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Variability and Heritability of Thiamine 
Pharmacokinetics With Focus on OCT1 Effects 
on Membrane Transport and Pharmacokinetics 
in Humans
Ole Jensen1,* , Johannes Matthaei1, Felix Blome1, Matthias Schwab2,3,4 , Mladen V. Tzvetkov1,5 and 
Jürgen Brockmöller1

Thiamine is substrate of the hepatic uptake transporter organic cation transporter 1 (OCT1), and pathological lipid 
metabolism was associated with OCT1-dependent thiamine transport. However, it is unknown whether clinical 
pharmacokinetics of thiamine is modulated by OCT1 genotype. We analyzed thiamine transport in vitro, thiamine 
blood concentrations after high-dose and low-dose (nutritional) intake, and heritability of thiamine and thiamine-
phosphate blood concentrations. The variant OCT1*2 had reduced and OCT1*3 to OCT1*6 had deficient thiamine 
uptake activity. However, pharmacokinetics of thiamine did not differ depending on OCT1 genotype. Further studies 
in primary human hepatocytes indicated that several cation transporters, including OCT1, OCT3, and THTR-2, 
contribute to hepatic uptake of thiamine. As much as 54% of the variation in thiamine and 75% in variation of 
thiamine monophosphate plasma concentrations was determined by heritable factors. Apparently, thiamine is not 
useful as a probe drug for OCT1 activity, but the high heritability, particularly of thiamine monophosphate, may 
stimulate further genomic research.

The organic cation transporter 1 (OCT1) mediates hepatic up-
take of typically cationic substances with a molecular weight 
below 400 Dalton.1–4 In humans, OCT1 shows strong expression 
in the sinusoidal membrane of hepatocytes5 and only minor, if 

any, expression in other organs.6,7 OCT1 can be relevant for the 
hepatic uptake and pharmacokinetics of numerous drugs, includ-
ing metformin, morphine, O-desmethyltramadol, sumatriptan, 
fenoterol, trospium, and ranitidine.3,8–14 Beyond that, OCT1 may 

Received June 27, 2019; accepted September 8, 2019. doi:10.1002/cpt.1666

1Department of Clinical Pharmacology, University Medical Center, Georg August University, Goettingen, Germany; 2Dr. Margarete Fischer-Bosch 
Institute of Clinical Pharmacology, University of Tübingen, Stuttgart, Germany; 3iFIT Cluster of Excellence, University of Tübingen, Tübingen, Germany; 
4Departments of Clinical Pharmacology, Pharmacy, and Biochemistry, University Tübingen, Tübingen, Germany; 5Department of Pharmacology, University 
Medical Center, Ernst-Moritz-Arndt-University, Greifswald, Germany. *Correspondence: Ole Jensen (ole.jensen@med.uni-goettingen.de)

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 Human organic cation transporter 1 (OCT1) can mediate 
cell uptake of thiamine and OCT1-genotype-dependent differ-
ences in hepatic metabolism may be caused by OCT1-mediated 
thiamine transport.
WHAT QUESTION DID THIS STUDY ADDRESS?
 Do human thiamine blood concentrations differ depend-
ing on the OCT1 genotype? Can thiamine blood concentra-
tions serve as a biomarker for in vivo OCT1 activity? How much 
of the variation of thiamine blood concentrations is heritable?
WHAT DOES THIS STUDY ADD TO OUR KNOW-  
LEDGE?
 Thiamine pharmacokinetics does not depend on OCT1 
genotypes but variation in thiamine plasma concentrations 

is determined by heritable factors. Combined clinical and  
in vitro data indicate that hepatic thiamine uptake is mediated 
by multiple transporters with a minor contribution of OCT1. 
Translation from murine OCT models to humans may be 
difficult.
HOW MIGHT THIS CHANGE CLINICAL PHARMA- 
COLOGY OR TRANSLATIONAL SCIENCE?
 Thiamine is not suitable as a probe drug for OCT1 activ-
ity. Associations of cardiometabolic phenotypes with OCT1 
genotype may be mediated by mechanisms other than OCT1-
mediated thiamine transport. Apparently, thiamine pharma-
cokinetics is modulated by genomic variation but the underlying 
genes are not yet identified.
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also be relevant for hepatic uptake of numerous naturally occur-
ring cations, including dopamine, epinephrine, serotonin, tyra-
mine, and thiamine.15 OCT1 activity is highly variable between 
individuals due to numerous naturally occurring synonymous and 
nonsynonymous variants. Five alleles are rather common in the 
European population (Figure 1b) and cause deficient or strongly 
reduced transport activity.16,17 Activity of OCT1*2 is substrate 
dependent and there is some remaining but low activity of *3 and 
*4, whereas proteins coded by alleles *5 and *6 have no activity 
at all. Thus, depending on the substrate, between 2% and 9% of 
Europeans are deficient in OCT1-mediated transport.

Compared with other solute carriers and ABC transporters, 
OCT1 has a very high hepatic expression12,18 suggesting a phys-
iological role of OCT1, but only a few endogenous substrates are 
known. Recent data demonstrate a role of OCT1 in membrane 
transport of thiamine (vitamin B1).15 In cell culture, thiamine up-
take was inhibited by structurally unrelated organic cations like 
1-methyl-4-phenylpyridinium (MPP+) (an OCT1 model substrate 
and inhibitor) and by serotonin and other OCT inhibitors as well. 
Human OCT1 is a high capacity but low affinity transporter for thi-
amine. Transgenic mice expressing human OCT1 showed enlarged 
livers and hepatic steatosis upon high-fat diets, whereas in knock-
out mice, the lack of OCT1 resulted in decreased hepatic concentra-
tions of thiamine and the active metabolite thiamine diphosphate.15 
Most interestingly, in this model OCT1-mediated thiamine uptake 
correlated with hepatic steatosis.19 Recent human genomewide asso-
ciation study data indicate a possible correlation between metabolic 
phenotypes and OCT1 genotype in humans as well.20 Beyond that 
and because of its very low toxicity, thiamine might be an excellent in 
vivo probe drug for human OCT1 activity, if one could show a cor-
relation between thiamine pharmacokinetics and OCT1 genotype.

Here, we wanted to further elucidate the role of OCT1 and 
its naturally occurring variants for thiamine disposition in hu-
mans. Therefore, we first compared thiamine cellular uptake via 
OCT1 with uptake via other cation transporters, including the 
thiamine transporters thiamine transporter 1 (THTR-1) and thi-
amine transporter 2 (THTR-2) using overexpressing cell lines and 
human hepatocytes. We then analyzed the effects of OCT1 and 
its variants on clinical pharmacokinetics of high-dose thiamine 
and low-dose thiamine in humans. In this clinical study, we took 
advantage of the common low or zero-activity variants of OCT1 
to elucidate the quantitative contribution of OCT1 deficiency to 
thiamine pharmacokinetics in humans. Furthermore, we analyzed 
the overall heritability of thiamine and thiamine monophosphate 
plasma concentrations in humans using the repeated measurements 
approach and the twin study design.

RESULTS
Thiamine uptake via OCT1 and effects of common 
polymorphisms in human OCT1
First, we confirmed the high-capacity thiamine transport by 
wild-type OCT1*1. At 15  µM thiamine, cells expressing the 
variant OCT1*2 (a variant found almost worldwide) showed 
only about 50% of the uptake compared with the wild-type al-
lele (Figure 1a,b). Cells expressing variants *3 and *4 had only 
6% of the transport capacity of OCT1*1. The alleles OCT1*7 

and OCT1*8, which are more common in African populations, 
showed 111% and 132%, respectively, of the wild-type activity. 
The intrinsic clearance by the common variant OCT1*2 was 
about 60% of that of OCT1*1 but uptake via OCT1*3 and 
OCT1*4 was so small and not saturating that no reliable trans-
port kinetic constants could be estimated (Table 1). OCT1*5 
and OCT1*6 (known as nonfunctional) did not produce any 
uptake above the control. The variants OCT1*7 and OCT1*8 
showed similar or insignificantly increased maximum transport 
capacity, compared with the wild-type allele. Affinity was in-
creased for the OCT1*7 variant compared with the wild-type 
allele (P < 0.05, Student t-test, no adjustment for multiple test-
ing; Figure 1a,d, Table 1).

Pharmacokinetics of thiamine and its phosphate esters 
after a high dose of 200 mg
As a high capacity thiamine transporter, OCT1 should be most 
relevant at very high doses and high extracellular concentrations. 
To confirm that clinically, we administered thiamine orally to 
18 healthy volunteers preselected according to their OCT1 
genotype. Both groups, those with low activity or deficiency of 
OCT1 and those with high OCT1 activity, had a comparable 
sex proportion (4 women and 5 men each in both groups), sim-
ilar age (mean 25.6 vs. 25.2 years) and similar body mass index 
(22.8 vs. 22.1 kg/m2). Per study protocol, we classified OCT1 al-
leles *2 to *6 as inactive and all homozygous and compound-ho-
mozygous carriers of alleles *2 to *6 as inactive. Alleles *6, *7, 
and *8 were not found among the volunteers screened for the 
present study. As illustrated in Figure 2, the concentration time 
curves after the end of the absorption phase tended to be higher 
in carriers of zero OCT1 activity alleles. However, none of the 
pharmacokinetic parameters differed statistically significantly 
between the groups with high vs. low OCT1 activity (Table 2). 
Pharmacokinetic parameters for thiamine monophosphate and 
thiamine diphosphate did also not significantly differ between 
the subgroups defined by OCT1 genotype. Because more de-
tailed transport kinetics measurements revealed that OCT1*2 
still retained some transport activity (Table 1), the plasma and 
whole blood thiamine area under the curves (AUCs) were an-
alyzed depending on the OCT1 in vitro activity score, which 
was calculated based on an additive model of inheritance using 
the activity score from transport experiments (Figure 1a). The  
in vitro activity score was assigned per allele, relative to wild-type 
OCT1*1. Alleles OCT1*2 was classified as 0.51, OCT1*3 and 
OCT1*4 as 0.07, and OCT1*5 and OCT1*6 as zero. However, 
also using this classification, there was not even a trend of in-
creasing plasma or whole blood thiamine AUCs with increasing 
genotype-predicted OCT1 activity (Figure 3).

Effect of OCT1 deficiency on thiamine trough concentrations
We further tested whether morning trough thiamine blood 
concentrations after overnight fasting may be influenced by the 
OCT1 genotype, both after low-dose nutritional thiamine in-
take and 24 hours after 200 mg high-dose thiamine. At that time, 
thiamine and thiamine monophosphate plasma concentrations 
were still significantly above those concentrations measured with 
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nutritional thiamine intake only. However, none of the concen-
trations differed significantly between the OCT1 active and de-
ficient genotypes (Table S1). Similarly, thiamine monophosphate 
blood concentrations did also not differ between OCT1 geno-
types (Table  S1). Single values are illustrated in relation to the 
two classifications of OCT1 genotypes in Figure 3, but none of 
the differences were significant according to one-way analysis of 
variance.

Thiamine uptake by other solute carriers
The lack of significant differences in thiamine pharmacokinetics 
between active and deficient OCT1 genotypes was unexpected. 
To further clarify the reasons for that, we first characterized 
the uptake of thiamine via OCT1 in comparison to its known 
high-affinity transporters THTR-1 and THTR-2 (Figure  1e). 
The two thiamine transporters THTR-1 and THTR-2 exhib-
ited high-affinity transport with limited capacity (Table 1). The 

Figure 1 Thiamine uptake by wild-type and variant organic cation transporter (OCT)1 and by other organic cation transporters. At 15 µM 
thiamine, uptake was significantly reduced in variants *2 to *6 compared with wild-type OCT1*1 (P < 0.05 (a)). Thiamine uptake with variants 
*5 and *6 not statistically significantly different from the empty vector (pcDNA5). Common haplotypes result from combinations of six amino 
acid substitutions and the methionine420 deletion (b). Thiamine transport was analyzed under the same conditions in cells overexpressing 
THTR-1 and THTR-2 (e), as well as MATE1 and MATE2-K (f). (c–f) In these panels, carrier-mediated uptake is illustrated, that is the difference 
between uptake measured in the respective transfected cell lines minus the uptake into HEK cells transfected with the empty plasmid.
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organic cation transporter 3 (OCT3), which is also expressed in 
the liver, showed a higher affinity but lower capacity compared to 
OCT1 (Table 1). However, compared with the high-affinity thia-
mine transporters, OCT3 also had low affinity.

Primary human hepatocytes in combination with inhibitors 
of the transporters are more suitable to estimate the relative con-
tribution of the specific transporters to overall cellular uptake. 
Therefore, we analyzed the inhibitory potency of the relatively 
OCT1-specific inhibitors dextrorphan and desipramine, and 
the relatively THTR-2-specific inhibitor amprolium together 
with an unspecific inhibitor of cation transporters, MPP+. 
Concentrations leading to at least 90% reduction in transport 
activity in human embryonic kidney 293 cells (HEK293) cells 
overexpressing OCT1 or THTR-2 were used to inhibit thia-
mine uptake in hepatocytes (50 µM dextrorphan; 100 µM desip-
ramine; 100 µM amprolium; and 1 mM MPP+; Figure 4). By 
using low and high thiamine concentrations, we modeled trough 
concentrations from our clinical study and estimated maximum 
concentrations in the portal vein according to Ito et al.21 We 
could indeed show a bigger impact of OCT1 on cellular uptake 
of thiamine if thiamine concentration was high (40 µM) com-
pared with low thiamine (0.15 µM). Inhibition of the thiamine 
transporter THTR-2 resulted only in a moderate reduction of 
cellular uptake.

Altogether, these experiments indicate that thiamine hepa-
tocellular uptake may be mediated by multiple transporters. 
OCT1-mediated thiamine transport could be relevant at very high 
concentrations only, whereas at typical thiamine blood concentra-
tions other transporters are responsible for thiamine uptake into 
the liver. Quantitative expression data in different tissues confirmed 
the almost exclusive hepatic expression of OCT1 (Figure S2). In 
contrast, THTR-1 and THTR-2 were expressed at low to moder-
ate levels in other tissues, as well as in HEK293 cells. The very high 

hepatic expression of OCT1 may not compensate for the more than 
1,000-fold higher affinity of thiamine transporters (Figure S2).

Heritability of morning fasting thiamine plasma 
concentrations
To explore overall heritability in thiamine membrane trans-
port and metabolism, we used two independent samples and ap-
proaches, first, data from repeated measurements and, second, 
data from a study in monozygotic and dizygotic twins. In the first 
study, on average four samples were drawn per person (n  =  40) 
with a time interval of at least 1  week between the samplings. 
From those data we estimated the genetic component by the ap-
proach suggested by Kalow et al.22 Mean SD of thiamine concen-
tration within the same subjects was 0.194 and mean SD between 
the subjects was 0.220. From that, a genetic component of 0.226 
was calculated, thus, only 22.6% of the variation may be due to 
heritable factors. However, heritability might be much higher for 
thiamine monophosphate. With mean within and between SDs 
of 0.321 and 0.670, the genetic component was 0.770, thus, up to 
77% of the variation in thiamine monophosphate concentrations 
may be due to heritable factors.

In the second study, to further investigate the heritability of thi-
amine in the blood, we determined basal plasma thiamine and thi-
amine monophosphate concentrations in 86 monozygotic and 28 
dizygotic twins. All were healthy and had taken no drugs. Further 
details about the study have been described earlier.23 In the twin 
study, variation could be attributed to additive genetic effects, 
dominant genetic effects, common environmental effects, and 
unique environmental effects. As summarized in Table S2, varia-
tion in thiamine and thiamine monophosphate plasma concentra-
tions could be described best by a model including additive genetic 
and unique environmental effects. Thus, according to this analysis, 
broad heritability of plasma thiamine was 54% (95% confidence 

Table 1 Thiamine transport kinetic constants (mean ± SEM) studied in HEK cells

Transporter Km (µM) Vmax (pmol/mg protein/minute) Clint (Vmax/Km) (µL/mg protein/minute)

OCT1*1 1,997 ± 174 5,750 ± 388 3.0 ± 0.1

OCT1*2 2,729 ± 1,228 3,761 ± 964 2.1 ± 0.4

OCT1*3 —a —a —a

OCT1*4 —a —a —a

OCT1*5 —a,b —a,b —a,b

OCT1*6 —a,b —a,b —a,b

OCT1*7 1,348 ± 201 4,293 ± 704 2.9 ± 0.5

OCT1*8 1,577 ± 390 6,747 ± 1,061 4.8 ± 1.2

OCT2 163 ± 20 1,336 ± 93 8.4 ± 0.6

OCT3 443 ± 158 2,840 ± 616 8.2 ± 1.7

MATE1 44.7 ± 8.5 1,496 ± 205 38.9 ± 9.1

MATE2-K 5.2 ± 1.3 245 ± 38 50.5 ± 5.7

THTR-1 1.2 ± 0.2 16.6 ± 1.6 15.1 ± 2.5

THTR-2 1.2 ± 0.1 43.4 ± 4.2 37.1 ± 2.1

HEK, human embryonic kidney; Km, Michaelis constant; MATE1, multidrug and toxin extrusion protein 1; MATE2-K, multidrug and toxin extrusion protein 2-K; 
THTR-1, thiamine transporter 1; THTR-2 , thiamin transporter 2; OCT, organic cation transporter; Vmax, maximal rate of metabolism.
aNo saturating transport observed and therefore Km and Vmax could not be determined. bVariants OCT1*5 and OCT1*6 are known to result in complete transport 
deficiency.
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Figure 2 Pharmacokinetics of thiamine and its phosphate esters in human plasma and in whole blood after 200 mg thiamine orally. As defined 
in the study protocol, carriers of two organic cation transporter (OCT)1 active alleles were exclusively carriers of OCT1*1, thus allele OCT1*2 was 
classified as inactive. Carriers of two inactive alleles had homozygous or compound homozygous genotypes with alleles *2, *3, *4, and *5. As 
known, thiamine diphosphate is not found in relevant concentrations in plasma. AUC, area under the curve; Cmax, peak plasma concentration.
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Table 2 Pharmacokinetics of high-dose thiamine in human plasma and whole blood

 

Plasma Whole blood

Number of active OCT1 alleles Number of active OCT1 alleles

Zero (n = 9) Two (n = 9) Zero (n = 9) Two (n = 9)

Thiamine

AUC (minute µg/mL) 11.2 ± 1.0 10.4 ± 1.1 6.1 ± 0.7 5.6 ± 0.5

Clearance/F (L/minute) 8.1 ± 0.8 10.0 ± 1.3 13.4 ± 2.1 15.1 ± 1.5

Cmax (ng/mL) 21.2 ± 2.6 23.0 ± 5.8 10.6 ± 1.7 10.1 ± 2.4

Tmax (hour) 2.2 ± 0.5 1.4 ± 0.3 2.2 ± 0.6 1.9 ± 0.3

Half-life (hour) 41.3 ± 10.0 35.5 ± 9.3 45.0 ± 11.1 40.0 ± 4.6

VZ/F (L) 24,546 ± 3,855 24,526 ± 2,378 41,215 ± 5,250 48,754 ± 3,108

C24h (ng/mL) 4.9 ± 0.2 4.5 ± 0.2 2.9 ± 0.2 2.6 ± 0.1

Thiamine monophosphate

AUC (minute µg/mL) 5.2 ± 0.4 4.6 ± 0.4 5.5 ± 0.5 5.0 ± 0.3

Cmax (ng/mL) 5.2 ± 0.4 5.1 ± 0.4 5.0 ± 0.6 5.1 ± 0.3

Tmax (hour) 3.0 ± 0.9 4.6 ± 2.6 3.1 ± 0.8 2.8 ± 0.8

Thiamine diphosphate

AUC (minute µg/mL) — — 113.5 ± 7.5 111.2 ± 4.5

Cmax (ng/mL) — — 86.7 ± 6.6 83.4 ± 2.7

Tmax (hour) — — 11.0 ± 3.5 6.3 ± 2.4

All data provided as arithmetic means ± SEM.
AUC, area under the curve; C24h, 24-hour drug concentration; Cmax, peak plasma concentration; OCT, organic cation transporter; Tmax, time of maximum plasma 
concentration; Vz/F, volume of distribution based on the terminal phase.

Figure 3 Plasma thiamine trough concentrations and area under the curve (AUC) in relation to organic cation transporter (OCT)1 genotypes 
and correlation of plasma thiamine and thiamine monophosphate concentrations in monozygotic (MZ) and dizygotic (DZ) twins. Plasma 
thiamine trough concentrations in healthy volunteers grouped by their OCT1 genotypes showed no significant differences. Classification 
according to the number of active OCT1 alleles ((a); classifying OCT1*2 as active) or by their in vitro activity score (b) also revealed no 
statistically significant differences (one-way analysis of variance). (c) In addition, the plasma thiamine AUC showed no dependency on the 
in vitro OCT1 activity score. (d, e) These panels show correlations of thiamine and thiamine monophosphate in MZ and DZ twins. The higher 
correlation in MZ twins (100% genotypes identical) compared with DZ twins (50% genotypes identical) indicates heritability. A detailed analysis 
using structural equation modeling is provided in Table S2. Green, yellow, and red dots refer to carriers of two, one, and zero active alleles. DZ 
twins having different genotypes are indicated by the respective semicircles.
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interval (CI) 0.34–0.75), whereas 46% (95% CI 0.25–0.66) was 
due to random environmental effects. Broad heritability of thia-
mine monophosphate was 75% (95% CI 0.62–0.88), whereas 25% 
(95% CI 0.12–0.38) was due to environmental effects. Estimates of 
heritability in thiamine monophosphate corresponded particularly 
well with the estimate of a genetic component of 0.77 in the other 
independent study.

DISCUSSION
Our data confirm earlier findings in mice and human cell cul-
ture showing that OCT1 unequivocally can serve as a thiamine 
uptake transporter. However, in humans, the pharmacokinet-
ics of thiamine and its phosphate esters were modulated only 
to a minor extent by naturally existing loss-of-function OCT1 

variants. When considering the huge liver concentrations ob-
served after injection of 11C thiamine in rats,24 it was partic-
ularly surprising that even peak plasma concentration (Cmax) 
of thiamine was not significantly different between the OCT1 
genotypes (Figure  2). In humans, parallel uptake via the thi-
amine transporters THTR-1 and THTR-2 may partially ex-
plain why there was no significant effect of OCT1 genotypes 
on blood and plasma thiamine concentrations. Chemical in-
hibition of THTR-1 and OCT1 reduced cellular uptake only 
moderately, indicating that even other uptake transporters may 
exist, one of which may be OCT3 (Figure 5).

Analysis of thiamine plasma concentrations in two indepen-
dent study samples clearly indicated that a relevant fraction of 
variation in thiamine concentrations was due to heritable factors. 

Figure 4 Inhibitor specificity and inhibitor effects on thiamine uptake in primary human hepatocytes. Inhibition of thiamine uptake with 
increasing concentrations of desipramine, dextrorphan, MPP+, and amprolium for organic cation transporter (OCT)1 and THTR-2. Red lines 
indicate concentrations used for experiments in primary human hepatocytes (a–d). Thiamine uptake into human hepatocytes was performed 
at low and high concentrations and revealed inhibitor-specific reduction (e, f). As seen, inhibitor concentrations resulting in < 20% uptake 
in the transfected cells resulted only in moderate inhibition of uptake in primary hepatocytes, indicating that still other transporters may be 
involved. MPP+, 1-methyl-4-phenylpyridinium; THTR-2, thiamine transporter 2.
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Considering that low-dose nutritional thiamine intake was not 
specifically defined except for excluding any vitamin supplements, 
the intraindividual constancy and heritability in thiamine pharma-
cokinetics was most likely even underestimated. However, again, 
the existing interindividual variation could not be explained by 
the well-defined OCT1 variants (Figure 3). Interestingly, herita-
bility of thiamine monophosphate was much higher than that of 
free thiamine, possibly indicating heritability in other enzymes and 
transporters in the thiamine cycle.25 The significant heritability in 
the variation of thiamine monophosphate is particularly notable 
considering that the phosphate esters serve important functions in 
the intermediate-term thiamine storage.

Thiamine might have been an ideal probe drug to test in vivo 
human OCT1 activity, but in contrast to expectations from in 
vitro data (Table 1)15 and Oct1 knockout mice,20 thiamine blood 
and plasma concentrations did not reflect individual OCT1 geno-
types. In addition, the thiamine phosphate esters did not correlate 
with the loss-of-function OCT1 genotypes. Apparently, it is not 
always possible to predict from in vitro experiments or from genet-
ically modified mice whether or not human pharmacokinetics of 
an OCT1 substrate is dependent on OCT1 genotypes. Similar as 
with thiamine, also pharmacokinetics of some other prototypical 
substrates of OCT1 like metformin or proguanil did not depend 
in a significant fashion on OCT1 genotypes,26,27 although intra-
hepatic metformin concentrations and pharmacodynamics did 
depend on OCT1 genotypes.28,29 In the case of thiamine, several 
other organs also contribute to storage of thiamine and its phos-
phate esters even more than the liver.30 Particularly the relatively 
high muscle, heart, kidney, or lung thiamine concentrations are not 
expected to depend on OCT1 genotypes because there is only neg-
ligible OCT1 expression outside the liver (Figure S2). In contrast, 
some other substances, including sumatriptan and fenoterol, did 
differ depending on OCT1 genotype most likely to be explained 
by a more selective accumulation of these two drugs in the human 
liver with only small accumulation in other organs.

At low concentrations, thiamine cell uptake should be 
mostly mediated by the high affinity transporters THTR-1 and 

THTR-2.31,32 In our experiments using primary human hepato-
cytes, this was reflected by an almost negligible effect of OCT1 
inhibitors with 0.15 µM thiamine but a clearly detectable effect 
of OCT1 inhibitors at 40 µM (Figure 4). However, in both con-
ditions, inhibitors reduced the hepatocellular thiamine uptake 
only moderately, at least much less than that observed in the HEK 
cells transfected with OCT1. One interpretation of that may be 
the existence of other thiamine transporters, such as THTR-1 or 
solute carrier 35F3,33 but also OCT3 may contribute to hepatic 
uptake of thiamine. Intrinsic thiamine clearance mediated by 
OCT3 was higher than that mediated by OCT1 so that even in 
the situation that OCT3 is expressed at a 10-fold lower concen-
tration than OCT1 in the human liver, OCT3 may nevertheless 
contribute in a relevant manner to hepatic uptake of thiamine.

There seems to be an exciting association between OCT1 activ-
ity and OCT1 genotypes and hepatic lipid metabolism in mice and 
also in humans.15,19,20 However, whether or not this is solely medi-
ated by thiamine may be questionable. Considering that the relevant 
thiamine diphosphate ester concentrations in the cells are between 
10-fold and 100-fold higher than those of free thiamine30 (Table 2), 
phosphorylation and dephosphorylation, but also possibly trans-
port of the phosphate esters, may play an even bigger role than hepa-
tocellular uptake for the intrahepatic thiamine concentrations.

As indicated by our experiments with primary hepatocytes 
(Figure 4), OCT1 inhibition led to an about twofold reduction 
of hepatic uptake. Assuming a similar effect caused by OCT1 defi-
ciency, reduced uptake probably could be more than compensated 
by providing much higher doses of thiamine. Although our experi-
ments do not contribute to the question whether or not high intra-
hepatic thiamine concentrations result in metabolic disturbances, 
other quite ancient data on 70 humans who received a > 50-fold 
excess of thiamine compared with recommended nutritional 
intake over a period of 3 years did not result in major toxicity.34 
Nevertheless, it might be interesting to repeat such experiments 
now with more refined biomarkers of liver toxicity and lipid me-
tabolism. Our experiments do not support, but also do not exclude, 
relevance of OCT1 for hepatic thiamine-related metabolism 

Figure 5 Pathways of thiamine in high and low dose. A moderately bigger impact of organic cation transporter (OCT)1 for hepatic thiamine 
uptake with high extracellular thiamine compared with low extracellular thiamine was concluded from the in vitro experiments with primary 
human hepatocytes, but was not reflected by the thiamine blood concentrations measured in healthy volunteers, where even peak plasma 
concentration was not different depending on OCT1 genotype (Figure 2). ATP, adenosine triphosphate; AMP, adenosine monophosphate; TPK, 
thiamine pyrophosphokinase; THTR-2, thiamine transporter 2.
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under more challenging conditions, such as starvation, or alcoholic 
and nonalcoholic steatosis and hepatitis. Even if the contribution 
of OCT1 to hepatic thiamine uptake is moderate only, in the long 
term it may be relevant. According to the simple principle of ad-
ditivity of partial clearances, a higher or lower hepatic uptake in 
humans with high or low/deficient OCT1 activity should usually 
not be compensated by other transporters but results in higher or 
lower thiamine concentrations.

Next steps in human clinical research might include more de-
tailed analyses of OCT1 genotypes on hepatic metabolism in 
thiamine deficiency and thiamine oversupply with and without 
optimal conditions for thiamine phosphorylation and thiamine re-
quirements. Conditions of malnutrition with thiamine deficiency 
are not infrequent35 and the roles of specific hepatic transporters 
and intracellular phosphorylation are still not completely under-
stood. In addition, the source of thiamine monophosphate in 
human plasma may deserve further investigation, it is conceivable 
that this is already formed in the gut wall and released from the en-
terocytes, but it may also be released from erythrocytes and other 
cells. Although the clinical studies were not sufficiently powered 
to study the effects of OCT2 polymorphisms for renal secretion, 
THTR-2 or SLC5F3,33 polymorphisms, this may be an interesting 
topic for further research.

In conclusion, thiamine plasma concentrations under high-dose 
and low-dose exposures did not indicate a major impact of OCT1 
for human thiamine pharmacokinetics but can also not exclude 
moderate and, in the long term, relevant OCT1 genotype-de-
pendent differences in hepatic thiamine-dependent metabolism. 
Apparently, genomic variation is most relevant for thiamine phar-
macokinetics but many underlying genes are not yet known.

MATERIALS AND METHODS
In vitro uptake of thiamine
Thiamine uptake was characterized in all the HEK293 cells stably trans-
fected to overexpress the cation transporters included in the present 
study. In addition, thiamine uptake was studied in cryopreserved human 
hepatocytes (Gibco; Thermo Fisher Scientific, Darmstadt, Germany) 
from donors with active OCT1 alleles (donor a: OCT1*1/OCT1*1; 
donor b: OCT1*1/OCT1*2). Thiamine uptake in HEK293 cells or he-
patocytes was performed for 2 minutes at 37°C and pH 7.4 after a pre-
ceding fasting period. Cell lysates were reconstituted and thiamine and 
its phosphate esters were quantified after oxidation to the fluorescent 
thiochrome with K3[Fe(CN)6]. High-performance liquid chromatogra-
phy (HPLC) was performed on an XBridge C18 column (2.1 × 50 mm, 
3.5 µm, Waters) and gradient elution. The detailed description of the ex-
perimental procedures and thiamine quantification can be found in the 
Supplementary Material.

OCT1 genotyping
Genotyping for OCT1 was performed on DNA extracted from blood 
samples via automated solid-phase extraction (EZ1 DNA Blood Kit; 
Qiagen, Hilden, Germany). Genotyping was described in detail else-
where.36 Briefly, a single-base primer extension assay was performed to 
genotype following common genetic variants: Ser14Phe (rs34447885), 
Arg61Cys (rs12208357), Cys88Arg (rs55918055), Pro117Leu 
(rs200684404), Ser189Leu (rs34104736), Gly401Ser (rs34130495), 
Met420del (rs202220802), and Gly465Arg (rs34059508). Almost all 
samples included in the study were genotyped in duplicate, with 100% 
concordant results.

Clinical studies
A high dose of 200  mg thiamine was administered to 18 unrelated 
healthy male and female volunteers with European ancestry. The par-
ticipating volunteers were selected from a database of healthy volunteers 
according to their OCT1 genotype (9 carriers of 2 wild type alleles and 9 
homozygous or compound heterozygous carriers of alleles *2, *3, and *4). 
Health was verified by medical history, common clinical biochemistry 
and hematology tests, and by a clinical examination, including echocar-
diogram recording. After overnight fasting, each volunteer took a single 
oral dose of 200 mg thiamine (Ratiopharm, Neu-Ulm, Germany). Intake 
of any vitamin supplements was forbidden for 7 days prior to the study 
day and also intake of any drugs except for oral contraceptives for 2 weeks 
prior to the study day was an exclusion criterion. Plasma and whole blood 
concentrations of thiamine were measured predose, and 15, 30, 45, 60, 
90, 120, 180, 210, 240, 270, 300, 360, 480, 600, and 1,440 minutes after 
administration.

In another series of experiments, thiamine and thiamine monophos-
phate plasma concentrations were analyzed at the morning after overnight 
fasting in each subject on 3–5 separate occasions with intervals of at least 
1 week. The aim of this study was to compare intraindividual vs. interin-
dividual variation.37

In a third study, thiamine was analyzed in 28 dizygotic and 86 mono-
zygotic twins to assess the overall heritability of thiamine blood concen-
trations. All participants were healthy men and women younger than 
55  years. Details of that study have been described earlier.23 All partici-
pants had given written informed consent and the clinical studies were 
approved by the ethics committee of the University Medical Center 
Göttingen. The thiamine pharmacokinetics study was registered at 
ClinicalTrials.gov (NCT02054299) and in the European Clinical Trials 
Database (EudraCT 2012-003546-33).

Thiamine blood concentration analyses
Plasma and whole blood concentrations of thiamine, thiamine mono-
phosphate, and thiamine diphosphate were quantified with HPLC and 
fluorescence detection after oxidation to the respective thiochromes using 
potassium ferricyanide. Calibrators, thiamine, thiamine monophosphate, 
and thiamine diphosphate, were from Sigma. In brief, 300  µL plasma 
samples were mixed with 300  µL 10% trichloroacetic acid, thoroughly 
mixed, incubated on ice for 15 minutes, and centrifuged at 13,000 rpm 
for 15  minutes. Four hundred µL of the supernatant were washed with 
1.5  mL water-saturated methyl-butyl-ether and 240  µL of the aqueous 
phase were mixed with 60 µL methanol and 150 µL derivatization reagent 
(0.6 mM potassium ferricyanide in 15% NaOH). Then, 10 µL of the re-
action mixture were injected into the HPLC system. For chromatography, 
an X-Bridge C18 column (2.1 × 50 mm, 3.5 µm, Waters) was used with 
gradient elution. Plasma calibration range was 1–30 ng/mL for thiamine 
and 16 ng/mL for the thiamine phosphates, the whole blood calibration 
range was 0.5–25 ng for thiamine, 1–10 ng/mL for thiamine monophos-
phate, and 1–40 ng/mL for thiamine diphosphate.

Pharmacokinetic data analysis
Noncompartmental pharmacokinetic parameters were estimated with 
Phoenix WinNonlin version 6.3 (Certara USA, Princeton, NJ). The 
AUC was the predefined primary parameter and was calculated with the 
linear/log trapezoidal rule from time of thiamine administration and 
extrapolated to infinity based on the last predicted concentrations. The 
time of maximum concentration (Tmax) and the corresponding concen-
tration (Cmax) were given as measured.

Statistical analyses
Primary parameters were plasma AUC of thiamine. For the pharmaco-
kinetic study, the number of volunteers per genotype was calculated to 
give 80% power to identify a presumed 50% increase in the area under 
the time-concentration curve in the poor compared with the extensive 
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OCT1 transporters. The Student t-test was used with a type-I (alpha) 
error of 5% and assuming 35% SD of AUC in both groups based on 
published data.38 Comparison of intraindividual vs. interindividual 
variation may provide important hints on possible heritability. Repeated 
analysis in each subject was used to calculate the genetic component, as 
described by Kalow et al.22,37 Variance within (Vw) the subjects and vari-
ance between (Vb) the subjects were calculated and repeated genetic com-
ponent was calculated as (Vb − Vw)/Vb. This metric is often interpreted 
as an indicator of heritability but would also reflect individually constant 
environmental factors.

To unambiguously differentiate between individually constant ac-
quired factors vs. heritable factors, we analyzed thiamine and thiamin 
monophosphate concentrations in blood samples of monozygotic and 
dizygotic twins. Using monovariate structural equation modeling, we 
compared models with additive and dominant genetic factors, common 
environmental factors, and unique environmental factors. For structural 
equation analysis, the mets package in R was used.39

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).

Supinfo Supplementary Methods
Figure S1. PCRs validating integration of THTR-1 or THTR-2 by the Flp-In 
system. THTR-1, thiamine transporter 1; THTR-2, thiamine transporter 2.
Figure S2. Expression of OCT1, THTR-1, and THTR-2 in 20 tissues and 
HEK293 cells. HEK293, human embryonic kidney 293 cells; OCT1, or-
ganic cation transporter 1; THTR-1, thiamine transporter 1; THTR-2, thi-
amine transporter 2.
Table S1. Plasma trough concentrations after low (nutritional) doses 
and high 200 mg doses of thiamine.
Table S2. Heritable and acquired determinants of thiamine and thia-
mine monophosphate plasma concentrations.
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