 8.9 5.7
Percentage of metformin removal 3 60.1 24.9

All pre/post values have P < 0.05.




Pre-Hospital Lactate and Mortality

-—
Il *

> 3.5 Lactate
(mmol/I)

60%

50% |

40%
l
Mortality 30%

20%
10% |
0% ! ‘
<100 *

Critical Care 2008, 12:R160



Prognostic value

Source doesn’t matter

High lactate still a marker of
severe physiological stress

and risk of death

High lactate often not hypoxia
related but represents metabolic
changes of severe stress

Mortality (%)

0.0-2.0 2.1-3.9 4.0
(n=827) (n=238) (n=112)

Initial Lactate Value (mmol/L)
[ ] = Death < 3 days [ = In-hospital death

Fig. 1 Acute-phase deaths and in-hospital deaths in infected patients
stratified by initial lactate value. The number of acute-phase deaths
and in-hospital deaths increased significantly and linearly with in-
creasing lactate




Metformin in Patients With Type 2 Diabetes and

Kidney Disease \JA\IVIA®

The Journal of the

A Systematic Review The Joumal of the
Silvio E. Inzucchi, MD'; Kasia J. Lipska, MD, MHS®; Helen Mayo. MLS?; Clifford J. Balley, PhD=; Darmren Association
K. McGuire, MD, MHSc*
|+] Author Affiliations
J AMA The qumal of'the .
JAMA 2014;312(24):2668-2675. doi:10.1001/jama.2014 15298 American Medical Association

Approach to Metformin Prescribing in the Setting of CKD*

Maximal Total Daily Dose,

CKD Stage eGFR, mL/min per 1.73 m? mg Other Recommendations

1 >90 2550

2 60 -<90 2550

3A 45 -<60 2000 Avoid if kidney function is or expected to become unstable

Consider more cautious follow-up of kidney function

3B 30 -<45 1000 Do not initiate therapy at this stage but drug may be continued
Avoid if kidney function is or expected to become unstable
Consider more cautious follow-up of kidney function

4 15 -<30 Do not use

5 <15 Do not use

Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate.

This strategy has not been evaluated or validated in a clinical trial; there are no data to support its etficacy, safety, or potential to improve clinical
outcomes.



METFORMINA E RISCHIO DI ACIDOSI LATTICA

» Se eGFR (MDRD) > 60 ml/min: dose piena
» Se eGFR (MDRD) = 30-60 ml/min: max 1500 mg/die
» Se eGFR (MDRD) < 30 mi/min: sospendere

* Insufficienza respiratoria grave

« Scompenso cardiaco classe llI-IV NYHA

 Insufficienza epatica grave



Table 5. Precautions with metformin

Check at least annually
Renal function*

Caution
Introduction of drugs affecting renal function
e.g. antihypertensives, diuretics, NSAIDs
Temporary discontinuation
e.g. surgery, IV contrast media, pregnancy

Possible dose adjustment
Introduction of other antidiabetic agents
Use of other agents that can alter glycaemic control
e.g. glucocorticoids, beta-2 agonists, diuretics, ACE-inhibitors

Potential discontinuation
Intercurrent or chronic illness constituting a contraindication

Key: * = Check more frequently in the elderly or patients bordering
abnormal.



Triggers for metformin associated lactic acidosis. Lactic acidosis may be
secondary to relatively small changes in hydration, kidney function, plasma
concentrations of metformin or tissue oxygenation leading to severe lactic ac.

Hypoxic diseases NSAID
' cute Kidney
Dehydration High . Injury ARBs
metformin
COMORBIDITIES lavels DRUGS
Liver failure ACE1
Lactic
CKD

Acidosis X-ray contrast

Metformin Associated Lactic Acidosis
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Plasma metformin concentrations following a single dose of metformin DR and
metformin XR in patients with type 2 diabetes and severe renal impairment. Patients
with severe renal impairment (eGFR<30mL/min per 1.73m?) were administered single doses
of 1000mg Metformin DR, 1000mg Metformin XR, and Placebo in a cross-over study design.
Top panel: Time-course plasma metformin concentration after a single administration of
Metformin DR or Metformin XR. Bottom panel: Reduction in metformin bioavailability (Cmax
and AUC) with Metformin DR relative to the same dose of Metformin XR






