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ENGLISH SUMMARY 
 

The clinical effect and the risk of experiencing adverse events is unpredictable in patients using the glucose 
lowering drug metformin and the opioid morphine. Due to their physiochemical properties both drugs rely on 
drug transporters for their entry into cells. Genetic variation and/or drug-drug interactions in these transporters 
may well affect the drugs pharmacokinetics and thereby contribute to the interindividual variance seen in drug 
response. Metformin and morphine are both substrates of the organic cation transporter 1 (OCT1) while the 
prodrug codeine is an inhibitor. Results from epidemiological studies have indicated that concomitant use of 
codeine and metformin increases the risk of metformin related intolerance. We hypothesize that this can be 
explained by a pharmacokinetic interaction between these drugs at the transporter level. Further, genetic 
variation in OCT1 may determine the distribution of morphine and hence have an impact on the analgesic 
effect and magnitude of adverse events. The thesis is based on results from three different pharmacokinetic 
trials.  

Study 1 
Common genetic variants in OCT1, OCT2 and multidrug and toxin extrusion transporters 1 and 2 (MATE1 
and 2), which are the most extensively researched genes coding for drug transporters involved in metformin 
disposition, has not shown to have any statistically significant effect on the glucose lowering effect of the 
drug. Therefore, there is a need to investigate other candidate genes. The main objective of the first study was 
to demonstrate that the already validated limited sampling strategy (LSS) used in healthy volunteers in a 
pharmacogenetic, prospective setting produces a similar metformin area under the concentration time curve 
(AUC0-24h) and renal clearance (CLrenal) as previous results obtained from a full pharmacokinetic dataset. In 
brief, our results showed substantial interindividual variance in the pharmacokinetic parameters as well as 
they further supported the feasibility for using a LSS in large prospective pharmacogenetic trials as the 
median metformin AUC0-24h and CLrenal were in line with previous results.  

Study 2 
The main objective of the second study was to investigate if there is a clinically relevant drug-drug interaction 
between metformin, codeine, and morphine in healthy volunteers genotyped as Cytochrome P450 2D6 
(CYP2D6) normal metabolizers (*1/*1), without common genetic variants in OCT1 (rs12208357, rs34130495, 
rs34059508, rs72552763) known to reduce metformin uptake. In brief, codeine did not have a clinically 
relevant impact on the pharmacokinetics of orally or intravenously administered metformin. Oral and 
intravenous metformin resulted in a small increase in the AUC of morphine and its metabolites, morphine-3-
glucuronide (M3G) and the pharmacologically active morphine-6-glucuronide (M6G). Even minor changes in 
morphine plasma concentrations are known to be of importance for the risk of experiencing morphine related 
adverse events and the impact may be even greater in individuals with known risk factors for experiencing 
morphine related adverse events, such as high age and female sex. Hence, a clinically relevant drug interaction 
seems probable. 
 
Study 3 
The main objective of the third study was to determine the AUC0-1.5h for morphine, M3G and M6G in patients 
undergoing major surgery with different numbers of loss-of-function alleles in OCT1. We observed that loss-
of-function alleles in OCT1 had a small but clinically insignificant impact on the exposure of morphine, M3G 
and M6G following an intravenous bolus of morphine. Further, the genetic variants had no impact on the 
experience of pain, adverse events, or the number of patient-controlled analgesia (PCA) doses used. 
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DANSK RESUMÉ (DANISH SUMMARY) 
 

Den kliniske effekt og risikoen for at opleve bivirkninger er uforudsigelig hos patienter der bruger det 
glukosesænkende lægemidlet metformin og opioidet morfin. På grund af deres fysiokemiske egenskaber er 
begge lægemidler afhængige af lægemiddeltransportører for at kunne penetrere cellemembraner. Genetisk 
variation og/eller lægemiddelinteraktioner i disse transportører kan meget vel påvirke lægemidlernes 
farmakokinetik og derved bidrage til interindividuelle variation der ses i lægemiddelrespons.  

Metformin og morfin er begge substrater til organisk cation transporter 1 (OCT1), mens prodruget kodein er 
en hæmmer. Resultat fra epidemiologiske studier har indikeret at samtidigt brug af kodein og metformin øger 
risikoen for metforminrelateret intolerance.  Vi tror at dette kan forklares ved en farmakokinetisk interaktion 
mellem disse lægemidler på transporterniveau. Endvidere er det muligt at genetisk variation i OCT1 
bestemmer fordelingen af morfin og dermed har indflydelse på den analgetiske virkning og omfanget af 
bivirkninger. Afhandlingen er baseret på resultater fra tre forskellige farmakokinetiske studier 

Studie 1 
Almindelige genetiske varianter i OCT1, OCT2 og multidrug and toxin extrusion transporters 1 og 2 
(MATE1 og 2), som er de mest undersøgte gener, der koder for lægemiddeltransportører, der er 
involveret i metformindisponering, har ikke vist sig at have nogen statistisk signifikant effekt på 
lægemiddels glukosesænkende effekt. Derfor er der behov for at undersøge andre kandidatgener. 
Hovedformålet med det første studie var at demonstrere, at den allerede validerede limited sampling 
strategy (LSS), der anvendes hos raske frivillige i en farmakogenetisk prospektiv design, resulterer i 
lignende metformineksponering og renal clearance som tidligere resultater der er opnået fra et 
komplet farmakokinetisk datasæt. Kort fortalt viste vores resultater en væsentlig interindividuel 
variation i de farmakokinetiske parametre, såvel som de understøttede brugen af LSS i store 
farmakogenetiske forsøg. 

Studie 2 
Hovedformålet med det andet studie var at undersøge, om der er en klinisk relevant lægemiddel-
lægemiddelinteraktion mellem metformin, kodein og morfin hos raske frivillige genotypet som 
Cytochrome P450 2D6 (CYP2D6) normale metaboliserere (*1/*1) uden almindelige genetiske 
varianter i OCT1 (rs12208357, rs34130495, rs34059508, rs72552763) som er kendt for at reducere 
metforminoptagelsen. Kort fortalt havde kodein ikke en klinisk relevant indvirkning på 
farmakokinetikken af oralt eller intravenøst administreret metformin. Oral og intravenøst metformin 
resulterede i en lille stigning i area under the concentration time curve (AUC) for morfin og dennes 
metabolitter, morfin-3-glucuronid (M3G) og det farmakologisk aktive morfin-6-glucuronid (M6G). 
Selv mindre ændringer i morfinplasmakoncentrationer har betydning for risikoen for at opleve 
morfinrelaterede bivirkninger, og virkningen kan være endnu større hos personer med kendte 
risikofaktorer for at opleve morfinrelaterede bivirkninger, såsom høj alder og kvindeligt køn. Derfor 
synes en klinisk relevant lægemiddelinteraktion sandsynlig. 
 
Studie 3 
Hovedformålet med det tredje studie var at undersøge AUC0-1.5h for morfin, M3G og M6G hos 
patienter, der gennemgår en større operation med forskellige antal OCT1 reduceret-funktion alleler. 
Vi observerede, at reducerede-funktions alleler i OCT1 havde en lille, men klinisk ubetydelig 
indvirkning på eksponeringen af morfin, M3G og M6G efter en intravenøs bolus af morfin. 
Endvidere havde de genetiske varianter ingen indflydelse på oplevelsen af smerte, bivirkning eller 
antallet af anvendte patient-controlled analgesia (PCA) doser. 
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INTRODUCTION 
 

The clinical response to morphine and metformin treatment varies significantly among patients (1,2). Codeine, 
morphine, and metformin all belong to a group of drugs that are weak bases or cations during physiological 
pH. Codeine can diffuse across cell membranes while both morphine and metformin rely on drug transporters 
(3–5).  Drug-drug interactions (DDIs) and genetic variations in some of these transporters most likely 
contribute to the interindividual variance seen in morphine and metformin response. 

Metformin is a substrate for the organic cation transporter 1 (OCT1), a SoLute Carrier (SLC) transporter,  
encoded by SLC22A1 (4). Codeine and morphine are both inhibitors of this transporter while morphine is also 
a substrate (3). Results from register-based studies have indicated an increased risk of experiencing 
metformin-related gastrointestinal intolerance in patients using metformin and codeine at the same time (6,7). 
Further, in vitro studies have demonstrated that genetic variants in OCT1 have a significant impact on the 
pharmacokinetics of morphine (3) while results from small studies in humans using different formulations of 
morphine have been inconsistent (3,8,9).  

The overriding purposes of this thesis was to get further insight into a) the genetic basis of morphine dose for 
perioperative use; b) to determine if there is a clinically relevant DDI between codeine, morphine, and 
metformin at the OCT1 transporter level and c) to support the feasibility for using a limited sampling strategy 
(LSS) for future prospective metformin pharmacokinetic studies. The expectation was that the results would 
support the use of personalized medicine for morphine, codeine, and metformin. 
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METFORMIN PHARMACOKINETICS 
 

The antidiabetic drug metformin is derived from the flowering plant Galega officinalis (French liliac) (1). 
Metformin is incompletely absorbed from the small intestine (10,11), by a dose-dependent and saturable 
process. Hence, a greater fraction of the drug is absorbed following a low compared to a high dose (12). The 
bioavailability has been reported to be ~50% (12,13) with considerable intra- and interindividual variability 
(12). Metformin undergoes “flip-flop” pharmacokinetics as the slow absorption from the intestine is the rate-
limiting step in the elimination process (13). Saturable paracellular absorption has also been suggested (14). 
The maximum metformin concentration (Cmax) in plasma is reached after ~2 hours (12,13).  

 The hepatic tissue-to-blood (arterial) ratio is larger (~5, n=3) after oral administration of metformin  
compared to an intravenous injection of 11C-metformin in humans (~2,5) (11). This indicates that the hepatic 
volume of distribution (V) is dependent on the route of metformin administration and that the drug 
concentration in the portal vein exceeds that of the blood following oral administration. Metformin has not 
been found in the feces following intravenous administration,   (12). In accordance, the intestinal uptake of 
intravenously administered metformin is low (11). Metformin has negligible plasma protein binding (15), is 
not metabolized and has not been shown to undergo enterohepatic recycling (11).  

Almost the entire dose of C11metformin can be found  in the urinary bladder and kidneys a few minutes after 
injection and accordingly the terminal half-life after intravenous administration is rapid and has been reported 
to range from 1.5-4.5 hours (12,13,15). The main part of metformin is also eliminated quickly following an 
oral administration with a half-life  ranging from ~ 4 – 8 hours (12,13). A longer but not clinically relevant 
terminal T1/2 can be observed after several doses of metformin, as the drug enters and leave erythrocytes 
slowly (16).  

The total clearance of metformin is ~30 L/h and has been reported to be equal to the renal clearance (CLrenal) 
after an intravenous injection (13), although not consistently (12). After oral dosing, metformins CLrenal is also 
~30 L/h, which is significantly higher than the glomerular filtration rate (GFR), and thus the renal excretion is 
highly dependent on tubular secretion (see chapter “Drug transporters involved in metformin and morphine 
pharmacokinetics “). The volume of distribution has been reported to range from 63 – 276 L after an 
intravenous administration (12,13,15). 

 

CODEINE AND MORPHINE PHARMACOKINETICS 
 

Codeine is a prodrug and its analgesic properties depend upon its conversion to morphine by Cytochrome 
P450 2D6 (CYP2D6) (Figure 1) (17). Hence, in one of our group´s early studies (18) we demonstrated that 
codeine increased pain thresholds in a human pain model in CYP2D6 normal but not poor metabolizers. 
Morphine is also a drug in its own right and it was isolated from the opioid puppy more than 200 years ago 
(19). Morphine is still  the most commonly used opioid to manage perioperative and other types of strong pain 
(19). Due to extensive hepatic first pass metabolism, the bioavailability is quite low for both morphine (20 – 
30%) and codeine (~40%) and displays great interindividual variability (20–22).  Both morphine and codeine 
are weak bases. The majority of morphine and codeine exists in its protonated form while a smaller part exists 
in its non-pronated form during physiological pH (7.4).  Both drugs may cross cellular membranes by passive 
diffusion in their non-protonated form however, only morphine has limited permeability by diffusion (3). In 
the liver (Figure 1) codeine undergoes O-demethylation by CYP2D6 enzymes to morphine (0-15%), and N-
demethylation by CYP3A4 to norcodeine (10 – 15%)(23–26). Codeine is also conjugated by uridine 5′-
diphospho-glucuronosyltransferases (UGTs) , UGT2B4 and UGT2B7 to form codeine-6-glucuronide (50 – 
70%) ( (17,27,28). norcodeine is conjugated to form norcodeine-glucuronide and a minor part is O-
demethylated to normorphine via CYP2D6 (17,29). Minor amounts of hydrocodone has also been found in the 



13 
 

urine after codeine intake (30) by a yet unidentified pathway. Morphine is further metabolized by 
glucuronidation to morphine-3-glucoronide (M3G) (50%) and morphine-6-glucoronide (M6G) (10%), and 
trace amounts of 3.6-diglucuronide (17,29).  The glucuronidation of morphine is facilitated by UGT enzymes, 
predominantly expressed in the liver (31). UGT activity in the  intestine (31) and brain (32) has also been 
reported. UGT2B7 is the major enzyme involved in formation of the pharmacologically inactive M3G and 
active M6G metabolites. In addition, UGT1A1 and 1A8 isoforms have been suggested to be involved in the 
formation of M6G (31) however, the quantum of UGT1A8 is very low in the liver and intestine and the 
clinical relevance is questionable. Further UGT2B4 has been showed to be able to catalyze the formation of 
both M3G and M6G, and even thought UGT2B7 was the greatest generator, small amounts of M3G has been 
reported to be generated by UGT1A1, UGT1A3, UGT1A9, UGT1A10, UGT2B15 and UGT2B17(33). Minor 
pathways include N-demethylation by cytochrome P450 (CYP450) enzymes CYP3A4 and CYP2C8 to 
normorphine (34),  which undergoes Phase II glucuronidation to normorphine-3- and -6-glucuronides (17).  

Codeine has a terminal T1/2 of approximately 2.5 hours. The total clearance of codeine has been reported to be 
~11 ml* min- 1* kg- 1 and the volume of distribution about 2 L*kg-1(22) . Morphine is quickly distributed to 
highly perfused organs such as  the liver and the kidneys (35,36) and both morphine and M6G have similar 
protein binding of 4 – 31% (19). Depending on the clinical or experimental setting the mean volume of 
distribution of morphine ranges from 2.1 to 4 L/kg and the mean terminal T1/2  ranges from 1.4 – 3.4 h (37). A 
longer, theoretically interesting but clinically less relevant terminal  half-life of morphine and metabolites 
starting 7 hours after drug administration has also been reported (20). In addition, morphine has been 
suggested to undergo enterohepatic circulation (20). 

Approximately 70–90% of codeines components in urine are free and conjugated codeine and norcodeine, 
with the remainder existing as free and conjugated morphine, morphine metabolites, and hydrocodone (29).  
The CLrenal of morphine, M3G, and M6G has been reported to exceed creatinine clearance (38), indicating 
tubular secretion. Tubular reabsorption has also been suggested (38) . 
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Figure 1. Codeine and morphine pathway.  
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METFORMIN PHARMACODYNAMICS 
 

Metformin reduces fasting plasma glucose and hemoglobin A1c (HbA1c) levels in a dose-dependent manner 
(39). The reduced plasma glucose achieved by treatment with metformin could be mediated through several 
effects including inhibition of the gluconeogenesis, increased insulin sensitivity or just increased peripheral 
glucose uptake. The latter may involve an increased anaerobic glucose metabolism (glycolysis) in the intestine  
(1). 

The exact mechanism of action of metformins at the molecular and cellular level is not completely understood 
(1). Metformin has been reported to exert some of its action through interaction with the mitochondria where 
it inhibits the mitochondrial complex 1 (a membrane bound redox enzyme) of the respiratory chain. This 
hypothesis has been confirmed in several biological models and species over the last two decades (40–42), 
including human hepatocytes (42), however whether this inhibition is direct or not is still debated(43,44). 
Supratherapeutic metformin concentrations (mmol/l) is required to observe a direct inhibition  (accumulation 
of metformin inside the mitochondria)  in both isolated mitochondria and sub-mitochondria particles (41,44–
49). Following high metformin concentrations metformin has indeed been reported to interact with a subunit 
of the mitochondrial  respiratory chain complex which stabilizes the enzyme in an catalytically inactive 
conformation state (45). Clinically relevant drug concentrations have also been able to achieve a dose 
dependent, slower (hours are required) and not total inhibition of complex 1 in intact cells (41,48–50).  
Metformins cationic properties could explain this slow accumulation inside the matrix of the mitochondria, 
driven by the mitochondrial transmembrane electrochemical potential (∆Ψ) (41). The mitochondrial 
respiratory chain transfers protons from the  matrix to the intermembrane space, the mitochondria produces an 
electrical mitochondrial membrane that hypothetically can drive an accumulation of positively charged 
molecules, like metformin into the mitochondria (1,43,44). Metformin also has high affinity for copper, and it 
has been proposed that metformin inhibits complex 1 by an interaction with mitochondrial copper ions 
however the full mechanism remains to be fully described (51). 

An inhibition of the mitochondrial complex 1 decreases the mitochondrial respiration and cellular energy, 
although evidence supporting metformins ability to change the latter are conflicting((40–42,48). Further, an 
inhibition of complex 1 abrogates the ability to oxidase Nicotinamide adenine dinucleotide + H (NADH) and 
as a result a more reduced mitochondrial and cytoplasmic NADH/Nicotinamide adenine dinucleotide (NAD) 
redox state is observed (40) . Under these circumstances pyruvate is reduced to lactate in the cytosol (NADH-
>NAD+) (52,53).  In contrast, metformin has recently been reported to increase the mitochondrial respiration 
following pharmacological relevant doses in hepatocytes and mice challenging the hypothesis that metformin 
inhibits complex 1 (54). 

In vitro and in vivo studies in rodents have reported that metformin treatment results in a more oxidized 
mitochondrial and reduced cytoplasmic NADH/NAD redox state caused by a direct inhibition of the 
mitochondrial glycerol-3- phosphate dehydrogenase (mG3PDH). mG3PDH is involved in the glycerol-
phosphate shuttle, which is one of two shuttles that transfers reducing equivalents from the cytoplasm to the 
mitochondria (48,55). The mechanism was reported to be non-competitive with an inhibition constant of (ki) 
~55µM in human cells (48). Hypothetically,  increased NADH:NAD+ ratio in the cytosol results in decreased 
utilization of lactate for gluconeogenesis, as high concentrations of NADH inhibits the oxidation of lactate to 
pyruvate(53). Indeed, the authors did find that metformin indirectly decreased the substrate fluxes of lactate 
and glycerol to the gluconeogenesis resulting in a reduced endogenous glucose production (EGP) (48). This 
mechanism was recently challenged as metformin was reported not to inhibit mGPDH activity in rat 
hepatocytes and the drug did inhibit hepatic glucose production from both reduced and oxidized 
gluconeogenic substrates. Further, pharmacological inhibition of mG3PDH did not affect the glucose 
production (56). 

AMP-activated protein kinase (AMPK) is a potent regulator of cellular energy homeostasis and is activated 
when there is an intracellular change in the adenosine monophosphate (AMP): adenosine triphosphate (ATP) 
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ratio. Hence, increased levels of cellular AMP allosterically activate AMPK. AMP binding also promotes full 
activation of AMPK by stimulating phosphorylation and inhibiting dephosphorylation of the Thr-172 residue 
in the alpha-subunit of AMPK(57) . AMPK turns off ATP consuming pathways such as gluconeogenesis by 
downregulating the expression of gluconeogenic genes in order to restore energy balance (58).  

Metformin has been reported to indirectly activate AMPK  (59). The drugs inhibition of the respiratory 
complex 1 is observed with an concomitant increase of cellular AMP which is expected to activate AMPK 
(40–42). Contrary, metformin has also been reported to activate AMPK under conditions were no changes in 
the AMP:ATP ratio was detected (60,61). Further, it has been reported that glucose starvation can activate 
AMPK that is independent of an AMP:ATP ratio which involves a complex comprising the Vacuolar-type 
ATPase, Ragulator, axin, liver kinase B1 (LKB1) and AMPK the surface of lysosomes (62,63). Metformin-
induced AMPK activation via this lysosomal pathway was investigated in mice and primary hepatocytes 
deficient in axin.  AMPK activation was abrogated in liver specific-axin-deficient mice  after chronic 
intraperitoneal treatment with metformin and in axin- deficient hepatocytes treated with metformin (64) 

The phosphorylation of AMPK is regulated by the LKB1(65). LKB1 has been reported to be essential for 
metformins ability to activate AMPK as the glucose lowering effect of metformin was suppressed  in liver 
Lkb1 knock-out mice (66).  This hypothesis was later challenged as metformin was shown to inhibit glucose 
production in liver Lkb1 knock-out mice where both AMPK catalytic subunits also had been deleted in the 
liver (67). In addition, elevated AMP levels allosterically inhibits fructose-1,6-biphosphatase 1(FBP1), an 
important gluconeogenetic enzyme resulting in an inhibited glucose production (1,68).  These findings were 
recently further supported as diabetic mice with a point mutation in the FBP1 enzyme (which impaired the 
allosteric inhibition by AMP) had reduced response of  metformin (69). Further, the intracellular AMP 
accumulation is also reported to inhibit adenylate cyclase which has been found to reduce intracellular levels 
of cyclic AMP causing a decreased protein kinase A (PKA) activity that ultimately leads to decreased 
gluconeogenetic gene expression and down regulated glucagon-dependent glucose output from the 
hepatocytes (70).  

AMPK also regulates the enzyme acetyl-CoA-carboxylase (ACC). Pharmacological inactivation of ACC have 
been shown to decrease liver fat content which results in the inhibition of lipid synthesis and stimulation of 
fatty acid oxidation in rodents (71,72). Mice genetically modified to be insensitive to AMPK phosphorylation 
did show elevated lipogenesis and lower fatty acid oxidation compared to wild type mice, which contribute to 
the progression of insulin resistance and glucose intolerance (73). Further, metformin has been shown to 
inhibit lipid synthesis in human primary hepatocytes (74). Activated AMPK has also been reported to inhibit 
the function of Sterol regulatory element binding protein 1 that regulates the lipogenic process by activating 
genes involved in fatty acid and triglyceride synthesis (75). However, a new meta-analysis of randomized 
controlled trials concluded that metformin does not improve liver steatosis in humans (76) 

In recent years evidence mainly from mice studies or in vitro experiments using supra-therapeutic 
concentrations of metformin has been emerging that part of metformin’s mechanism of action might be 
attributed to the drugs beneficial effect on systemic inflammation (1). The low-grade inflammation associated 
with obesity and type 2 diabetes (T2D) is an important contributor to impaired glucose and lipid homeostasis 
and insulin resistance (77). T2D patients also have a disturbance in the gut microbiota composition and this 
disturbance have inconsistently been negatively correlated with glycaemic parameters such as HbA1c (77). 
Metformin seems to be able to alter the composition of the intestinal microbiota in humans (78,79). In naïve 
patients with T2D, metformin quickly altered the composition and function of intestinal microbiota, and, in an 
animal study, the transfer of metformin-altered microbiota to germ-free mice improved glucose tolerance (80). 
Thus, metformin-induced changes of microbiota in the gastrointestinal tract might attribute to glucose 
homeostasis 

A very recent study has identified and validated blood-based epigenetic markers (methylation) that can 
potentially be used to discriminate between future metformin non-responders/responders and 
intolerant/tolerant newly diagnosed T2D patients. The authors found that deoxyribonucleic acid (DNA) 
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methylation at 11 and 4 specific loci was associated with future glycemic response and intolerance to 
metformin(81).  

 

CODEINE AND MORPHINE PHARMACODYNAMICS 
 

Opioids are used to treat both severe acute and chronic pain however, there is a difference in the cellular 
response to acute and prolonged morphine use (82). The following section will summarize the basic signaling 
properties of opioid receptors following acute morphine use. 

The International Association for the Study of Pain (IASP)s definition of pain is “an unpleasant sensory and 
emotional experience associated with, or resembling that associated with, actual or potential tissue damage” 
(83).  The postoperative intensity in pain and opioid use is dependent on a combination of several non-genetic 
factors such as age, anesthesia, and social factors. Furthermore, genetic variants in genes responsible for 
opioid disposition and effect do most likely contribute to this inter-patient variation in pain severity and opioid 
use (84).  

 Afferent nerve fibers or nociceptors, predominantly consisting of A and C fibers transmits noxious stimuli 
from the periphery to the spinal cord in humans. The activation of voltage gated ion channels is necessary to 
create an action potential that convey nociceptor signals to synapses in the dorsal horn. Here neurotransmitters 
such as glutamate and substance P is released in the synapse. These neurotransmitters then open 
postsynaptic  α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid and N-methyl-D-aspartate receptors 
which stimulates ascending spinal neurons to further pass the stimuli to the brainstem, thalamus, and cortex of 
the brain (85).  

The three opioid receptors, mu (µ), delta (δ)  and kappa (Ƙ)  are widely distributed throughout the central 
nervous system and to a lesser extent the peripheral nervous system (86). Further, protein of the three 
receptors has been identified in healthy human immune cells (lymphocytes, granulocytes, monocytes, 
macrophages) (87). Despite the low presence of opioid receptors outside the central nervous system opioids 
have an has excellent effect on nerve injury in the periphery (88).  Morphine penetrates the blood-brain barrier 
(BBB) slowly due to its physiochemical properties. Hence, peak analgesic effect is first reach up to 15 
minutes after intravenous administration (89). Morphine is a full agonist for the µ opioid receptor and the 
binding affinity (Ki) in humans has been reported to be 14nM. Morphine also binds to the Ƙ and the δ opioid 
receptor however the binding is respectively 3.4 and 10 times stronger to the µ receptor. Morphine’s 
pharmacologically active metabolite M6G binds to the same three receptors however, the metabolite has been 
reported to have 6 and 86 times lower affinity for the human µ and Ƙ receptor respectively and a similar 
affinity for the  δ  opioid receptor compared to morphine (19). In accordance, M6G has been reported to 
produce analgetic effects in humans although with less potency than morphine (90).   

All three opioid receptors are G-protein-coupled receptors and they can apart from exogenous agonists for 
example morphine be activated by endogenously produced opioid peptides; endomorphins, enkephalins, and 
dynorphins (82). A common cellular mechanism of action is produced by agonist binding in all three 
receptors. It has been demonstrated that binding of an opioid agonist to the opioid receptor stimulates the 
activity of GTPase(91). Hence, the binding of an agonist results in the Gα-subunit to exchange its bound 
guanosine diphosphate GDP to guanosine triphosphate (GTP), followed by the dissociation of the Gα-subunit 
and the Gβγ-subunit (89). In vitro studies have demonstrated that binding of the Gβγ-subunit to voltage gated 
calcium channels inhibit the channels from opening (92).  This reduces the calcium concentration in the cell 
and suppresses the release of neurotransmitters (93) from the presynaptic neuron. In vitro studies have also 
reported that the Gβγ-subunit directly opens G protein–coupled inwardly rectifying K+ channels and thereby 
preventing neuronal excitation and/or propagation of action potentials in the postsynaptic neuron (94,95). 
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Deactivation of the channel occurs when the Gα-GTP is hydrolyzed into Gα-GDP and reassociated with the 
Gβγ-subunit (82,96). 

Further,  binding of an agonist to the opioid receptor inhibits cyclic adenosine monophosphate (cAMP) 
production (97) due to the  Gα-subunits direct inhibition of the enzyme adenylyl cyclase (98) which convert 
ATP to cAMP.  The inhibited cAMP production further results in PKA not being activated.  This causes 

suppression of several ion channels that are involved in pain facilitation such as  the heat sensor transient 
receptor potential cation channel subfamily V member 1, hyperpolarization-activated cyclic nucleotide-gated 
channels, acid-sensing ion channels, and voltage-gated Na+ (Nav) channels (87).  

Opioids also cause pain relief by activating the descending pathway that projects from the brain to the dorsal 
horn in the spinal cord where it inhibits ascending nociceptive transmission to the brain (99). Gabaneric 
neurons are vastly presented in the midbrain  and they release the neurotransmitter Gamma aminobutyric 
acid  (GABA) which binds to GABA receptors resulting in inhibition of spinally projecting output neurons of 
the descending pathway (100). Agonist binding to the µ and Ƙ opioid receptor in the midbrain results in 
inhibition of GABA-mediated synaptic transmission by reduced probability of synaptic neurotransmitter 
release and thereby releasing  output neurons from GABA inhibition (100,101).  

 G protein-coupled receptor kinases phosphorylates the opioid receptor to remove it from the plasma 
membrane. β -arrestins recognizes and bind phosphorylated receptors which are then sorted into clarithin-
coated dynamin dependent pits (102). Endosome vesicles containing the opioid receptor then transports the 
receptor into the cell where it can continue to signal (103),  be degraded in the lysosomes or recycle to the 
plasma membrane (102). In addition, it was  recently reported that cell permeable ligands like morphine but 
not endogenous opioid peptides can activate morphine receptors not only from the plasma membrane but also 
from internal cell compartments like the Golgi (103). The functional significance of location specific opioid 
receptor activation is still to be determined.  

 

ADVERSE EVENTS OF CODEINE, MORPHINE, AND METFORMIN 
 

The adverse events experienced after administration of codeine is related to its O-demethylation to morphine 
by CYP2D6 as CYP2D6 normal metabolizers have been reported to experience more pronounced adverse 
events after codeine intake compared to placebo, while only a slight difference was reported in poor 
metabolizers (104). Further, ultrarapid metabolizers may suffer severe adverse events due to high plasma 
concentrations of morphine (17). Treatment with codeine, morphine and metformin are not uncommonly 
limited due to side effects. Both the response and experience  of  adverse drug reactions is unpredictive  in 
metformin and morphine  users (1,2) and the variation may depend on multiple clinical and environmental 
factors including, age, gender, DDIs, compliance and disease severity. In addition, genetic variants in 
metformin and morphine transporters might explain some of the interindividual variance.  

Adverse events of metformin 
The potentially life-threatening metformin-mediated side effect lactic acidosis is discussed below in chapter 
“Metformin - the intestine and lactate production”. The mechanism of metformin mediated gastrointestinal 
intolerance is not fully understood but multiple pathophysiological hypotheses have been proposed, including  
increased serotonin concentrations in the intestine either due to  metformin mediated increased release from 
enterochromaffin cells or metformin inhibited serotonin transport by the serotonin reuptake transporter 
(SERT) in the intestine, decreased reabsorption of bile acids and metformin-mediated changes in the 
gastrointestinal microbiota (1,105). The symptoms are dose-dependent and may be overcome by slow titration 
or the use of extended or delayed-release formulations of the drug (1). In accordance, loss-of-function alleles 
in OCT1 which theoretically causes increased metformin concentrations in the intestine has been associated 
with an increased risk of 
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gastrointestinal intolerance (7) (further discussed in chapter “Genetic variation in the OCT1 transporter and 
metformin”).   

Results from several epidemiological studies have indicated an increased risk of gastrointestinal intolerance 
when patients are using the OCT1 inhibiting drug codeine concomitant with metformin, despite of their OCT1 
genotype status (6,7,106). These studies used discontinuation of metformin and switching to another oral 
hypoglycemic agent in the first months of metformin treatment as a proxy for metformin related intolerance. 
One of the studies (6) also investigated clinical records for documented symptoms of intolerance. The largest 
of the epidemiological studies demonstrated that codeine was the only drug among 28 OCT1 inhibiting drugs 
that was associated with early discontinuation of metformin in both a danish and an American cohort 
including over 400.000 metformin users (106).  

It was recently reported that there is no significant difference in the pharmacokinetics of metformin or the 
systemic measures of lactate, serotonin or bile acids between 10 tolerant and 10 intolerant patients (107). This 
suggests that metformin intolerance may be caused by local factors in enterocytes or the lumen of the 
intestine.  Further, old age and female sex have been demonstrated to be risk factors for experiencing 
metformin-related intolerance (6,7).  

Adverse events of morphine 
Apart from producing analgesia, stimulation of the opioids receptors results in several effects which are 
dependent on the location of the receptor (89). Agonist binding to the µ receptor may include effects such as 
sedation, respiratory depression, bradycardia, nausea, stomach pain, vomiting, reduced gastric motility and 
itching. With prolonged morphine use side effects such as tolerance, euphoria, and dependence can occur, 
making them potential drugs of abuse. Activation of the δ receptor may apart from causing spinal and 
supraspinal analgesia reduce gastric motility while agonist stimulation of the Ƙ receptor can apart from 
producing spinal analgesia cause diuresis and dysphoria (89).   

It has been demonstrated that morphine leads to enhanced and prolonged analgesia with fewer adverse events 
in β -arrestin knock-out mice (108). Hence, β -arrestin mediated signaling seems to lead to mechanisms that 
increase side effects why a lot of effort has been put into developing drugs that preferentially activates the G 
protein pathway while avoiding the β -arrestin pathway, so called G protein-biased agonists in µ, δ  and Ƙ 
opioid receptors (108,109).   

Female sex was associated with more nausea/vomiting, higher systolic blood pressure < 90mmHg, and 
reduced oxygen saturation <92% while age ≥ 65-years was associated with less nausea/vomiting, higher 
systolic blood pressure < 90mmHg, and greater oxygen saturation <92% in a review with almost 32,000 
patients treated with opioids (30.1%  were treated with iv morphine, 5.6% were treated with subcutaneous 
morphine, and 3.7% were treated with oral morphine) at the emergency department (110). The impact of 
genetic variation in OCT1 on the experience of adverse events is discussed below in chapter “Genetic 
variation in the OCT1 transporter and codeine and morphine”. 

 

METFORMIN: THE INTESTINE AND LACTATE PRODUCTION 
 

Metformin has historically been associated with the dangerous adverse event, lactic acidosis. However, large 
case-control studies, reviews and meta-analysis have not found evidence of an increased risk of lactate 
acidosis in metformin users compared to patients using other anti-hyperglycemic drugs (111,112). 

It is well known that treatment with metformin in T2D patients can result in slightly raised (but still normal) 
plasma lactate concentrations compared to T2D patients not using any glucose lowering drugs (113–115). The 
plasma lactate levels after  metformin treatment  are  however not additionally elevated compared to non-
metformin therapies (111). Even after seven days of metformin treatment, the rise in systemic plasma lactate 
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concentrations in healthy volunteers  (controls vs metformin users) is modest (0.85 vs 0.95mmol/l) (116). As 
previously described, the increased plasma lactate concentrations observed with metformin treatment is 
believed to be caused by metformins inhibition of the mitochondrial complex 1 and/or inhibition of mG3PDH. 
Overall, lactic acidosis is very rare in the absence of systemic conditions (sepsis, ischemia, etc). As a result, it 
is impossible to distinguish if the lactic acidosis is caused by the metformin treatment, the systemic disorder, 
or a combination of the two. Hence,  metformin use may not have any casual role (112,117). Thus, increasing 
evidence supports the use of metformin in patients with chronic renal impairment or Congestive heart failure 
(112). 

Even though it has been known for nearly  40 years that the reduction in blood glucose is less when metformin 
is administered  intravenously as compared to oral administration (118), the liver has historically been 
considered the primary target organ for metformins glucose lowering effects, mainly by inhibiting the hepatic 
glucose production (1). Metformin has been demonstrated to reduce the EGP in T2D patients (119,120) 
although data has not been consistent (121). In placebo-controlled trials, metformin has been reported to 
decrease the EGP by mean ~6% (122). The magnitude of this decrease is however not large enough to singly 
be able to explain the concomitant decrease in fasting plasma glucose.  

A common argument for the liver being the most important organ for metformins glucose lowering effects is 
that it receives far more metformin from the Hepatic Portal Vein than what can be measured in plasma. The 
fact is though, that following an oral administration, metformin accumulates in significantly higher 
concentrations in the enterocytes (123) compared to the liver and plasma in humans (11).  

Almost 30 years ago several animal studies provided evidence that the intestine could contribute to 
metformins glucose lowering effects. Following high metformin doses scientists observed an increased non-
oxidative glucose utilization in the intestine  with a ~100% increase in plasma lactate measured in the hepatic 
portal vein (124)  and blood from the right carotid artery (125), with a concomitant drop in plasma glucose 
(125). The extra lactate produced was to some extent converted into glucose by the liver (124,125). The 
finding that metformin increases lactate production in the intestine was later confirmed in human jejunal 
biopsies (123), and perhaps more importantly, recently in a human in vivo study measuring lactate directly 
from the hepatic portal vein after oral metformin administration in patients with liver cirrhosis (126). 
Metformin has been reported to accumulate in the intestine both mice and humans (123,127,128), and it is 
well known that the drug must be discontinued a few days before Positron Emission Tomography (PET) and 
Computer Tomography (CT), due to metformin-induced increase in glucose uptake and utilization in the 
human intestine which interferes with the PET-CT imaging technique (1,53,105). Metformin has not been 
shown to increase lactate production in muscle, fat or brain tissue(124). 

Studies in non-diabetic subjects and patients with recently onset T2D (with good glycemic control) have also 
shown an increase rather than a decrease in EGP during metformin treatment (116,129,130) with a 
concomitant increase in glucose clearance and glucagon levels (129,130). These findings challenge the 
hypothesis that metformin mainly reduces plasma glucose by inhibiting the hepatic glucose production. 

An increase in fasting EGP may be due to counter-regulatory glucagon-induced glycogenolysis or 
gluconeogenesis to counteract hypoglycemia (129,130). Gluconeogenesis has indeed been shown to increase 
EGP in the glycogen-depleted state in healthy participants. Possibly due to increased glucose uptake and 
glycolysis in the intestine (116). Interestingly, EGP has recently also been reported to slightly increase 
regardless of the blood glucose status in newly diagnosed T2D patients using metformin (129). 

Metformin is generally believed to increase the glucose uptake into the intestine from the circulation 
(114,116,125) however, both animal(131,132) and human studies (80,133,134) indicate that glucose uptake 
from the intestinal lumen might also contribute to the pharmacodynamics of the drug.  

The cellular mechanism behind metformins stimulation of intestinal glucose utilization is debated but might 
be explained  by a redistribution of glucose transporter 2 at the apical membrane of the enterocytes or 
increased expression of the sodium-glucose cotransporter 1 (1). 
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Further evidence to support the importance of the intestine for metformins pharmacodynamics is the fact that 
delayed-release formulations of metformin (resulting in low plasma metformin exposure) has been reported to 
be as effective as the standard immediate-release formulation in lowering fasting glucose levels in plasma (1). 
Metformin has also been shown to increase the glucagon-like peptide 1, which stimulates insulin secretion, 
inhibits the pancreatic glucagon secretion, slows down the gastric emptying and reduces the appetite. Further, 
metformin has been reported to inhibit the hepatic glucose production by activation of a gut-brain-liver 
negative feedback, probably involving the Vagus nerve. Metformin may also change the composition of the 
gut microbiota as a possible contributor to metformins glucose-lowering effects (1,105).  

 

DRUG TRANSPORTERS INVOLVED IN METFORMIN AND MORPHINE 
PHARMACOKINETICS 
 

All known transporters of metformin belong to the solute carrier superfamily. The Superfamily contains 65 
SLC gene families with 458 individual members (135). The transporters of morphine belong to both the solute 
carrier superfamily and the ATP-binding Cassette (ABC) superfamily. The ABC superfamily  comprises 49 
known genes classified into seven different families (A-G) (136). 

The uptake of metformin across the apical (luminal facing) membrane in the enterocytes is facilitated by the 
plasma membrane monoamine transporter (PMAT) (137) and the organic cation transporter 3 (OCT3) (138).  
Further,  the carnitine/ organic cation transporter (OCTN1) (139), serotonin transporter (SERT), the choline  
high-affinity transporter (CHT) (140) and the thiamine transporter (THTR-2) (141) have also been implicated 
to be involved in the uptake of metformin into the enterocytes. A basolateral placement in the enterocytes 
have been reported for OCT1 in  in vitro studies (142), including immunocytochemical analyses of human 
jejunum (138) and in studies using Oct1 knock-out rodents (143,144). Contrary, other in vitro studies (140), 
including both immunocytochemical analyses of human jejunum and specific transporter inhibitors (145) has 
demonstrated that the transporter is placed in the apical membrane of enterocytes. 

OCT1 is strongly expressed in the human liver (146), more specifically it is expressed in the sinusoidal 
membrane of hepatocytes (147). An oct1 knock-out study in rats suggested that the hepatic uptake of 
metformin is mainly facilitated by the OCT1 transporter (144), and its  importance was later confirmed in a 
human in vivo study (148). The OCT3 transporter also facilitates the hepatic uptake of metformin (147), 
although the expression of OCT3 in the liver is less than 1/12 of the OCT1 expression (3). 

Besides glomerular filtration, metformin is dependent on tubular secretion by organic cation transporter 2 
(OCT2) and multidrug and toxin extrusion transporters 1 and 2 (MATE1 and MATE2-K) for its renal 
elimination. OCT2 facilitates the transport of metformin from the circulation  into the proximal tubular cells in 
the kidney  (149,150). MATE1 and MATE2 are located on the apical side (151) and excrete metformin into 
the urine (4).  

The hepatic uptake of morphine is highly dependent on the OCT1 transporter following clinically relevant 
doses (3). The uptake  process is saturable, and the fraction of uptake by transporter independent diffusion 
increases linearly with increasing morphine plasma concentrations (3). In humans morphine, M3G and M6G 
are excreted in the bile (152). Multidrug resistance protein 2 (MRP2, ABCC2) is expressed in the canalicular 
side (153) and transports morphine glucuronides into the bile (154). Morphine glucuronides are effluxed from 
the liver to the vascular compartment by the multidrug resistance protein 3 (MRP3, ABCC3) (154,155), 
expressed in the basolateral membrane of hepatocytes (153). 

Morphine and its main metabolites (M3G and M6G) penetrates the BBB in humans, although the metabolites 
at a slower rate (156,157), possibly due to the molecules hydrophilicity. The influx transport process of 
morphine across the BBB is poorly understood. Morphine and M6G might be distributed within the brain 
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cerebrospinal, intra- and extracellular fluids by diffusion (158).  Glucose transporter 1 and digoxin-sensitive 
transporters (e.g. organic anion transporting polypeptides have been suggested to mediate M6G transport at 
the BBB (159,160). The latter has also been proposed to actively transport morphine into the brain (161), 
however, their specific roles remains to be further validated. OCT1 and 2 may contribute to the morphine 
uptake into the brain as both transporters are expressed although at a low level at the luminal side of human 
brain microvessel endothelial cells (162,163). The expression has however been inconsistently reported 
(164,165) and its clinical relevance questionable. Multidrug resistance protein 1 (MRP1) is abundantly 
expressed at the basolateral membrane of choroid plexus epithelial cells  (166) and may efflux morphine from 
the cerebrospinal fluid to the blood (158,167). MRP1 has also inconsistently been reported to be weakly 
expressed at the luminal side of  brain capillaries in humans, making its clinical relevance at the BBB doubtful 
(168,169). 

Further, morphine and M6G are substrates of the efflux pump P-glycoprotein (P-gp, Multiple drug resistance 
transporter 1 (MDR1), ABCB1)  (160,161,170–173), which actively pumps substrates out of  the cells (158). 
P-gp is expressed in multiple tissues including the capillary endothelial cells that comprise the BBB and the 
luminal membrane of the enterocytes (158). Results from clinical studies in humans using pharmacological 
inhibition of P-gp  have indicated that P-gp interferes with morphine’s intestinal absorption rather than by 
enhancing morphine BBB efflux (172,174,175) while is doesn’t seem to affect M6G transport (159,174). A 
pharmacogenetic study investigating the impact of genetic variants in MDR1 on the concentration of morphine 
in cerebrospinal fluid have reported that the concentration of morphine was significantly higher in 
cerebrospinal fluid in individuals genotyped as homozygous for the mutant genotype, which is expected to 
have lower expression of P-gp (156). Hence, P-gp may have an impact on the disposition of morphine in the 
central nervous system in humans. 

Recently, morphine was reported to be a substrate of the OCT2 but not the MATE1 transporter (5). The 
influence of OCT2 on morphine renal excretion is expected to be low as only 10% of the dose is recovered 
free morphine in the urine (176). 

Multiple drug resistance transporter 1 (MDR1) 
The human multiple drug resistance transporter 1 (ABCB1 or MDR1 or P-glycoprotein (P-gp)) is encoded by 
the ABCB1 gene. The ABCB1 gene is located on chromosome 7q21 (177).  MDR1 is an integral membrane 
protein comprising two transmembrane domains consisting of each six α-helices (178,179). The MDR1 
transporter is an ATP-dependent drug efflux pump (177) and can efflux substances against the substrate 
concentration gradient (158).  Human MDR1 is expressed in many tissues, including the apical membrane of 
the intestinal epithelia and the renal proximal tubules (180). MDR1 is also very abundant in the bile 
canalicular membrane of hepatocytes (178), in the luminal membrane of brain capillaries (the BBB) 
(163,164,181) and in apical membrane of the epithelia of the choroid plexus (the blood cerebrospinal-fluid 
barrier) (166,182), although at a lower level than in the BBB.  

P-gp is encoded by the two genes mdr1a and mdr1b in rodents. The morphine level in the brain is higher in 
mdr1a/mdr1b knockout mice compared to wild-type mice (170,171). The expression of P-gp in brain 
capillaries is higher in rodents compared to humans (183). This of course – makes extrapolation difficult.  

Prolonged morphine use has been suggested to be able to up-regulate the expression of P-gp in the brain in 
mice (184,185) and in human cells models (186) with a concomitant decrease in antinociceptive response 
(184). Although not consistently (187). A single dose of morphine do not seem to be able to affect the P-gp 
expression (188).  

Multidrug resistance protein (MRP) 
The human multidrug resistance protein 1 (MRP1) is encoded by the ABCC1 gene localized on chromosome 
16p13.11. MRP2 is encoded by the ABCC2 gene. The gene is located on chromosome 10q24.2 and MRP3 is 
encoded by the ABCC3 gene, localized on chromosome 17q21.33 (189). They are all integral proteins 
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compromising three domains with a total of 17 transmembrane α-helices (178). Just like the MDRs the MRPs 
utilizes ATP to actively transport substrates out of the cells against a concentration gradient. 

MRP1 is expressed at the basolateral membrane of choroid plexus epithelial cells  (166) and is  the ABC 
transporter with the second highest expression at the choroid plexus in humans (1.36 fmol/µg protein), after P-
gp (2.10 fmol/µg protein) (190).  MRP2 is localized in the canalicular (191) and MRP3 at the basolateral 
membrane of human hepatocytes (192). All three MRPs have a broad tissue distribution apart from the ones 
mentioned, including the kidneys and small intestine  (189). MRP1 and MRP3 are found in the basolateral 
membrane of polarized cells while MRP2 are found apically (178,189). 

Mrp1 knockout rodents have resulted in decreased brain-to-blood transport of morphine when administered 
intracerebroventricular (167). The tissue distribution of MRPs differ from humans and MRP1 is  expressed at 
lower levels in mice at the brain microvascular endothelial capillaries of the BBB (169).  

Mrp2 deficient rats showed a reduced excretion of M6G in the bile while the renal excretion of M6G did not 
differ compared to wild-type rats (193). In humans, loss of MRP2 function causes Dubin-Johnson syndrome, a 
benign disorder causing a defect in the ability of hepatocytes to secrete conjugated bilirubin to the bile (194). 
Hence, the transporter is essential for normal bile secretion in humans. Relative to wild-type 
mice, mrp3−/− mice show low plasma levels of M3G and urinary excretion, whereas its levels in the liver and 
bile increases following intraperitoneal administration of morphine (155).  

Organic cation transporters (OCTs) 
 OCT1 is encoded by SLC22A1. The gene is localized on chromosome 6q26, in the vicinity of SLC22A2 and 
SLC22A3. OCT2 exhibit 70% amino acid identity with OCT1 and 43%% identity with OCT3 while the amino 
acid identity between OCT2 and OCT3 is 50% (4). Also the OCTs are integral proteins and they consists of 
12 transmembrane α-helices (195).  

OCT1, 2, and 3 facilitates passive transport of organic cations including metformin and morphine across cell 
membranes in an electrogenic manner. The transport is reversible with respect to direction and is driven by the 
electrochemical gradient (195). In animal cells, the inside-negative membrane potential is utilized by the 
OCTs to drive cellular uptake of the organic cation substrates. Hence, this enables the OCTs to accumulate a 
substrate with intracellular concentrations greater than its extracellular concentration (196). Apart from the 
liver OCT1 can also be found in the basolateral membrane in the renal tubular cells (197) and in the apical 
membrane of the enterocytes (145). The highest expression of human OCT2 is basolaterally in the renal 
proximal tubules (149).  

Human OCT3 can in contrast to OCT1 and 2 be detected in almost all tissues, including the apical membrane 
of the enterocytes and the basolateral membrane of hepatocytes (138,147).  Low pH affects the transport 
activity of OCTs in a negative manner why the naturally acidic environment in the gut might decrease OCT1 
and OCT3s ability to absorb organic cations including metformin and morphine (137). 

The hepatic uptake of metformin gets reduced ~30 fold in oct1 knockout mice (198).  It has been 
demonstrated that the metformin bioavailability is significantly lower and the volume of distribution 
decreased by a factor two following metformin administration in Oct3 knockout mice compared to mice 
carrying the wild type (199). Further the CLrenal and the volume of distribution of metformin is significantly 
reduced in Oct1/Oct2 knockout mice (200). It is well established that the tissue distribution of the transporters 
differs from humans, e.g in rodents  OCT1 is expressed at equal levels in the liver, kidney and small intestine 
(198). Further, mouse OCT1 has a greater affinity for metformin and a 45% higher transport activity 
compared to human OCT1 (201). Taken together, this represents a clear limitation of using rodents to predict 
OCT1-related pharmacokinetics in humans. 

Proton-activated transporter plasma membrane monoamine transporter (PMAT) 
The human PMAT is encoded by SLC29A4, located on chromosome 7p22.1. PMAT is  an integral protein 
consisting of 11 transmembrane α-helical domains (202). PMAT is expressed apically in the enterocytes (202) 
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and in the luminal membrane of renal tubule cells (203). The transport activity of PMAT increases at lower 
pH (137). Hence, the acidic environment in the intestinal lumen might act as a driving force for PMAT-
mediated uptake of organic cations into the enterocytes.  

Multidrug and toxin extrusion transporters (MATE) 
The human MATE1 and 2 are encoded by the tandem genes SLC47A1 and SLC47A2, localized on 
chromosome 17p11.2 (204). The MATEs  excrete  organic cations out of the cell by using the proton gradient 
as a driving force (204).  MATE1 is abundantly expressed in both the brush border membrane of renal 
proximal tubules and the canalicular membrane of hepatocytes while MATE2 mainly is expressed in the brush 
border membrane of renal proximal tubules (204,205). Thus, OCT2 and MATEs are involved in the 
transcellular movement and excretion of cationic drugs such as metformin into the urine. 

Mate1 knockout mice show a 2-fold increase in metformin area under the concentration time curve (AUC) 
compared to mice carrying the wild-type, presumably due to reduced renal clearance of the drug (206). 

 

 

 

 

 

 

 

Figure 2. Key metformin and morphine transporters. 
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GENETIC VARIATION IN THE OCT1 TRANSPORTER 
 

Human OCT1 is genetically polymorphic (207). Thus, single nucleotide polymorphisms (SNPs) in the coding 
part of the gene may change the amino acid sequence and therefore also the functionality of the transporter 
while SNPS in the promoter region might affect the expression level of the protein. Several nonsynonymous 
genetic variants that are common in Caucasians have been demonstrated to reduce the uptake of both 
metformin and morphine in cells; rs12208357 (Arg61Cys), rs34130495 (Gly401Ser) rs72552763 (Met420del) 
and rs34059508 (Gly465Arg) (3,4,208,209). Further, the non-synonymous variant rs55918055 (Cys88Arg) 
has in combination with rs72552763 also been observed to reduce the cellular uptake of the two drugs (3,209). 
The distribution of the rs55918055 is however lower in the European population compared to the other four 
variants mentioned above (209). The variant rs72552763 (208) has been detected in the plasma membrane 
with similar expression as the wild-type, while reduced amounts of OCT1 has been found in the plasma 
membrane of cells expressing the variants rs12208357, rs34130495,  rs34059508 or rs55918055 (208–210). 

 In clinical studies participants are often grouped according to their number of loss-of-function alleles (none, 
one, or two). About 10% of the European and white American population are carriers of two loss-of-function 
alleles (209,211), which potentially could affect the pharmacokinetics and pharmacodynamics of cationic 
drugs.  

Results from studies investigating the effect of genetic variations in OCT1 on metformin and morphine 
pharmacokinetics have been conflicting.  

Genetic variation in the OCT1 transporter and metformin 
The non-synonymous variant rs12208357 combined with different demographic covariates such as body 
surface area did explain almost 30% of the variability in metformin AUC0−48h in an multivariate regression 
model using pharmacokinetic data from healthy volunteers, while none of the other OCT1 variants could 
explain the variability (212).  The systemic exposure (AUC) to metformin was significantly higher in healthy 
volunteers carrying one OCT1 loss-of-function allele compared to individuals carrying the wildtype. While no 
difference was observed for the CLrenal, the oral volume of distribution (V/F)  was reduced in individuals with 
loss-of-function alleles (198), possibly due to a decreased liver uptake of the drug (198). In accordance, the 
hepatic exposure of metformin has been reported to be decreased by 30% in healthy individuals with two loss-
of-function alleles after an intravenous injection with C11metformin (213).  

Loss-of-function alleles have also been reported not to have any impact on the metformin CLrenal in healthy 
volunteers (214) while others have observed an additive increased CLrenal with an increasing number of loss-
of-function alleles (197).  A reduced mean through steady-state plasma concentration of metformin was 
correlated to the number of loss-of-function alleles in patients with T2D (215). However, no correlation was 
found between loss-of-function alleles and the steady-state pharmacokinetics in a smaller group of healthy 
individuals (216)  or the plasma concentration of metformin in a post hoc analysis of a long-term randomized 
placebo controlled trial in type 2 diabetic patients (217). The latter study did only investigate the single OCT1 
polymorphisms rs12208357 and the intron rs622342 and not the number of loss-of-function alleles, making 
the interpretation of their data challenging.  Further, a population pharmacokinetic study did not find any 
impact on the metformin pharmacokinetics by loss-of-function alleles in type 2 diabetic patients (218).  

Homozygous carriers for the minor allele in the intronic variant rs622342 showed significantly lower renal 
clearance of metformin in healthy volunteers in one study (214), and larger AUC in another (219) compared 
to individuals carrying the wild type. Although, the rs622342 variant did not affect the through steady-state 
metformin plasma concentrations in type 2 diabetic patients (215). 
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Results from a pharmacoepidemiologic study have reported that type 2 diabetic patients carrying two loss-of-
function OCT1 alleles has a twofold increase in the odds for metformin intolerance compared with patients 
carrying none or one loss-of -function alleles. The odds of intolerance increases to a four-fold in patients with 
two loss-of-function alleles with concomitant use of OCT1 inhibiting drugs (7).  An interaction between 
OCT1 and SERT  has also been reported to be associated with an increased risk of gastrointestinal symptoms 
(220).  In accordance, a prospective observational cohort study in patients with newly diagnosed T2D reported 
that the number of OCT1 loss-of-function alleles were significantly associated with a twice as high odds of 
experiencing common metformin-related gastrointestinal side effects (221). A combination of SNPs in PMAT 
(SLC29A4) and OCT1 (SLC22A1) in patients with T2D have also been reported to increase the odds of 
intolerance compared with patients carrying no risk alleles (6).  

The nonsynonymous variant rs628031 (Met408Val) is common in Caucasians (MAF ~60%) (210). In vitro, 
the variant transporter has been reported to be present in the plasma membrane  and do not cause a reduced 
transport of metformin (209). In a case control study the variant was associated with increased risk of 
gastrointestinal side effects in type 2 diabetic patients (222).  

Genetic variation in the OCT1 transporter and codeine and morphine 
Following an oral administration of 30 mg codeine, an additive increased morphine AUC0-24h  in healthy 
volunteers has been demonstrated with an increasing number of loss-of-function alleles in OCT1 (3). In 
agreement, following an intravenous injection, morphine clearance was about 20% lower and the formation of 
morphine-3-glucuronide was reduced in children that are carriers of two loss-of-function alleles in OCT1 
compared to carriers of two active alleles. The intronic variant rs622342  showed negligible effect on 
morphine clearance (8). The same authors extended their analyses by including more patients and confirmed 
their previous results (223). In contrast, loss-of-function alleles in OCT1 did not seem to be associated with an 
impact on morphine pharmacokinetics after oral morphine administration in another study. An association 
could however not be ruled out due to a methodological limitation in the form of a lacking power calculation 
(9). A study in cancer patients receiving morphine as a subcutaneous injection, or orally either as extended or 
as immediate release also failed to observe an association between OCT1 genotypes and morphine 
pharmacokinetics (224). An association between OCT1 genotypes and the incidence of morphine adverse 
advents has also been reported (225). The OCT1 variant rs72552763 was associated with an increased 
incidence of morphine-related respiratory depression while rs12208357 was associated with increased 
incidence of postoperative nausea, vomiting and prolonged hospital stay. However, the study did only analyze 
single OCT1 variants and not the combination of loss-of-function alleles which makes their results more 
difficult to compare with others. 

 

OCT1 REGULATION AND ADAPTION 
 

The regulation of an individual transporter may differ depending on the tissue localization. Furthermore, the 
regulation may vary depending on the species and transporter subtype.  Hence, the regulation of transporters is 
complex and can take place at the transcription, message, translation and/or  various posttranscriptional level 
(195).  

Two response elements for the regulatory protein, hepatocyte nuclear factor-4a (HNF-4a) has been found in 
the promoter region of human OCT1. In vitro, the OCT1 transcription is activated when HNF-4a binds to 
these response elements. Furthermore, the HNF-4a-mediated transcriptional activation of OCT1 can be 
inhibited by bile acids via the component small heteromeric partner. Dexamethason has been reported to 
increase HNF-4a expression and therefore also the upregulation of OCT1 mRNA in normal human 
hepatocytes (226). Apart from regulating the transcription of OCT1, HNF-4a is also involved in the activation 
of hepatocyte nuclear factor 1 (HNF1) (227).  HNF1 has been suggested to regulate the expression of OCT1 
by binding to intron 1 of OCT1 (228). A high HNF1 expression has been demonstrated to be significantly 
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correlated with high OCT1 expression in human liver cells (228). The OCT1 variant rs12208357 and age were 
also significantly associated with OCT1 expression while other OCT1 variants, gender and HNF4 expression 
were not  (228).  In accordance, the protein expression of OCT1 has been demonstrated to be age dependent in 
a study reporting a  5-fold increase in protein expression in adult compared to neonate liver samples (229). 
The expression of OCT1 has also been reported to be controlled by upstream stimulating factor (USF) 1 and 2 
(230).  

Expression of OCT1 varies greatly among individuals (147). The impact of promoter polymorphisms on the 
transcriptional regulation of OCT1 has been investigated. The only variant out of 10 that showed substantial 
effects on the USF 1 and 2 binding and OCT1 promoter activity (and may therefore also have an affect the 
OCT1 expression) was the variant rs58812592. However, this genetic variant is extremely rare and might 
therefore not be of clinical interest (231). Epigenetic variation is an inherited variation of the expression of a 
gene that is not caused by changes in the DNA sequence but can be achieved by noncoding RNAs (miRNAs), 
histone modification or DNA methylation (232). The predominant expression of OCT1 in the liver seems to 
be a result of methylation as OCT1 is strongly methylated in the kidneys compared to the liver (233). 
Accordingly OCT2  is hypermethylated in the liver and hypomethylated in the kidney (234).  The silencing of 
OCT1 by methylation might therefore also partly explain the individual variation seen in response to treatment 
with metformin and morphine.  

Although the mechanism remains to be determined, the hepatic growth factor which binds to the c-MET 
membrane receptor tyrosine kinase has been reported to downregulate the expression of OCT1 mRNA in 
human hepatocytes (235). Of note, downregulation of OCT1 mRNA has also been reported after 
pharmacological inhibition of tyrosine kinase in in chronic myeloid leukemia cells (236). 

Disease itself may also have an impact on the OCT1 expression.  Thus,  the renal expression of OCT1 was 
reduced in rats with pharmacologically induced diabetes (237). A significant increase (242%) of renal OCT1 
expression has also been reported in oxonic acid-induced hyperuricemic rats (238). Cholestasis has been 
reported to cause a reduction in the hepatic expression of OCT1 in both rats and humans (168,239). Also, 
OCT1 was reported to be hypermethylated in human hepatocellular carcinoma leading to decreased protein 
expression (233). 

The effect of age was in contrast to above (reference nr (228,229)) not associated with the hepatic expression 
of OCT1 in a study examining 150 Caucasian livers. Neither did alcohol consumption, smoking habits, and 
pre-surgery medication have an impact. The OCT1 variants: rs34530495, rs72552763 and rs34059508 did not 
correlate with a decreased protein expression while rs12208357 correlated significantly (147). 

 

OCT1 AND DRUG-DRUG INTERACTIONS 
 

As we get older the risk of developing conditions such as hypertension, atherosclerosis and T2D increase and 
with it follows an increased intake of several different drugs. This inevitably leads to the risk of DDIs. DDIs 
can either enhance or reduce the efficacy of a drug and it can in worst case lead to toxic plasma 
concentrations. It is well known that CYP-enzymes are subjects to both induction and inhibition and as 
codeine is metabolized by CYP2D6, drugs that induce or inhibit this enzyme, like the strong CYP2D6 
inhibitor paroxetine (240) affect the pharmacokinetics and therefore also the effect of codeine. Metformin on 
the other hand does not interact with any CYP enzymes (241) and was therefore for a long time expected to be 
safe with regard to DDIs. However, in recent years more attention has been given to the clinical importance of 
DDIs at the drug transporter level. The International Transporter Consortium has recently proposed in vitro 
and preclinical testing for a possible pharmacokinetic interaction of human OCT1 and 2 in novel drugs (242). 
Most drug transporters have a substantial binding affinity towards a large number of substrates and inhibitors 
(243). Approximately 40 % of prescribed drugs are classified as organic cations and many of these, for 
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example morphine and metformin are substrates and inhibitors of human OCTs, (4) while other drugs such as 
codeine are inhibitors without being  substrates themself (3). OCT1 does apart from drugs also transport 
certain endogenous metabolites such as thiamine (4) which hypothetically could compete with drugs for their 
uptake into cells.  

The precise transport mechanism by OCTs is not completely understood and  detailed investigations has only 
been performed in rat OCT1 and 2 (244) . It has been suggested that the formation of an outward and inward 
open cleft binding site are formed by 8 out of the 12 transmembrane helcies (TMH) which composes the 
OCT1 protein (245). Ligand induced movement by three TMHs sems to be important for the structural  
changes in OCT1 during substrate transport where specific amino acids in TMH 11 governs the bending of the 
a-helix  which allows OCT1 to occlude a substrate (246).The Km values of known OCT1 substrates 1-methyl-
4-phenylpyridinium1 (MPP+) and tetraethylammonium1(TEA+) was affected by mutations in different amino 
acids located in the outward open cleft of the binding region in rat OCT1. Furthermore, the IC50values of the 
non-transported inhibitors tetrabutylammonium+  and corticosterone for inhibition of MPP+ uptake was also 
affected by mutations in different amino acids (247). Hence, these results indicate the presence of multiple, 
probably overlapping binding sites in the protein. Furthermore, it has been suggested that the OCT1 
transporter contain both low and high-affinity binding sites and substate binding may result in cation 
replacement and/or allosteric interaction (244).  

A number of DDI studies on OCT1 substrates/inhibitors with metformin has been performed with most of 
them being in vitro studies using metformin as a victim drug (241). In vitro to in vivo extrapolation is 
however difficult as multiple transporters are involved in the transportation of metformin and inhibition of a 
single transporter may result in only minor changes of the total drug exposure in vivo. 

 Clinical DDI studies between OCT1 substrates/inhibitors with metformin have also presented evidence that 
several drugs affect the pharmacokinetics and pharmacodynamics of metformin to such an extent that it is 
clinically relevant (243).  For example, the novel OCT1 inhibiting antifungal drug isavuconazole  increased 
the mean metformin AUC and maximum concentration (Cmax) with respectively  ~ 50%, and 23% (248) and 
the calcium channel blocker verapamil significantly reduced the effect of metformin during an oral glucose 
tolerance test in healthy volunteers without affecting its pharmacokinetics, presumably due to OCT1 
inhibition (249).  These studies do highlight the importance of DDIs at the transporter level however, even 
though OCT1 is assumed to be involved in these DDIs it is impossible to rule out the contribution from other 
transporters or mechanisms.   

Clinically relevant concentrations of the drugs irinotecan, verapamil and ondansetron has been reported to be 
able to inhibit more than 50% of OCT1-mediated morphine uptake in vitro (3) and irinotecan has also been 
shown to increase the plasma concentration and decrease the accumulation of morphine in the liver and in the 
kidneys in mice (5). The antiarrhythmic drug  and OCT1 inhibitor quinidine has been reported to increase oral 
morphine AUC by a 1.9 fold in healthy volunteers (172) however this effect might be attributed to quinidine’s 
inhibition of P-gp (172). Clinical DDI studies between OCT1 substrates/inhibitors with morphine are 
generally lacking even though morphine may cause several dose and blood concentration dependent adverse 
events including the potentially life-threatening respiratory depression (see chapter “Morphine and metformin 
adverse events”). 

Genetic variation in OCT1 might bias interaction study results as at least in vitro the OCT1 Met420del variant 
is more sensitive to inhibition compared to the OCT1 reference (208). The IC50 value for verapamil was 0.09 
µM for the variant and 0.62 µM for the reference. As the Cmax for verapamil is 0.60 µM carriers of the variant 
may have an increased risk of clinically relevant DDIs. These results indicate that carriers of loss-of-function 
alleles are more sensitive to OCT1 inhibition. In accordance, carriers of loss-of-function alleles in OCT1 has a 
4 times higher risk of drug-drug induced metformin intolerance (7).  
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GOALS AND OBJECTIVES OF THE THESIS 
 

The general goal was to investigate variability in the pharmacokinetics of codeine, morphine, and metformin 
on the basis of DDIs and pharmacogenetics as well as supporting the feasibility for using a LSS for future 
prospective metformin pharmacokinetic studies. The main hypotheses were that concomitant use of codeine 
and metformin results in a clinically relevant pharmacokinetic interaction and that polymorphisms in OCT1 
contribute significantly to morphine’s pharmacokinetic profile and the observed variability in drug response. 
The study to support the feasibility of the LSS was of an explorative nature and did not have a hypothesis. 
Three clinical studies with different aims were conducted: 

Study 1: The aim was to further support the feasibility for using a LSS in large prospective pharmacokinetic 
studies using metformin as well as investigate the effect of common genetic variations in OCT1, OCT2, and 
MATE1 on the pharmacokinetics of metformin. 

Study 2: The aim was to determine if there is a clinically relevant interaction between metformin, codeine and 
morphine in healthy volunteers genotyped as CYP2D6 normal metabolizers (*1/*1) without known reduced 
function variants in OCT1 (rs12208357, rs34130495, rs34059508, rs72552763) as well as measure lactate as a 
proxy for metformins effect on the intestinal mucosa. 

Study 3: The aim was to evaluate the effect of genetic variations in OCT1 on the pharmacokinetics of 
morphine as well as the postoperative morphine use and self-reported adverse events.  
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METHODS 
 
Study Designs 
 

Study 1 was designed as a prospective pharmacogenetic, kinetic study. After an overnight fast, healthy 
volunteers ingested two tablets of metformin hydrochloride (HCl) 500 mg (780 mg free base). For 24 hours 
urine was collected, and a single blood sample was collected three and ten hours after metformin 
administration for determination of plasma and urine concentrations of metformin.  

Study 2 was designed as an open-label randomized cross-over trial with a washout period of at least one week 
between each trial period. Healthy volunteers were administered: two tablets of metformin HCl 500 mg (780 
mg of free base in total) in period A and an injection of intravenous metformin HCl 500 mg (390 mg free 
base) in period B. In the following 24 hours consecutive samples were collected for determination of plasma 
concentrations of metformin, glucose and lactate and urine concentrations of metformin. Period C was divided 
by two days. During day one, healthy volunteers ingested a tablet of codeine phosphate sesquihydrate 25 mg 
(17.6 mg free base). For six hours consecutive blood samples were collected for determination of plasma 
codeine and metabolites concentration. A second codeine phosphate sesquihydrate tablet of 25 mg was 
ingested directly after the sixth blood sample and two codeine phosphate sesquihydrate tablets of 25 mg was 
provided to the volunteers to ingest at home. The first one was ingested at 8 pm and the second one before 
bedtime however no earlier than 23pm.  The next day the fifth and last codeine phosphate sesquihydrate tablet 
of 25 mg was ingested at the trial site together with two tablets of metformin HCl 500mg. in the following 24 
hours urine was collected for determination of metformin concentration. Blood samples for determination of 
codeine and metabolites were collected for the first six hours from drug administration and blood samples for 
determination of metformin, glucose and lactate was collected from drug administration and the following 24 
hours. Period D was the same as period C however instead of using oral metformin the last codeine dose was 
administered together with an injection of metformin HCl 500 mg.  

Study 3 was designed as an open-label, single dose, pharmacogenetic study. Patients undergoing elective 
laparoscopic colon or rectum resection surgery were admitted to Odense University hospital or the hospital 
of South West Jutland at the morning of the surgery after a minimum 6 hours of fasting. Approximately half 
an hour before termination of surgery patients received a single dose of intravenously administered morphine 
HCl 0.15mg/kg (0.13 mg/kg free base). Blood samples were drawn from an arterial catheter right before and 
5, 10 ,15, 30, 45, 60 and 90 min after drug administration for determination of plasma concentrations of 
morphine and metabolites. In the recovery ward patients received acetaminophen 1000 mg x 4/day and 
subsequent bolus of patient-controlled analgesia (PCA) 0.04mg/kg with a lockout time of 8 minutes. The PCA 
device was used for a maximum of 24 hours from the first morphine bolus. Self-reported experience of pain 
and adverse events were collected at timed intervals. Experience of pain during rest and activation was 
reported on a 10-point numeric rating scale where 0 represents having “no pain” and 10 represents “the worst 
pain imaginable”, at arrival at the post anesthesia care unit, 60 min, 90 min and 4, 8, 12 and 24 hours after the 
first morphine bolus during surgery. The experience of itch and nausea were reported on a 4-point numeric 
rating scale on which 0 represent “no adverse events” and 4 represents “unacceptable adverse events,” at 4, 8, 
12 and 24 hours after the first morphine bolus during surgery. 
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 Participants 
In study 1 healthy volunteers were mainly recruited from the University of Southern Denmark. Inclusion 
criteria were: Body mass index (BMI) between 18.5 and 29.9 kg/m2, age between 18 – 65-years, plasma 
creatinine and estimated glomerular filtration rate (eGFR) had to be within the normal range or clinically 
insignificantly deviate from it. Glycated hemoglobin had to be within normal range and volunteers claimed to 
be healthy. Exclusion criteria were: Intolerance to the study drugs, pregnancy, breastfeeding, daily intake of 
drugs (over the counter, prescription and supplements), (birth control and regular vitamin supplements were 
allowed), not using safe contraceptives in the 24 hours following the trial and alcohol abuse.  

Based on their genotype, healthy volunteers from study 1 were eligible to participate in study 2. In study 2 
volunteers were included if they were genotyped as CYP2D6 normal metabolizers (*1/*1) and did not have 
any of the genetic variants (rs12208357, rs34130495, rs34059508, or rs72552763) in the gene coding for the 
OCT1 transporter, SLC22A1. New blood samples were taken to ensure that eGFR, creatinine and glycated 
hemoglobin were still within the normal range. Inclusion criteria also included: Age < 30-years, bilirubin, 
glucose, and Alanine transaminase (ALAT) within the normal range or clinically insignificantly deviate from 
it. Apart from the exclusion criteria from study 1 volunteers could not have intolerance for codeine or 
morphine. 

In study 3 patients scheduled for elective laparoscopic colon or rectum resection surgery at Odense University 
hospital or the hospital of South West Jutland were eligible for inclusion. The inclusion criteria were: 
American Society of Anesthesiology classification, (ASA) I–III, BMI between 18.5 – 35 kg/m2, age between 
18 – 90-years, Caucasian descent and any of the following surgery procedures: Colectomy/hemicolectomy, 
sigmoid resection, rectal resection with end-to-end anastomosis and Abdominoperineal resection with 
colostomy. Exclusion criteria were: intolerance to study medication, regional anesthesia during surgery or for 
postoperative pain management, daily use of opioids, alcohol abuse, major organ or systemic illness (terminal 
cancer, severe heart, lung or liver disease, renal failure, severe dementia or mental illness), pregnancy, 
breastfeeding, not using safe contraceptives (only for women in the childbearing age) and the surgical 
procedure abdominoperineal resection ad modum Holm as this requires epidural analgesia.  

Sample sizes and primary outcomes 
As study 1 was of an explorative nature where we wanted to demonstrate that using a LSS in a large cohort of 
healthy volunteers in a prospective setting resulted in similar metformin AUC and renal clearance as previous 
research based on a full dataset, no a priori power calculation was performed.   

For study 2, the sample size was based on the primary outcome: impact of codeine on metformin 
pharmacokinetics. With a mean AUC for metformin on 7091±2050 h ng/mL, 15 healthy participants needed 
to complete the trial to detect a 30% change in metformin AUC following oral codeine intake with a two-
sided level of significance (α) of 0.05 and a power (β) of 80%. 

For study 3, the sample size calculation was based on the primary outcome: Differences in area under the 
plasma concentration-time curve for morphine among individuals with none, one, or two loss-of-function 
alleles in OCT1 (rs12208357, rs34130495, rs34059508 and rs72552763). An interindividual variance in 
morphine AUC (or clearance) between 20 and 50% (3,8) and a variation-cofficient of about 40% (3,250) was 
assumed. With a predicted distribution of loss-of-function variants among homozygous wildtypes (wt/wt) and 
hetero plus homozygous individuals carrying the variant (wt/v +v/v) of 50/50 among the included individuals, 
81 patients needed to complete the trial to detect a 25% increase in AUC with a two-sided level of 
significance (α) of 0.05 and a power (β) of 80%. 
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 Selection of genetic variants in the OCT1 gene 
 

In 2017 OCT1 variants were selected for study 1, 2, and 3 based on the following criteria: 

• The genetic variation had to be common in Caucasians 
• The genetic variation had to be associated with altered transport capacity of metformin and/or morphine. 
 

Three non-synonymous SNPs rs12208357 (ARG61Cys), rs34130495 (Gly401Ser), rs34059508 (Gly465Arg) 
and the deletion variant rs72552763 (Met420del) were included. 
 

Laboratory assessments 
Quantification of metformin, codeine, and metabolites 
The Department of Public Health, Clinical Pharmacology, Pharmacy and Environmental Medicine, University 
of Southern Denmark has a long history of determination of metformin in urine and plasma. Further, this 
department developed and validated methods for the quantitative determination of codeine, morphine, codeine 
6-glucoronide (C6G), M3G and M6G in plasma used in study 2 and study 3. Plasma and urine concentrations 
of metformin were determined using high-performance liquid chromatography (HPLC) methods. The same 
method was used together with the use of isotope dilution to determine plasma concentrations of codeine, 
morphine, C6G, M3G and M6G. The method for determining metformin in plasma and urine had an intra- and 
interday variance of reproducibility less than 8% and the limit of quantification was 10 ng/mL.  The method 
used to determine codeine and its metabolites had an interday precision that did not exceed 8% for morphine 
and M6G, 6.5% for M3G and codeine and 2% for C6G. The interday precision did not exceed 11% for 
morphine, 9% for M6G, 4% for M3G and 8% for codeine and C6G. 

Quantification of biomarkers and hormones 
The baseline standard laboratory values (eGFR, creatinine, HbA1c, ALAT, bilirubin and glucose) were in 
study 1 and 2 measured at Odense University hospital. In study 2 plasma lactate and glucose were analyzed at 
Steno Diabetes Center Odense, Odense University Hospital using an ABL800 FLEX analyzer (Radiometer, 
Copenhagen, Denmark). 

Genotyping 
In study 1 and 3 OCT1 variants rs72552763 (M420del) and rs34130495 (G401S) were genotyped using 
Sanger sequencing, while rs12208357 (R61C) and rs3405908 (G465R) were genotyped using predesigned 
TaqMan SNP genotyping assays on a StepOne Plus real-time instrument (Applied Biosystems, Thermo Fisher 
Scientific, Foster City, CA, USA). Also, the rs316019 (A270S) variant in OCT2 examined in study 1 was 
genotyped using a TaqMan predesigned assay while rs2252281 in MATE1 was genotyped using file-builder 
primers and probes. All sequences of the primers and assay numbers used for genotyping are summarized in 
appendix 4.  

CYP2D6 variants examined in study 2, rs35742686 (CYP2D6*3) and rs3892097 (CYP2D6*4) were 
genotyped using predesigned TaqMan SNP genotyping assays on a StepOne Plus real‐time instrument 
(Applied Biosystems, Thermo Fisher Scientific, Foster City, CA) while rs5030655 (CYP2D6*6) was 
genotyped using probes and primers designed with the Primer Express software (Applied Biosystems, Thermo 
Fisher Scientific, Foster City, CA). To assess CYP2D6 copy number variation (cnv) the CYP2D6 exon 9 
TaqMan Copy Number Assay (Hs04502391_cn) was used along with the RNase P TaqMan Copy Number 
human Reference Assay (Applied Biosystems, Thermo Fisher Scientific, Foster City, CA). All samples were 
run in quadruplicates along with 2 DNA samples with known copy number used as positive controls on a 
StepOne Plus real‐time instrument (Applied Biosystems, Thermo Fisher Scientific, Foster City, CA) 
according to the manufacturer's protocol. The DNA used as positive controls were from patients carrying a 
CYP2D6 deletion (1 gene copy) or 3 copies of CYP2D6. Briefly, all reactions consisted of assay mix, TaqMan 
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Genotyping PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific, Foster City, CA) and 20 ng of 
genomic DNA in a final volume of 20 μL. The cycling conditions were: 95°C for 10 min for initial 
denaturation and enzyme activation, followed by 40 cycles each of 95°C for 15 s and 60°C for 1 min.  

Relative quantification of CYP2D6 was performed using CopyCaller software (Applied Biosystems, Thermo 
Fisher Scientific, Foster City, CA) following the comparative ΔΔCT method, where CT is the threshold cycle 
(251). Data was reported as the estimated number of CYP2D6 copies 

OCT1 diplotype composition 
In study 1 and 3 the software package PHASE version 2.1.1 (University of Washington, Seattle, WA, USA) 
(252) was used to infer the most likely individual diplotype composition of the four loss-of-function alleles in 
OCT1 (rs12208357, rs34130495, rs72552763 and rs34059508). To ensure a stabile result the haplotypes were 
phased 7 times with random seeds.  

Pharmacokinetic data analysis 
In study 2 and 3 the pharmacokinetic parameters for metformin, codeine, morphine, C6G, M3G, M6G, 
glucose and lactate were calculated using non-compartmental methods with the software package NCAPPC in 
R, version 3.6.3. The AUC was calculated in study 2 and 3 using the linear‐up/logarithmic‐down method. The 
maximum plasma concentration Cmax and the time to reach it Tmax were determined directly from the observed 
data.  

 

In study 1 the AUC0-24h was calculated as: 

4.779 * C3 + 13.174 * C10  

C3 is the metformin plasma concentration three hours after drug administration and C10 is the plasma 
concentration after 10 hours (253). 

The elimination half-life was calculated as: 

T1/2 =
ln 2
ke

 

ke: The terminal slope of the log plasma concentration -time plot. 

 

The total clearance of metformin was calculated as: 

 

CLtotal =
Doseiv

AUCiv (0−∞)
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The renal clearance of metformin in study 1 and 2 was calculated as: 

 

CLrenal =
amount of metformin in urine0−24h

AUC0−24h
 

 

The absorption fraction in study 2 was calculated by two different methods, The area (F) and the renal 
excretion method Foral: 

 

F =  
(AUC(0−∞) oral  )∗(Doseiv)

(AUC0−∞ iv)∗(Doseoral)
 

 

Foral = Ae
Doseoral

 

Ae: The amount of metformin excreted in the urine0-24h. 

 

The volume of distribution was calculated as: 

V = CL/ke 

 

The oral clearance of codeine and metformin, CL/F, after a single dose, was calculated as: 

CL/F = Dose
AUC  (0−∞)

 

 

The oral clearance of codeine, CL/F, in steady state, was calculated as: 

 

CL/F = Dose
AUC codeine (0−6h)

 

 

The oral volume of distribution, V/F was calculated as: 

 
T1/2 ∗ CL/F

ln (2)
 

The individual glomerular filtration rates (GFRi) were calculated as: 

 

GFRi = (eGFR × BSA)/1.73 m2  

Where the compound eGFR consist of sex, age and plasma creatinine levels. BSA, body surface area = weight 
(kg)0.425 × height (cm)0.725 × 0.007184 
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Ethics 
The protocols of all three studies were approved by the Danish Medicines Agency, the Regional Committees 
on Health Research Ethics for Southern Denmark, and the Danish Data Protection Agency. All three studies 
were conducted in accordance with the Helsinki Declaration and Good Clinical Practice (GCP) and monitored 
by the GCP unit, Odense University Hospital, Odense, Denmark. The trials were registered at 
www.clinicaltrials.gov as trial NCT03335423 and NCT03425084. 

Statistical analysis and considerations 
In all three studies the distribution of investigated parameters were investigated for normal distribution using 
QQ plots. If needed the data was logarithmically transformed before statistical analysis to ensure a Gaussian 
distribution and if the outcome was still non-normally distributed a non-parametric test was used. No 
statistical test was used in study 1 to investigate the main aim of the study: to demonstrate that the LSS can be 
applied to large pharmacogenetic prospective studies. We took the pragmatic approach of demonstrating that 
our median AUC and renal clearance data calculated with the LSS was in line with our groups previous 
metformin results, based on a full pharmacokinetic data set. The renal clearance depends on glomerular 
filtration and the renal clearance has an impact on metformin AUC. Hence, in study 1 the impact of GFRi on 
the renal clearance and AUC of metformin was investigated using linear regression. As GFRi was highly 
correlated with both metformin AUC and renal clearance, simple regression adjusted for the GFRi was used to 
evaluate the impact of genetic variations in OCT2, MATE1, and OCT1 on the metformin AUC and renal 
clearance of metformin. Study 2 was a cross over study; hence, all volunteers were their own control and 
neither the metformin renal clearance nor the AUC needed to be adjusted for the baseline GFRi. Where 
possible a paired t-test was used to investigate the effect of on the pharmacokinetic parameters. Due to non-
normally distributed data even after being logarithmically transformed the non-parametric Wilcoxon signed-
rank test was used to investigate the impact of Codeine’s effect on metformin Tmax.  All included volunteers 
were expected to be in complete steady state after in all 5 doses of 25 mg of codeine phosphate sesquihydrate, 
in period D and C in study 2. Further, the terminal half-lives of the metabolites were similar to the parent 
drug. Metformins impact on codeine and metabolite AUC was consequently investigated comparing AUC0-∞ 
after a single dose of codeine with AUC0-6h in steady state and the statistical interference was investigated 
using geometric mean ratios. In study 3 a pain-time area under curve AUC0-24h and adverse effect-time AUC4-

24h was created from the patients´ questionnaires. As several factors are known to be able to influence the 
experience of pain and adverse events, multiple linear regression adjusted for sex, BMI, total morphine use 
(mg), and age was used to investigate OCT1 diplotypes impact (wt/wt vs wt/rf vs rf/rf and rf/rf vs (wt/rf + 
wt/wt)) on pain AUC0-24h and adverse-effect AUC4-24h. In accordance, multiple linear regression adjusted for 
age, sex, and BMI was also used to investigate the impact of OCT1 diplotypes impact on the time that passed 
after surgery to first PCA, the total number of PCA uses and PCA uses in during time intervals. Patients were 
treated with individual doses of morphine HCl. Hence, morphine and metabolite AUC were adjusted to the 
first bolus of morphine HCl. To assess the impact of OCT1 diplotypes on morphine, M3G and M6G AUC we 
calculated the mean difference between diplotypes with a 95% confidence interval by using a non-parred ttest.  

 

 

 

 

 

 

 

http://www.clinicaltrials.gov/
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SUMMARY OF FINDINGS 
This section briefly summarizes the main findings including key figures and tables from the papers 

Paper I 
Using a limited sampling strategy to investigate the interindividual pharmacokinetic variability in 
metformin: A large prospective trial 

From 212 healthy volunteers ingesting 1 gram of metformin HCl as a single dose, two blood samples, three 
and ten hours after ingestion of medication were obtained in study 1.  

The median (25th - 75th interquartile range) AUC0 − 24h, CLrenal, C3 and C10, were 10 600 (8470–12 500) ng* 
h* mL−1, 29 (24–34) L* h−1, 1460 (1180–1770) and 260 (200–330) ng* mL−1, respectively.  

 

                                    Figure 3: metformin AUC0-24h in 212 healthy volunteers 

 

 

                                 Figure 4: Metformin renal clearance in 206 healthy volunteers.  
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As expected, we found a significant interindividual variability in the pharmacokinetics of metformin which is 
illustrated in Figure 3 and 4. 

 
None of the variants rs2252281 in MATE1 or rs316019 in OCT2 had any impact on the metformin AUC0-24h or 
renal clearance. Neither did the variants rs12208357, rs34059508, rs72552763 or rs34130495 in OCT1 have 
any impact on metformin AUC0-24h. 

 

Paper II 
Oral and intravenous pharmacokinetics of metformin with and without oral codeine intake in healthy 
subjects – a cross-over study  

Sixteen healthy volunteers completed study 2. All included volunteers were genotyped as CYP2D6 normal 
metabolizers (*1/*1) without any of the common OCT1 variants (rs12208357, rs34130495, rs34059508, 
rs72552763) known to cause reduced uptake of metformin. The median plasma concentration versus time 
curve for oral and intravenous metformin with and without codeine is illustrated in Figure 5. 

 

 

 

Figure 5: The median metformin plasma concentration vs time profile for intravenous and oral metformin in 16 healthy 
volunteers, with and without codeine. Data is presented with 25th – 75th IQR error bars. 

 

The most important results of the study are detailed in Table 1. Thus, codeine did not have an impact on the 
AUC0-∞, total clearance (CLtotal), or Cmax following intravenous administration of metformin (Table 1). 
Codeine decreased the terminal half-life and volume of distribution statistically significantly. Two of our 
volunteers had quite a low ke in the period where intravenous metformin was administered without codeine 
which resulted in high volume of distributions. When removing these two outliers the median volume of 
distribution remained lower when iv metformin was administered together with oral codeine compared to an 
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intravenous injection with metformin alone, although the statistical significance disappeared.  In accordance, 
codeine did not have an impact on the oral volume of distribution and neither did it affect the half-life, CLrenal, 
Cmax, or AUC0-∞ following oral metformin (Fig.5, Table 1). Even though there was a trend that codeine 
delayed the absorption of metformin by approximately one hour from the intestine this did not quite reach 
statistical significance (Fig.5, Table 1).  

 

 

 
As expected, the half-life (Table 1) of metformin was statistically significantly longer after oral compared to 
intravenous administration of metformin both with and without codeine. Surprisingly, the total clearance after 
an intravenous injection was statistically significantly lower compared to the renal clearance following oral 
administration of metformin both with and without codeine. Codeine did not affect the absorption fraction of 
metformin using any of the two calculation methods (Foral and F) (Table 1).  Foral resulted in statistically 
significantly larger absorption fraction compared to F both with and without codeine (Table 1). 

 Metformin increased the AUC of morphine, M3G, and M6G, and while the magnitude of increase seemed to 
depend on the plasma concentration of metformin this did not reach statistical significance (Table 2, Fig.6).  

 

 Without codeine With codeine p 
Pharmacokinetics after 
Intravenous metformin 

   

T1/2 (h) 2.3 (2.1 - 2.8) 2.2 (1.9 - 2.4) 0.02 
Cmax (ng/mL) 34300 (27900 - 40900) 31100 (23400 - 40600) 0.3 
AUC0-∞ (ng*h*mL-1) 12800 (11700 - 14200) 12700 (11700 - 13600) 0.7 
V (L) 110 (94 - 120) 93 (84 - 106) 0.04 
CLtotal (L/h) 30 (27 - 33) 31 (28 - 33) 0.9 
Pharmacokinetics after oral 
metformin 

   

CLrenal (L/h)* 42(37 - 45) 38 (32 - 43) 0.5 
T1/2 (h) 4.2 (2.8 - 5.3) 3.7 (2.8 - 5.6) 0.8 
Cmax (ng/mL) 1180 (1020 - 1310) 996 (870 - 1190) 0.4 
Tmax (h) 2 (1.5 - 3) 3 (2 - 4) 0.06 
AUC0-∞ (ng*h*mL-1) 8300 (7060 - 9400) 8400 (6900 - 9500) 0.8 
V/F 610 (340 – 710) 444 (358 – 897) 0.6 
F 0.31 (0.26 - 0.35) 0.34 (0.26 - 0.39) 0.9 
Foral* 0.40 (0.34 - 0.48) 0.36(0.29- 0.46) 0.9 
Table 1: The impact of concomitant intake of codeine and oral (1000 mg) or intravenous (500mg) metformin on 
metformin’s pharmacokinetic parameters in healthy volunteers. Data is presented as medians with the 25th-75th 
interquartile range. 

 

 

Table 2: The impact of 1 gram of orally or 0.5 gram of intravenously administered metformin on the steady state pharmacokinetics of 25 mg of codeine in 16 healthy volunteers 
 

 Single dose 
Codeine before oral 
metformina 

Steady-state 
Codeine with oral 
metforminb 

 
GMR (95% CI) 

Single dose 
Codeine before iv 
metformina 

Steady-state 
Codeine with iv metforminb 

 
GMR (95% CI) 

CL/F(L/h) 120 (82 – 149) 107 (94 – 133) n=15  124 (91 – 144) 110 (88 – 133) n=16   

T1/2codeine(h) 2 (1.9 – 2.8) 2.4 (2 – 3.2) n=15  2.1 (1.9 – 2.5) 2.6 (2.1 – 3.0) *n=16  
AUCcodeine(ng*h*mL-1) 146 (118 – 213) 164 (132 – 188) n=15 1.02 (0.92 – 1.11) 142 (122 – 193) 159 (134 – 200) n=16 1.07 (0.98 – 1.18) 
AUCC6G(ng*h*mL-1) 2940 (2530 – 3330) 3100(2800 – 3600)n=15 1.07 (0.99 – 1.16) 2900 (2800 – 3300) 3100 (2700 – 3600)n=16 1.08 (0.99– 1.17) 
AUCmorphine(ng*h*mL-1) 6.2 (4.3 -7.4) 7.1 (4.5 – 9.3) n=12 1.21 (1.00 – 1.46) 4.5 (3.5 – 7.5) 6.4 (4.4 -10.1) n=14 1.28 (1.09 – 1.49) 
AUCM3G(ng*h*mL-1) 160 (126 – 245) 202 (150 – 284)n=14 1.31 (1.17 – 1.46) 155 (136 – 218) 218 (166 – 297)n=14 1.34 (1.22 – 1.46) 
AUCM6G(ng*h*mL-1) 32 (23 – 63) 39 (32 – 63)n=15 1.27 (1.15 – 1.39) 31 (26 – 48) 46 (31 – 64)n=16 1.30 (1.18 – 1.40) 
Data is presented as medians with the 25th-75th interquartile range 
a, Using AUC0-∞ after a single dose of codeine. 
b, Using AUC0-6h in steady state together with oral or intravenous metformin. 
n, Number of volunteers in the analyze 
*, p <0.05 
Data is presented as medians with the 25th-75th interquartile range 
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Our results demonstrated that codeine do not have an impact on plasma lactate levels after administration of 
intravenous or oral metformin. Neither did intravenous metformin result in significantly higher plasma 
concentrations of lactate compared to oral administration of the drug (Figure. 7) 

 

 

 
Figure 6: The median codeine and metabolite plasma concentration vs time profile before and together with oral and 
intravenous metformin in 16 healthy volunteers. Data is presented with 25th – 75th IQR error bars. Stars, morphine; 
circles, M3G; triangles, M6G; squares, codeine, and diamonds, C6G. 

 

 

 

Figure 7: The median plasma concentration of lactate in 13 healthy volunteers presented as medians with the 25th-75th 
interquartile range 
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Paper III 

No significant influence of OCT1 genotypes on the pharmacokinetics of morphine in adult surgical 
patients. 

Eight-six patients completed study 3. Three patients did however by mistake receive the OCT1 inhibiting 
drug ondansetron during surgery and had to be excluded from all statistical analyzes. The plasma 
concentration vs time for morphine, M3G, and M6G can be found in Figure 8. 

Figure 8: The median plasma concentration of morphine (stars), M3G (circles) and M6G (triangles) vs time in 81 
patients. RF/RF; patients genotyped as carrying two loss-of-function alleles in OCT1 (N=7), wt/RF; patients genotyped 
as carrying one loss-of-function alleles in OCT1 (N=42), wt/wt; patients genotyped as carrying no loss-of-function alleles 
in OCT1 (N=32). 

The effect of diplotypes on the pharmacokinetics of morphine, M3G and M6G is listed in Table 3. The mean 
dose adjusted morphine AUC0-1.5h was ~20% higher in patients carrying two reduced function alleles 
compared to those carrying none. The confidence interval limits only just included zero with a central 
tendency suggesting an increase. The mean M3G and M6G AUC0-1.5h was respectively ~20 and 15% reduced 
in patients carrying two reduced function alleles compared to those carrying none. The confidence limits did 
not include zero in the dose adjusted M3G AUC0-1.5h parameter and just barely included zero for dose adjusted 
morphine AUC0-1.5h with a central tendency suggesting a reduction. In addition, the mean dose adjusted 
metabolite parent drug ratio was decreased for both M3G and M6G in patients with two reduced function 
alleles compared with patients carrying none reduced function alleles (Table 3). 
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The patients´ sex was only associated with the total number of PCA doses used and men used a statistically 
significantly higher number of PCA doses compared to women. The OCT1 genotype did not have an impact 
on the total number of PCA doses used or the number of PCA doses used in each time interval (Fig. 9). 
Neither did it affect the time interval that passed after surgery to first PCA bolus, or the experience of adverse 
events and pain.  

 

 

Figure 9: The median number of PCA doses used in each time interval for 59 patients 

 

 

 

 

Impact of OCT1 reduced function diplotypes (rf) diplotypes on morphine and metabolites AUC adjusted for dose and 
Metabolite/parent drug ratio adjusted for dose. Data is presented as means with standard deviations and the difference as means 
with a 95% confidence interval. 
 RF, reduced function; wt; wildtype. 
 

Table 3. Impact of OCT1 reduced function diplotypes on 
morphine pharmacokinetics 
 wt/wt 

N=32 
Mean (SD) 

wt/rf 
N=42 

Mean (SD) 

Mean difference (95% CI) 
wt/wt vs wt/rf 

rf/rf 
N=7 

Mean (SD) 

Mean difference (95% CI) 
wt/wt vs rf/rf 

      
AUCmorphine(0-1.5h) / Dose (h/L*10-6) 
 

5.3 (1.7) 5.5(2.0) 0.2 (-0.7 – 1.1) 6.2 (2.5) 0.9 (-0.7 – 2.4) 

AUCM3G(0-1.5h) / Dose (h/L*10-6) 
 

28.4 (7.1) 28.3 (7.5) -0.1 (-3.6 – 3.3) 22.5 (6.2) -5.9 (-11.8 - -0.03) 

AUCM6G(0-1.5h) / Dose (h/L*10-6) 

 
7.0 (1.7) 6.7 (1.8) -0.2 (-1.1 – 0.6) 5.9 (1.8) -1.1 (-2.5 – 0.4) 

(AUCM3G/Dose) / (AUCmorphine/Dose) 
 

5.7 (1.8) 5.5 (1.6) -0.2 (-1.0 – 0.6) 3.9 (1.0) -1.8 (-3.2 - -0.4) 

(AUCM6G/Dose) / (AUCmorphine/Dose) 
 

1.4 (0.4) 1.3 (0.4) -0.1 (-0.3 – 0.1) 1.0 (0.3) -0.4 (-0.7 - -0.03) 
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DISCUSSION AND PERSPECTIVES 
 

The use of a limited sampling strategy  
The metformin LSS was developed a few years ago and has been validated retrospectively by several different 
cohorts, including data from a pharmacogenetic study  (253). In study 1, we used the LSS for the first time in 
a prospective setting.  It is possible that the LSS over or underestimated the metformin AUC0-24h in this study. 
Investigating this would require us to design an additional study were all 212 healthy volunteers were to ingest 
a single dose of 1000 mg of metformin and have several blood samples taken for 24 hours to ensure a full 
pharmacokinetic dataset. These results would then have to be compared to the ones obtained with the LSS. 
Our intention with the study was however not to validate the LSS as this has already been done but to 
demonstrate that using the strategy in a prospective setting provides pharmacokinetic results in the expected 
range. In addition, genotyping 212 healthy volunteers for both their OCT1 and CYP2D6 genetic status created 
a large enough cohort for us to draw samples from for study 2. As expected, we observed great interindividual 
variance in the pharmacokinetics of metformin in study 1. Further, the pharmacokinetic results (AUC0-24h and 
renal clearance) were in line with previous results generated from a full pharmacokinetic dataset. This 
indicates that the LSS can be used in large pharmacogenetic trials without risking great systematic errors.  

The genetic variants rs316019 in OCT2 and rs2252281 in MATE1 did not have an impact on the renal 
clearance of metformin which is in agreement with some studies (197,254) and in contrast to others as the 
genetic variant rs316019 in OCT2 has also been reported to cause both reduced (255–257) and increased 
(258,259) renal clearance of metformin.  Further, one study reported an increased renal clearance of 
metformin in volunteers with one or two loss-of-function alleles in OCT2 after the results were adjusted for 
the MATE1 (g.-66T>C (rs2252281) genotype (214), indicating a gene-gene interaction. Due to very few 
volunteers being genotyped as homozygous for rs316019 in OCT2 and rs2252281 in MATE1 in our study, we 
choose not to perform any statistical tests on the impact of this possible gene-gene interaction on metformins 
renal clearance. The reason for the completely opposite impact reported of OCT2 genotypes on metformin 
renal clearance is still not known. 

Genetic variants in several genes, including SLC22A1, SLC22A2 and SLC47A1 have not been demonstrated to 
have a clinically relevant impact on the glucose lowering effect of metformin in a meta-analysis (260). Hence, 
the metformin LSS is expected to be an efficient tool for scientists to screen for the importance of other genes 
on the pharmacokinetics of metformin in large scale studies. 

The OCT1 transporter has been involved in all three studies with different angles. 

OCT1 and metformin 
 In study 1 we briefly assessed the impact of loss-of-function alleles in OCT1 on the exposure of metformin. 
The time saving metformin LSS enabled us to calculate the metformin AUC0-24h for 212 healthy volunteers. 
The genetic variants in OCT1 (rs12208357, rs34059508, rs72552763 or rs34130495) did not have an impact 
on metformin AUC0-24h in our study. Early results concerning the importance of genetic variants in OCT1 
created great optimism for finally being able to explain a part of the significant interindividual variance seen 
in the pharmacokinetics and dynamics of the drug (197,198), however results from subsequent studies have 
been inconsistent (212–216,218,260,261) and the optimism has turned to skepticism in recent years. Even 
though common genetic variants in OCT1 haven’t proven to be of great importance for the glucose lowering 
ability of metformin (260), the variants still seems  to be implicated in metformin related gastrointestinal 
adverse events, both on its own (7) and as a polygenic effect (6,220).  The importance of genetic variation in 
OCT1 on metformin pharmacokinetics is therefore most likely at the intestinal level. 

The OCT1 transporter also had a central role in study 2, where a DDI between metformin, morphine and 
codeine was predicted to occur at the transporter level. Study 2 had quite a complex design where volunteers 
were administered both oral and intravenous metformin with and without concomitant oral codeine on four 
separate occasions. This design enabled us to investigate if codeine influenced the absorption fraction of 
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metformin as well as updating the basic pharmacokinetics of this widely used drug. Intravenous metformin 
has only been used a few times before in pharmacokinetic trials, approximately 40-years ago (12,13,15) with 
few participants and basic pharmacokinetic parameters such as absorption fraction therefore called for 
replication. Our results revealed a longer T1/2 following oral compared to intravenous administration of the 
drug. This was expected as it is widely known that the absorption of metformin from the intestine is the rate 
limiting step in the elimination process (flip-flop kinetics) and the result is in line with previous research 
(12,13). We have for the first time provided results indicating that the high plasma concentrations of 
metformin observed after an intravenous injection saturates the transporters in the renal proximal tubules 
which results in a reduced total clearance compared to the renal clearance following oral administration of the 
drug. This phenomena has actually been observed once before in a pharmacokinetic trial, in one out of three 
healthy volunteers receiving oral and intravenous metformin  (13). However, it was never discussed by the 
authors.  No such observation was observed in the other two small studies using intravenous metformin  
(12,15). In contrast to the first study, the two latter did not recover the full intravenous metformin dose in the 
urine. As it is clear today that metformin is not metabolized or excreted into the bile and that the uptake of the 
drug from the circulation into the intestine is negligeable, (11,12) it seems fair to assume that analytical 
equipment haven’t been sensitive enough. This means that the amount of drug detected in the urine is falsely 
low, resulting in a low renal clearance. This of course makes it more difficult to compare the urinary results 
from these two studies with ours.  The saturated transporters in the renal proximal tubules also resulted in a 
lower absorption fraction using the area (F) method compared to using urinary data (Foral). Our result 
highlights the importance of equal clearance during intravenous and oral administration of a drug if F is to be 
equal to the Foral in drugs that are exclusively excreted by the kidneys. Further, our result demonstrates that the 
absorption fraction of metformin is more accurately calculated by using urinary data.  

Overall, codeine did not have a clinically relevant impact on the pharmacokinetics of metformin. Indeed, 
codeine did reduce the volume of distribution and terminal half-life of metformin following intravenous 
administration of metformin. The median volume of distribution remained lower following concomitant 
codeine intake after removing two outliers from the analysis, however the p-value was no longer statistically 
significant. In accordance, the oral volume of distribution was not affected by codeine intake. If codeine does 
have a small impact on the volume of distribution of metformin it is most likely by inhibiting the OCT1 
transporter in the liver causing less metformin to enter. Besides the urinary bladder and kidneys metformin 
accumulates in the liver after an intravenous administration (11) and it has previously been demonstrated that 
known loss-of-function alleles in OCT1 attenuates the hepatic exposure of metformin with 30% (213). The 
clinical impact of reduced hepatic exposure of metformin and especially the small change observed in our 
study is questionable as delayed release formulations of metformin has an equally satisfying effect on plasma 
glucose levels as the immediate release formulation even though the bioavailability (systemic exposure) of the 
drug is significantly decreased (1). The median time to reach the maximum plasma concentration (Tmax) of 
metformin was delayed with approximately one hour when oral metformin was ingested together with oral 
codeine compared to oral metformin without codeine. Codeines impact on metformin Tmax did however not 
reach statistical significance. If we were to design the study again, we might have calculated the absolute time 
difference of Tmax together with a 95% confidence interval between oral metformin with and without codeine. 
It is very possible that the confidence interval would be either statistically significant or that the confidence 
limits just barely crossed the zero point. However, with an expected delay of approximately one hour, even if 
the confidence interval did turn out to be statistically significant or very close to it, we do not believe that this 
can explain why patients discontinue their metformin treatment when using concomitant codeine. 

OCT1 and morphine 
Retrospectively one might argue that we were biased when we designed study 2 as we believed that codeine 
had a clinically relevant impact on metformin pharmacokinetics and not the other way around. Theoretically, 
the idea is good, and we designed the study accordingly.  It did turn out that metformin increased the plasma 
levels of morphine, M3G, and M6G. We were not surprised to see an increase in morphine AUC as healthy 
adult volunteers with loss-of-function in OCT1 has previously been demonstrated to have an increased 
morphine AUC compared to those carrying no loss-of-function alleles (3) and the clearance of morphine was 
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observed to be decreased in children homozygous for the variant with concomitant lower metabolite formation 
(223). Hence, metformin may inhibit OCT1 by competitive inhibition which results in a slower uptake of 
morphine into the hepatocytes. The fact that both the plasma concentration of the parent drug and metabolites 
increased in our study indicates that our results cannot be explained by inhibition of the OCT1 transporter. 
However, inhibition of another transporter involved in morphine and metabolite distribution or excretion 
could be a possibility. As tubular secretion is expected to be involved in morphine and its metabolites renal 
elimination (38) and both metformin and morphine are substrates of the OCT2 transporter in the kidneys (4,5) 
an interaction between these drugs at the OCT2 transporter could be interesting to investigate. A morphine 
pharmacokinetic study in seven healthy volunteers (20) has previously reported a secondary peak in morphine 
plasma concentration 7 – 8 hours after oral drug administration which might indicate that a small fraction of 
morphine undergoes enterohepatic circulation. Hence, it is possible that at least some of the increase in 
morphine and metabolite AUC in study 2 are in fact not a result from a drug interaction but a product of 
enterohepatic circulation.  

The same genetic variants in OCT1 as used in study 1 was also used in study 3 to investigate their importance 
on the pharmacokinetics and effects of morphine. The design of study 3 where patients undergoing elective 
laparoscopic colon or rectum resection surgery received individual, clinically relevant doses of morphine HCl 
(0.15mg/kg as bolus and 0.04mg/kg as PCA) made it possible to investigate the effect of the genetic variants 
in a true clinical setting.  The morphine doses were chosen to equal the anesthetic apartments own guidelines, 
to ensure enrolled patients equal treatment compared to those who did not wish to participate. The results 
indicated that patients with two loss-of-function alleles in OCT1 have a small increase in the AUC of 
morphine with concomitant decrease in AUC of the metabolites M3G and M6G compared to patients with no 
loss-of-function alleles. This is in line with the current mechanistic understanding of morphine metabolism as 
individuals with loss-of-function alleles in OCT1 are expected to have a slower transport of morphine into the 
hepatocytes. Statistically we cannot with certainty rule out that there is no difference in morphine and M6G 
AUC between patients carrying two loss-of-function alleles and those carrying no loss-of-function alleles. The 
confidence intervals do however clearly indicate that a true difference between the groups is more likely than 
that there is none. Despite of the seemingly higher morphine AUC in patients with two loss-of-function alleles 
in OCT1 these patients did not use less morphine, nor did they experience more severe adverse events, 
experience less pain, or had a longer pain free period after the surgery ended. Our study was however not 
powered or designed to detect pharmacodynamic changes and adverse events. 

The increase in morphine AUC were subtle in both study 2 and 3. Small changes in morphine plasma levels 
does however affect the risk of experiencing adverse events and the clinical effect in healthy volunteers (104) 
and the impact might be even greater in subpopulations, for example the elderly as age is a known risk factors 
for experiencing morphine related adverse events even after controlling for founding factors, such as 
morphine dose and comorbidities (110).  

The small increase in plasma levels of morphine in study 2 may well contribute to patients discontinuing their 
metformin treatment when using concomitant codeine. A clinically relevant drug interaction is therefore 
possible. Hence, previous epidemiological data demonstrating an increased risk of experiencing metformin 
related gastrointestinal intolerance with concomitant codeine intake by using discontinuation of metformin as 
a proxy  for metformin intolerance (7,106), might in reality be a result of morphine related adverse events, 
even in the study that controlled patient records (6) as some of the gastrointestinal adverse events of 
metformin and morphine do overlap. The increase in morphine AUC in our study is however not large enough 
to generally recommend patients to avoid a drug combination of metformin and codeine or morphine, but 
concomitant use should be done with caution, especially in population groups with increased risk of 
morphine-related adverse events such as the elderly.  

In study 3, genetic variants in OCT1 seems to contribute to the interindividual variance seen in morphine 
pharmacokinetics however the increase in morphine AUC seen in patients with two loss-of-function alleles is 
not large enough in study 3 to recommend preemptive OCT1 genotyping prior to morphine administration. 
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The pharmacogenetics of morphine is by no means fully understood and several other transporters are most 
likely involved in the disposition of the drug. Furthermore, genetic variants in morphine receptors may 
influence the drug response. Apart from pharmacogenetics, psychosocial factors also influence the experience 
of pain. This makes a simple a-priori-specific genotyping for a single genetic variant unlikely to provide 
adequate guidance for perioperative morphine use. A future algorithm for perioperative individualized 
morphine doses will most likely contain multiple covariates including genetic variants in several transporters 
and receptors, variants in genes coding for disease development and progression as well as non-genetic and 
social factors.  

Metformin and lactate production 
In study 2 plasma lactate was measured as a proxy for metformins action on the intestine after oral and 
intravenous administration of metformin with and without codeine. The plasma lactate AUC0-24h was ~2% 
higher after oral compared to intravenous administration of metformin despite much higher circulating levels 
of metformin after intravenous administration. This indirectly supports the hypothesis that the intestine is 
metformins main site of action (123), where metformin may induce non-oxidative glycolysis and hence the 
production of lactate. However, no difference was observed in the first three hours after administration where 
the volunteers still fasted, and, importantly, our trial was not designed to demonstrate that elevated plasma 
levels of lactate were due to an increased intestinal lactate production. This would most likely require blood 
sampling from vena porta. Interestingly, a study has very recently demonstrated that the lactate levels does 
increase in vena porta in humans after a single dose of oral metformin (126). This further supports the 
intestines importance as the tissue origin of circulating lactate in response to oral metformin.  
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FUTURE RESEARCH 

This thesis contains results from studies investigating the variation in the pharmacokinetics of codeine, 
morphine, and metformin based on drug-drug- interactions and pharmacogenetics. Our results answer several 
questions and have also given ideas for follow up studies.  

We have demonstrated that it is possible to manufacture intravenous metformin and that it is safe to use in 
healthy volunteers. This opens many opportunities for using intravenous metformin as an experimental tool to 
further investigate metformin pharmacokinetics and pharmacodynamics. 

Based on some of the findings in study 2 it would be interesting to investigate if there is a clinically relevant 
DDI between morphine and metformin at the OCT2 transporter level, where morphine is the victim drug and 
metformin the perpetrator.  However, before this study can/should be conducted there are some questions that 
needs answers: The common genetic variant rs316019 in the OCT2 has inconsistently been reported to affect 
the disposition of metformin. Whether this genetic variant has an impact on the exposure of morphine is not 
known and future studies are needed to clarify whether OCT2 polymorphisms has an impact on the disposition 
and possibly efficacy and adverse events of morphine. Clearly, it is important to know whether to adjust for 
the OCT2 genotype before conducting the DDI study. Theoretically the DDI and pharmacogenetic study could 
be performed simultaneously, although it would likely require many volunteers to achieve enough power to be 
able to detect changes in morphine AUC based on the OCT2 genotype. An alternative approach could be to 
start with an in vitro study where CRISPR-Cas9 was used to create the rs316019 non-synonymous variant in 
human liver cells. These cells could then be used to investigate the genetic variants effect on morphine uptake. 
To investigate if M3G and M6G are, like morphine, substrates of the OCT2 transporter, rs316019 knock-out 
models could be created in HEK293 cells. These would then be used to investigate if the knock-out model has 
decreased uptake of the metabolites. Based on these findings a clinical cross over study could be designed. 

Another aspect that needs more attention is to what degree morphine is dependent on drug transporters for its 
intestinal absorption and which transporters that are responsible. The bioavailability of morphine shows great 
interindividual variance however studies investigating pharmacogenetics in relation to the absorption are 
lacking. Morphine is not a substrate of the OCT3 transporter, however other SLC transporters such as PMAT, 
OCTN1 and CHT could be of interest. Genetic variation in transporters responsible for morphine uptake in the 
intestine may contribute to the variation in bioavailability.  Investigating this clinically would be technically 
challenging as morphine shows substantial first pass metabolism. A clinical study in patients undergoing 
transjugular intrahepatic portosystemic shunting could be a possibility to draw from blood from the prehepatic 
circulation following oral morphine administration. The intravenous part of the study could be performed after 
a washout period and patients would then act as their own control.  

Another interesting perspective is that genotypes in OCT1 seems to be associated with the risk of experiencing 
metformin related gastrointestinal adverse events, but the variation in metformin bioavailability between 
individuals carrying different genotypes in OCT1 has not been investigated. This could be examined by using 
oral metformin and comparing the absorption fraction using the renal method between the different OCT1 
genotypes. 
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CONCLUSION 
 

In a large cohort of healthy volunteers, we demonstrated substantial interindividual variability in the 
pharmacokinetics of metformin, and that the limited sampling strategy can be used in prospective 
pharmacokinetic metformin trials on a population level without risking great systematic errors. We 
demonstrated that well established polymorphisms in OCT1, OCT2, and MATE1 and 2 did not have an impact 
on metformin renal clearance or AUC0-24h. 

We demonstrated that intravenous metformin can be produced and is safe to administer to healthy volunteers. 
We updated basic pharmacokinetic parameters of metformin and demonstrated that using urinary data results 
in a more accurate calculation of the metformin absorption fraction compared to plasma. We demonstrated 
that codeine does not have a clinically relevant effect on metformin pharmacokinetics, including metformins 
absorption fraction, and we provided evidence that oral and intravenous metformin increases the AUC of 
morphine, M3G, and M6G following concomitant codeine intake. We reported that genetic polymorphisms in 
OCT1 does not have a clinically relevant impact on the pharmacokinetic of morphine and neither does it seem 
to affect the number of patient-controlled analgesic (PCA) doses used or self-rated pain and adverse events. 

In summary, this thesis supports the use of LSS in prospective metformin pharmacokinetic trials and that a 
clinically relevant DDI between metformin and codeine is possible. Hence, concomitant use of these drugs 
may contribute to early discontinuation of metformin. Furthermore, this thesis supports that genetic 
polymorphisms in OCT1 cannot sufficiently explain the in clinic observed variation in response to morphine 
therapy why perioperative genotyping for OCT1 is not indicated. 
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Gene dbSNP ID Genotyping Assay number Forward primes (5’-3’) Reverse primes (5’-3’) VIC-probe FAM-probe 

OCT1 rs12208357 TaqMan predesigned assay C__30634096_10 

rs72552763 

rs34130495 

rs34059508 TaqMan predesigned assay C__30634080_20 

OCT2 rs316019 TaqMan predesigned assay C__3111809_20 

MATE1 rs2289669 File builder AHT947W CTGCACTGCGCGGTAC GGCCGGCAGTGGGT CCTGCGCGGTACCCA CTGCGCGGTACTCA 

CYP2D6 rs35742686 TaqMan predesigned assay C__32407232_50 

rs3892097 TaqMan predesigned assay C__27102431_D0 

rs5030655 Homemade TaqMan assay CTTGGGCCTGGGCAAGA AAGGCGGCACAAAGGCA AGGTCACCCCTGC CGGTCACCCACTGC 

Genotyping methods study I-III: The TaqMan predesigned assays, the file builder assay and the homemade TaqMan assay are from Applied Biosystems (Foster city, CA). dbSNP ID: Single nucleotide polymorphism database 
identification. 

Sanger sequenced together CGGGAACCTCTACCTGGATT CACTTTCCCCACACTTCG 
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