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Abstract 

Aim: We investigated the relationship between trimethyl-13C-caffeine breath test 

(triCBT) and single nucleotide polymorphisms (SNPs) that are related to caffeine 

metabolism and consumption. 

Methods: Subjects were 132 young healthy adults (median 21 years: 101 male, 31 

female). Subjects completed a questionnaire that enquired about their smoking status, 

consumption of caffeinated drinks (including coffee, black tea, green tea), height, weight, 

and body mass index (BMI). DNA was extracted from saliva, and genotyping was 

performed using TaqMan® SNP Genotyping for cytochrome P4501A2 rs762551, 

rs2472297, and aryl-hydrocarbon receptor rs4410790. Trimethyl 13C-caffeine (100 mg) 

was dissolved in distilled water and administered orally. Subsequently, breath samples 

were collected every 10 mins for 90 mins. Infrared spectroscopy was used to analyze the 

amount of 13CO2 in the expired breath, and the sum (Δ13CO2) over 90 min (S90m) was 

calculated. 

Results: All subjects had genotype CC for rs2472297. S90m was not significantly different 

among rs762551 genotypes; however, there was a significant difference in S90m among 
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rs4410790 genotypes. Δ13CO2 was significantly affected by rs4410790 SNPs and 

smoking. The receiver operating characteristic area under the curve was 0.758 when 

rs4410790 phenotype C was considered positive. When the cutoff value was set to S90m 

(23.4 ‰), the sensitivity and specificity were 71.4% and 72.1%, respectively. 

Conclusions: Our results suggest that caffeine demethylation is affected by rs4410790 

SNPs and smoking, and that triCBT can be used to identify SNPs in rs4410790. 

 

Introduction 

The principle of 13C-caffeine breath test (CBT) is based on the administration of either 

trimethyl-13C-caffeine (triCBT), in which all methyl groups are labelled with 13C, or N-

3-methyl-13C-caffeine (n3CBT). The use of CBT has been reported in various studies, 

including in the evaluation of liver function and measurement of cytochrome P450 1A2 

(CYP1A2) activity [1-11]. 

Recent evidence suggests that caffeine intake is associated with central nervous system 

diseases [12-16], cardiovascular diseases [17,18], and cancer [19,20]. These studies 

suggest the involvement of single nucleotide polymorphisms (SNPs) that are related to 
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caffeine metabolism and sensitivity [12-20].  

Caffeine metabolism is primarily dependent on CYP1A2 enzyme, and is affected by age, 

sex, smoking status, and consumption of caffeinated beverages including coffee [2,21-

27]. There are various polymorphisms in CYP1A2, and SNPs rs762551 and rs2472297 

are known to affect the efficiency of caffeine metabolism. Specifically, individuals with 

rs762551 alleles AA, AC, and CC are characterized as extensive, intermediate, and poor 

metabolizers of caffeine, respectively [26-28]. 

Caffeine metabolism is dependent on the amount of CYP1A2 enzyme, and aryl-

hydrocarbon receptor (AhR) plays an important role in increasing the amount of the 

enzyme. AhR-coding genome exists on chromosome 7q21, which has various 

polymorphisms (rs4410790, rs6968865) as with CYP1A2. In particular, rs4410790 was 

shown to influence caffeine metabolism and the level of caffeinated beverage 

consumption [29].  

When consumed orally, caffeine primarily undergoes N-demethylation and C-8 

oxidation in the body. CBT is based on labelling of methyl groups of caffeine by 13C, and 

the outcome of CBT is dependent on whether SNPs that are related to caffeine metabolism 
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affect demethylation. However, there are no studies to date that examined how CBT may 

be affected by SNPs that are related to caffeine metabolism and consumption. Therefore, 

in the present study, we performed triCBT among healthy adults to determine the effect 

of three SNPs that are associated with caffeine metabolism and consumption levels 

(rs762551, rs2472297, and rs4410790). 

 

Materials and Methods 

Study subjects 

Participants were included in the study if they 1) did not have any history of hospital 

visits or admission in the past 6 months, 2) did not have any diseases that require 

medication, 3) did not have any habit of taking specific supplements, 4) did not have any 

abnormalities in the liver and kidney function as determined by blood tests performed 

within the past 6 months, and 5) tested negative for hepatitis B and C viruses. Blood 

pressure was measured prior to triCBT to confirm that it falls within the normal range.  

A total of 132 adults (median age: 21 years, 101 male, 31 female) were included in the 

study. Prior to triCBT, a questionnaire was administered to obtain information about 
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smoking status, consumption of caffeinated beverages (e.g., coffee, black tea, green tea), 

height, weight, and body mass index (BMI). The amount and frequency of caffeine 

consumption (including coffee, black tea, green tea, and caffeinated alcohol) were 

determined, and the subjects were categorized into those with low consumption (L, < 200 

mg/day), normal consumption (N, 200-399 mg/day), and heavy consumption (H, ≥ 400 

mg/day) of caffeine (Table 1). 

 

Study protocol 

Prior to triCBT, 2 mL of saliva was collected from each subject into an Oregene®/DNA 

saliva collection kit (DNA Genotek Inc., Ottawa, ON, Canada). 

Subjects were told not to drink any caffeinated beverages and alcohol 24 hours before 

triCBT. Smokers were also told not to smoke 24 hours before the test. On the day of the 

test, subjects were not allowed to eat and had free access to water for up to 1 hour before 

the test. 

Control breath (1,800 mL) was collected prior to the oral administration of 100 mg 

trimethyl-13C caffeine (ISOTEC Laboratories, Inc., IL, USA, chemical purity 
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specification ≥ 99.2%, molecular weight 197.17 g/mol, HPLC for chemical purity 100%, 

isotope enrichment 99.2%), which was dissolved in 100 mL distilled water. Subjects 

remained in the sitting position after the administration of caffeine, and the breath test 

was performed every 10 minutes for 90 minutes. 

 

Measurement of Δ13CO2 

Analysis of 13CO2 in the expired breath was performed by infrared spectroscopy 

(POCone, Fukuda Denshi Co., Ltd, Tokyo, Japan). The amount 13CO2 present in each 

breath sample was expressed as the ratio of the change divided by the baseline 

measurement. The results of the breath test were expressed as Δ‰, and were calculated 

as the sum of change over 90 min (“S90m”) using the following calculations: 

The results of the breath test were expressed as Δ13CO2‰, and were calculated as the 

sum of change over 90 min (S90m) using the following calculations: 

The sum of Δ13CO2 during a specific period (ST) was calculated as: 

𝑆𝑇 = ∑ ∆13𝐶𝑂2 (∆𝑡 ・𝑖)𝑁−1𝑖=0 , Δt = 10 min, N = T/10 min. With Δ13CO2‰ calculated as: 

Δ13CO2 (‰) = {(13CO2/12CO2 tmin - 13CO2/12CO2 0min)/ 13CO2 std}×103 
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Genotyping 

Three types of SNPs related to caffeine metabolism and consumption (rs762551, 

rs2472297, and rs4410790) were selected. The minor allele frequency (MAF) and the 

nucleotide sequences around each SNP are shown in Table2. 

Genomic DNA was obtained from saliva mononuclear cells using an Oragene®•DNA 

OG-500 Kit (DNA Genotek Inc., Ottawa, ON, Canada). The amount of DNA was adjusted 

to 1 ng/µL using a spectrophotometer [30]. We identified the genotypes using TaqMan® 

PCR with TaqMan SNP Genotyping Assays or Custom TaqMan® SNP Genotyping 

Assays (Thermo Fisher Scientific, Inc., Waltham, MA, USA). 

For each reaction, 2 µg of DNA, 2.5 µL of TaqMan® Genotyping Master Mix (Thermo 

Fisher Scientific, Inc.), 2.375 µL of distilled water as a primer, and 0.125 µL of TaqMan® 

SNP Genotyping Assays (Thermo Fisher Scientific, Inc.) as a probe were mixed. PCR 

reactions were each performed within individual wells of a 96-well plate that was placed 

in a 2720 thermal cycler (Thermo Fisher Scientific, Inc.). Thermal cycling was set to 

95C for 10 min, followed by 50 cycles of 92C for 15 s and 60C for 1 min. Finally, 
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completed reactions were held at 4C [30].  

An ABI PRISM 7700 Sequence Detector (Thermo Fisher Scientific, Inc.) was used as a 

fluorescence detector for reading the endpoint of the TaqMan® PCR, and the obtained 

data were analyzed using Detector v. 1.7 alias (Thermo Fisher Scientific, Inc.). 

 

Statistical analysis 

χ2 and Mann-Whitney's U tests were used to compare outcomes between two groups, 

and the Kruskal-Wallis test was used to compare outcomes among three groups. Fisher's 

exact test was used as the test of significance. When needed, dummy variables were 

assigned as follows: non-smoker (0) vs. smoker (1), and caffeine consumption L (1) vs. 

N (2) vs. and H (3). The Steel-Dwass test was performed to make multiple comparisons 

among three groups. The receiver operating characteristic (ROC) analysis was performed, 

and the area under the curve of 0.7 was set as the threshold.  

Normality of Δ13CO2 could not be demonstrated even after variable transformation. 

Thus, a generalized linear mixed model was applied to analyze the data under the 

following conditions:  
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1) Response variable: Δ13CO2‰ (measured at baseline and at 10, 20, 30, 40, 50, 60, 70, 

80, and 90 mins) 

2) Explanatory variable: sex, age, BMI, smoking status, caffeine consumption grade, 

CYP1A2 SNP (rs762551), AhR SNP (rs4410790), time of measurement (baseline, 10, 20, 

30, 40, 50, 60, 70, 80, and 90 mins), and study subject. Since the degree of metabolism 

changes overtime, subjects and time were set as random variables and others were set as 

fixed variables. All analyses were performed using JMP Pro ver14 (SAS Institute Inc., 

North Carolina, USA). 

 

Results 

Characteristics of the study subjects 

Table 1 summarizes the characteristics of the study subjects, including sex, age, BMI, 

smoking status, and caffeine consumption grade. There was a significant difference in 

BMI between male and female subjects (p = 0.010) (Table 1).  

 

Characteristics of the study subjects and types of SNPs 
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All subjects had CC allele for rs2472297. There were no significant differences in age, 

BMI, sex, smoking status, and caffeine consumption grade between rs762551 and 

rs4410790 genotypes (Table 3). 

 

Caffeine (trimethyl-13C) breath test graph (triCBT graph) 

Results of all breath tests are shown as mean ± standard error. Both male (■) and female 

(●) subjects showed a similar trend for Δ13CO2‰ characterized by an increase in the first 

30-40 minutes (Figure 1a). The curves for male and females followed a similar pattern 

after 40 minutes. 

Compared to non-smokers (●), smokers (■) showed a steep increase in Δ13CO2‰ within 

the first 30 minutes and continued rise in Δ13CO2‰ after 40 minutes (Figure 1b). 

Among different caffeine consumption grades, Δ13CO2‰ showed a steep increase in the 

heavy (H, ▲) and normal (N, ●) consumption groups compared with the low (L, ■) 

consumption group. However, the pattern became similar to the L group after 40 minutes 

(Figure 1c). 

For different alleles of rs762551, all groups showed a steep increase in Δ13CO2‰ in the 
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first 30 minutes followed by a plateau. Allele CC (▲) had a relatively lower level of 

Δ13CO2‰ compared with alleles AA (■) and AC (●) (Figure 1d).   

Allele CC (■) in rs4410790 showed a steep increase in Δ13CO2‰ compared with alleles 

TC (●) and TT (▲). After 40 minutes, Δ13CO2‰ plateaued in all groups, and allele CC 

had a relatively higher level of Δ13CO2‰ compared with alleles TC and TT (Figure 1e).  

 

S90m 

There was no difference in S90m between sexes, caffeine consumption grades, and 

rs762551 alleles. Compared with non-smokers, smokers had a significantly higher level 

of S90m (p = 0.031). There was also a significant difference in S90m between rs4410790 

alleles (p < 0.0001) (Table 4), such that S90m was significantly higher for CC allele 

compared with TT (p < 0.0001) and TC (p = 0.031) alleles, and for TC allele compared 

with TT allele (p = 0.004) (Figure 2a). S90m for rs4410790 was significantly higher for C 

allele compared with T (TT + TC) alleles (p = 0.0002) (Figure 2b). 

 

Analysis based on a generalized linear mixed model 
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Factors that significantly affected Δ13CO2 in expired breaths included both random 

variables (time and change in the metabolism overtime) and fixed variables (smoking 

status and rs4410790 SNPs) (Table 5). There was no significant association between 

Δ13CO2 and age, sex, BMI, caffeine consumption grade, and rs762551 SNPs (Table 5).  

 

The receiver operating characteristic (ROC) analysis 

Figure 3 shows the ROC curves for rs4410790 genotypes and phenotypes (Figure 3a, b). 

AUC for genotypes CC and TT were 0.758 and 0.715, respectively, and were over the 

threshold level of 0.7 (Table 6). AUC was 0.758 when phenotype C was considered 

positive. Sensitivity and specificity were 71.4 and 72.1%, respectively, when S90m of 

23.4‰ was set as the cut-off value (Table 7). 

 

Discussion 

In the present study, we demonstrated that the outcomes of triCBT was affected by 

smoking status and rs4410790 SNPs (Tables 3, 4).  

Caffeine metabolism is affected by various factors including age, sex, smoking status, 
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and the level of caffeine consumption [2, 21-27]. Since our subjects were within a similar 

age range, there was a minimal effect of age on caffeine metabolism in our findings. 

Similarly, there was no difference in S90m between male and female subjects (Table 4). 

The level of CYP1A2, which is the primary enzyme involved in caffeine clearance, is 

higher in males than in females. However, a study demonstrated that there is no difference 

between males and females when caffeine metabolism is measured by the amount of 

urinary caffeine metabolites [31]. Our findings with triCBT were consistent with this 

evidence. However, caffeine metabolism can change with the estrus cycle [32], and we 

did not examine the estrus cycle prior to triCBT in the present study. Thus, it is still 

unclear whether the estrus cycle should be considered when performing triCBT in young 

female subjects. 

Beverages that contain caffeine, such as coffee, black tea, and green tea, have a 

significant impact on caffeine metabolism. In the present study, we prohibited intake of 

caffeinated beverages 24 hours before triCBT. Although we expected that S90m would be 

different based on the level of daily caffeine consumption, our findings did not 

demonstrate any significant difference (Table 4). This may be attributed to the fact that 
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we only had 10 subjects who were categorized as heavy consumers of caffeine (≥ 400 

mg/day), and that our subjects were relatively young with a median age of 21 years. 

Additional studies are needed with subjects with a wider age range and caffeine 

consumption levels.  

Various studies to date demonstrated the association between caffeine metabolism and 

smoking, suggesting that smoking promotes caffeine metabolism [23,24]. We also 

demonstrated that S90m was significantly higher in smokers (n = 13) (Table 4). Our 

analysis based on the generalized linear mixed model also demonstrated that smoking 

affected the amount of 13CO2 in the expired breath (Table 5). Polycyclic aromatic 

hydrocarbon in cigarette smoke induces the activity of aryl hydrocarbon hydroxylase, 

which subsequently increases the activity of CYP1A2 and promotes caffeine metabolism 

[33,34]. Thus, it is critical to confirm the smoking status of subjects prior to triCBT.  

Studies demonstrated that caffeine metabolism is affected by A>C substitution at 

position 163 of CYP1A2 (rs762551), as well as rs2472297-T SNP which is located 

between CYP1A1 and CYP1A2 on 15q24 and is not found in the Asian population [26,27]. 

In our study population, all subjects had CC genotype for rs2472297. The ratio of caffeine 
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and its metabolites in plasma and urine after caffeine consumption is known to affect 

rs762551 polymorphism. Specifically, individuals with genotypes AA, AC, and CC are 

known as extensive, intermediate, and poor metabolizers of caffeine, respectively [26-

29]. Although we found that genotype CC had a relatively low degree of change in S90m 

and Δ‰ compared with genotypes AA and AC, we did not observe significant differences 

among the rs762551 genotypes. This finding suggests that rs762551 SNPs have little 

impact on triCBT. 

However, our findings may be attributed to the fact that 100 mg/body of 13C caffeine 

was administered and that the expired breath was collected within a relatively short period 

of time (90 minutes). Previous studies that examined the association between CBT and 

CYP1A2 used only 2 - 5 mg/kg of 13C-caffeine and collected samples of expired breath 

for a much longer time frame of over 8 hrs [1-11]. In order to elucidate the impact of 

rs762551 on triCBT, additional studies are needed to examine the impact of the amount 

of 13C-caffeine and experimental duration.  

AhR in the cytosol is required to activate CYP1A2. An increase in the amount of 

CYP1A2 enzyme is attributed to the amount of mRNA. The gene is activated when 
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aromatic hydrocarbons bind to receptor-type transcription factor AhR. The complex then 

binds to DNA, specifically the transcription regulatory region for CYP1 family, and 

increases the level of gene transcription [35]. Gene coding for AhR is found on 

chromosome 7q21, and is polymorphic (rs4410790, rs6968865) as with CYP1A2. AhR 

polymorphism affects the activity of CYP gene; in particular, rs4410790 acts as the on/off 

signal for CYP1A2 and affects caffeine metabolism and consumption. We demonstrated 

that demethylation of caffeine is primarily affected by rs4410790 SNPs (Tables 4, 5), 

suggesting that rs4410790 allele has an important role in regulating demethylation during 

caffeine metabolism. We also demonstrated that S90m is significantly different among 

rs4410790 genotypes and phenotypes (Figure 2a, b). Collectively, our findings suggest 

that rs4410790 SNPs should be considered when performing triCBT.  

In terms of S90m determined by triCBT, it is of note that the AUC in the ROC curve for 

rs4410790 genotypes CC and TT were over the threshold level of 0.7 (0.758 and 0.715, 

respectively), and that the AUC was 0.758 when phenotype C was considered positive 

(Table 6). Furthermore, we demonstrated that the sensitivity and specificity were 71.4 and 

72.1%, respectively, when S90m of 23.4‰ was set as the cut-off value (Table 7). These 
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findings suggest that triCBT may be used to determine the phenotype of rs4410790. 

Our findings indicate that the outcomes of triCBT is highly dependent on rs4410790 

SNPs, suggesting that triCBT may be used to determine the phenotype of rs4410790. We 

previously obtained similar results for n3CBT [36]. However, our study subjects were 

limited to young Japanese adults. Additional studies are needed to validate our findings 

in individuals with different ages and race. 

Söderberg et al. demonstrated that rs762551 SNP did not influence the metabolism of 

olanzapine, which is an atypical antipsychotic metabolized by CYP1A2. They further 

demonstrated that rs4410790 polymorphism is an effective genetic marker for olanzapine 

metabolism [37]. This suggests that triCBT may also be used to identify genetic markers 

of drug metabolism. Further studies are warranted to examine the association between 

CBT and SNPs that are associated with caffeine metabolism.  

Conclusions 

 Our results suggest that caffeine demethylation is affected by rs4410790 SNPs and 

smoking, and that triCBT can be used to identify SNPs in rs4410790. This finding 

suggests that rs762551 SNPs have little impact on triCBT. However, our study subjects 
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were limited to young Japanese adults. Additional studies are needed to validate our 

findings in individuals with different ages and race. 
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Figure legends 

Figure 1: Results of the caffeine (trimethyl-13C) breath test graph. 

The results of the breath test are expressed as Δ‰, Δ‰ calculated as: Δ‰ = 

{(13CO2/12CO2 tmin - 13CO2/12CO2 0min)/ 13CO2 std}×103. 

Caffeine (trimethyl-13C) breath test (mean ± standard error): (a) ■ male vs ● female, (b) 

■ smoker vs ● non-smoker, (c) caffeine consumption, ■ Low (caffeine < 200 mg/day ) vs 

● Normal (caffeine 200-399 mg/day) vs ▲ Heavy (caffeine ≥ 400 mg/day), (d) rs762551 

polymorphisms ■ AA ● AC ▲ CC, (e) rs4410790 polymorphisms ■ CC ● TC ▲ TT. 

 

Figure 2: S90m: the sum of Δ13CO2 during a specific period was calculated as follows. 

𝑆𝑇 = ∑ ∆13𝐶𝑂2 (∆𝑡 ・𝑖)𝑁−1𝑖=0   , Δt = 10 min, N = T/10 min. (a) S90m- rs4410790 

genotypes. Values are the median quartile range. (b) S90m- rs4410790 phenotypes. Values 

are the median quartile range. rs4410790 showed a significant difference between gene 
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polymorphisms. CC was significantly higher than TT and TC, and TC was higher than 

TT. In S90m of the phenotype of rs4410790, a significant difference was observed between 

C and T (TT + TC), and C was significantly high. 

 

Figure 3: The ROC curve for the S90m of alleles C and T of rs4410790. (a) ROC curve 

for the S90m of genotypes rs4410790, CC, TC, and TT. The area under the ROC curves 

are shown in table 5. (b) The ROC curve for S90m of phenotype C and T of rs4410790, 

where the genotype CC is defined as the positive outcome. The area under the ROC curve 

is 0.757. 



Figures

Figure 1

Results of the caffeine (trimethyl-13C) breath test graph.

Figure 2



S90m: the sum of Δ13CO2 during a speci�c period was calculated as follows. S^T=∑_(i=0)^(N-1)∆^13
CO_2 (∆t i)  , Δt = 10 min, N = T/10 min. (a) S90m- rs4410790 genotypes. Values are the median
quartile range. (b) S90m- rs4410790 phenotypes. Values are the median quartile range. rs4410790
showed a signi�cant difference between gene polymorphisms. CC was signi�cantly higher than TT and
TC, and TC was higher than TT. In S90m of the phenotype of rs4410790, a signi�cant difference was
observed between C and T (TT + TC), and C was signi�cantly high.

Figure 3

The ROC curve for the S90m of alleles C and T of rs4410790. (a) ROC curve for the S90m of genotypes
rs4410790, CC, TC, and TT. The area under the ROC curves are shown in table 5. (b) The ROC curve for
S90m of phenotype C and T of rs4410790, where the genotype CC is de�ned as the positive outcome.
The area under the ROC curve is 0.757.
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