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Abstract

1. Temperature is considered to affect the activity of drug-metabolizing enzymes; 

however, no previous studies have compared temperature dependency among 

cytochrome P450 genetic variants. This study aimed to analyse warfarin 7-

hydroxylation by CYP2C9 variants; omeprazole 5-hydroxylation by CYP2C19 

variants; and midazolam 1-hydroxylation by CYP3A4 variants at 34 °C, 37 °C, and 

40 °C.

2. Compared with that seen at 37 °C, the intrinsic clearance rates (Vmax/Km) of 

CYP2C9.1 and .2 were decreased (76~82%), while that of CYP2C9.3 was unchanged 
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at 34°C. At 40 °C, CYP2C9.1, .2, and .3 exhibited increased (121%), unchanged 

and decreased (87%) intrinsic clearance rates, respectively. At 34 °C, the clearance 

rates of CYP2C19.1A and .10 were decreased (71~86%), that of CYP2C19.1B was 

unchanged, and those of CYP2C19.8 and .23 were increased (130~134%). At 40 °C, 

the clearance rates of CYP2C19.1A, .1B, .10, and .23 remained unaffected, while 

that of CYP2C19.8 was decreased (74%). At 34°C, the clearance rates of CYP3A4.1 

and .16 were decreased (79~84%), those of CYP3A4.2 and .7 were unchanged, and 

that of CYP3A4.18 was slightly increased (112%). At 40 °C, the clearance rate of 

CYP3A4.1 remained unaffected, while those of CYP3A4.2, .7, .16, and .18 were 

decreased (58~82%).

3. These findings may be clinically useful for dose optimisation in patients with 

hypothermia or hyperthermia.
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Introduction

In humans, body temperature is physiologically maintained around 36.5 °C; therefore, the 

activity of drug-metabolizing enzymes is usually examined at 37 °C in in vitro experiments. 

However, in the clinical setting some patients experience high fevers of ≥39 °C, while others 

with therapeutic hypothermia are treated at 32–34 °C (Mody et al. 2019). Therefore, drugs 

are administered to patients with a wide range of body temperatures.

Cytochrome P450 (CYP) is one of the most important enzyme families involved in drug 

metabolism. Both the CYP2C and CYP3A subfamilies are expressed in the liver and small 

intestine in humans (Zanger and Schwab 2013). The CYP2C subfamily is involved in the 

metabolism of approximately 20% of clinical CYP substrates (Chiba 1998). CYP3A4, the 

primary member of the CYP3A subfamily, is involved in the metabolism of >50% of drugs 

used in the clinical setting (Murayama et al. 2002).

Some in vitro and in vivo studies have suggested that temperature affects the activity of 

CYPs. Soons et al. reported that in febrile, infected patients (39 °C) the oral clearance 

rate of nitrendipine (a CYP3A4 substrate) was decreased to 53% of that seen in afebrile 

patients (Soons et al. 1992), although pathophysiological effects of the infections on such 

enzyme activity cannot be ruled out. Shedlofsky et al. reported that the administration of 

lipopolysaccharide (LPS) (an endotoxin derived from Gram-negative bacteria) to healthy 

subjects led to an increase in body temperature to 38 °C along with a significant 

reduction in the oral clearance rates of antipyrine (a substrate of CYP1A2 and CYP2C), 

hexobarbital (a CYP2C substrate), and theophylline (a CYP1A2 substrate) to 65%, 73%, 

and 78%, respectively (Shedlofsky et al. 1994), although it remains unclear whether the 

increase in temperature directly caused the reduction in metabolic activity because LPS-

induced inflammatory cytokines may have affected metabolic activity independently of body 

temperature.
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Regarding hypothermic conditions, Empey et al. reported in hypothermia-treated paediatric 

patients (32–33 °C) with severe traumatic brain injuries that the maximum clearance rate 

(mg/h) of phenytoin (a CYP2C9 substrate) was decreased to 21.8% of that seen at 36.5–37.9 

°C (Empey et al. 2013). A similar observation was reported in an animal study. Li et al. 

measured the total clearance rates of diclofenac (a CYP2C9 substrate) and glibenclamide (a 

substrate of CYP2C9 and CYP3A4) in rats whose body temperatures had been lowered to 33 

°C and found that they decreased significantly to 70% and 42%, respectively, of those seen 

at 37 °C (Li et al. 2016).

In vitro kinetic analysis of CYP3A4 activity, as assessed by midazolam (MDZ) metabolism, 

at different temperatures revealed a reduction in the maximum reaction velocity (Vmax) to 

75% and 60% at 32 °C and 28 °C, respectively, without a significant change in the value 

of the Michaelis constant (Km) (Miyamoto et al. 2015). However, the temperature range of 

28–32 °C is not physiologically relevant, and they did not investigate enzymatic kinetics at 

temperatures higher than 37 °C.

As genetic variants of CYP2C9, CYP2C19, and CYP3A4 are known to exhibit altered 

properties (e.g. differences in enzyme kinetics and sensitivity to inhibitors) (Lin and Lu 

2001; Zhou et al. 2009; Yamaguchi et al. 2021), it is of interest whether the genetic variants 

of these enzymes also exhibit altered temperature sensitivity. To the best of our knowledge, 

only one previous study has examined the influence of temperature on CYP metabolic 

activity in genotyped subjects. Poope et al. measured the total clearance of pantoprazole 

(a CYP2C19 substrate) in patients that underwent hypothermia treatment (<34 °C) after 

suffering cardiac arrests. Although they found that the overall mean total clearance rate 

decreased to 53% of that seen under normothermic conditions (36.4 °C) after the patients 

regained consciousness, they failed to detect an influence of body temperature among the 

genotypes (Poppe et al. 2022).

No previous studies have systematically compared the effects of temperature on metabolic 

activity among genetic variants of multiple CYP isoforms.

The aim of this study was to compare the in vitro enzyme kinetics of genetic variants of 

CYP2C9, CYP2C19 and CYP3A4 (CYP2C9.1, .2, and .3; CYP2C19.1A, .1B, .8, .10, and 

.23; and CYP3A4.1, .2, .7, .16, and .18) among three different temperatures (34 °C, 37 °C, 

and 40 °C).

Materials & methods

Chemicals and materials

Warfarin sodium (WF) was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, 

Japan). 7-Hydroxywarfarin (7-OH WF) and 5-hydroxyomeprazole (5-OH OPZ) were 

purchased from Toronto Research Chemicals, Inc. (Toronto, Canada). Naproxen was 

purchased from LKT Laboratories, Inc. (St Paul, MN). Omeprazole (OPZ) was purchased 

from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). Phenacetin was purchased 

from Nacalai Tesque (Kyoto, Japan). MDZ and nitrazepam were purchased from Wako Pure 

Chemical Industries (Osaka, Japan). 1-Hydroxymidazolam (1-OH MDZ) was purchased 
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from Biosciences-Discovery Labware (Tokyo, Japan). All other reagents were of reagent or 

high-performance liquid chromatography (HPLC) grade and were obtained commercially.

Preparation of the Escherichia coli membrane fractions containing CYPs

Recombinant CYP2C9.1, .2 and .3 were purchased from Cypex Ltd. (Dundee, UK) as 

bactosomes; EasyCYP CYP2C9R + cytochrome b5, EasyCYP CYP2C9*2R + cytochrome 

b5 and EasyCYP CYP2C9*3R + cytochrome b5 (catalog number: CYP/EZ038, CYP/EZ042 

and CYP/EZ044). The E. coli membrane fractions of CYP2C19.1A, .1B, .8, .10, and .23 

were prepared as described below. The expression plasmid for E. coli, pCW2C19/hCPR, 

was developed by Dr. Yamazaki, Showa Pharmaceutical University. The pCW2C19/hCPR 

plasmid carries a gene for CYP2C19* 1B. We used it as the first polymerase chain reaction 

(PCR) template to obtain a fragment containing CYP2C19* 1B cDNA. A pBluescript II 

vector SK (+) carrying a CYP2C19 *1B cDNA was modified for all variant constructs to 

avoid non-objective mutation generation during the PCR.

Information about the variants was obtained from the “PharmVar” website in spring 2017. 

All objective mutations in the variants were generated by Quick Change II site-directed 

mutagenesis (Agilent Technologies, Santa Clara, CA).

After the expression of CYP2C19 proteins in E. coli DH5α cells and the preparation of 

the membrane fraction, the P450 content of the fractions was determined using the CO 

difference spectra method of Omura and Sato (Omura and Sato 1964), as modified by Iwata 

et al. (Iwata et al. 1998), after diluting the suspension with 100 mM potassium phosphate 

buffer (pH 7.4) containing 20% (v/v) glycerol and 0.2% (w/v) Emulgen 911. The E. coli 
membrane fractions of CYP3A4.1, .2, .7, .16, and .18 were prepared as described previously 

(Gillam et al. 1993; Miyazaki et al. 2008).

Study of the effects of temperature on metabolism by each CYP

In all experiments, an SN-100SD shaking thermostatic bath (NISSIN, Tokyo, Japan) was 

used to control the experimental temperature. The temperature of the water bath was 

set at 34 °C, 37 °C, or 40 °C and continuously monitored using an SPT-800PT digital 

platinum thermometer (SANSYO, Tokyo, Japan). Metabolic reactions were carried out by 

incubating the CYP protein with the relevant substrates in potassium phosphate buffer 

(pH 7.4) containing an NADPH regenerating system at the designated temperature in the 

experimental conditions shown in Table 1.

A 25-μL of a methanol solution of WF was added to a tube, and the methanol was 

removed under a dry nitrogen stream at 40 °C. A 400-μL of aliquot of 50 mM K+ 

phosphate buffer (pH 7.4) containing ethylenediaminetetraacetic acid (EDTA) (0.1 mM in 

the incubation mixture) and a 50-μL aliquot of a CYP2C9 bactosome (0.008nmol P450/mL 

in the incubation mixture) were added and preincubated at the relevant temperature for 

10min. The reaction was initiated by adding a 50-μL aliquot of an NADPH regenerating 

system (0.2 mM NADPH, 0.5 mM NADP+, 5 mM glucose-6-phosphate, 1 U/mL glucose-6-

phosphate dehydrogenase, and 5 mM MgCl2 in the incubation mixture). The final volume of 

the reaction mixture was 500 μL. After the reaction mixture had been incubated, the reaction 

was terminated by adding 500μL of ice-cold methanol containing naproxen (4.5μM after 
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the reaction terminated) as an internal standard (IS). Subsequently, the reaction mixture was 

centrifuged at 7000×g at 4°C for 20min. The concentration of 7-OH WF in the supernatant 

was determined using the method described below.

A 350-μL of aliquot of 50 mM K+ phosphate buffer (pH 7.4) containing EDTA (0.1 

mM in the incubation mixture), a 50-μL aliquot of a recombinant CYP2C19 membrane 

fraction (0.005nmol P450/mL in the incubation mixture), and a 50-μL aliquot of an NADPH 

regenerating system (0.2 mM NADPH, 0.5 mM NADP+, 5 mM glucose-6-phosphate, 1 

U/mL glucose-6-phosphate dehydrogenase, and 1.25 mM MgCl2 in the incubation mixture) 

were preincubated at the relevant temperature for 5min. The reaction was initiated by adding 

50μL of OPZ solution. The final volume of the reaction mixture was 500μL. The OPZ was 

dissolved in the buffer using methanol. The final concentration of methanol in the reaction 

mixture did not exceed 1% (v/v). After the reaction mixture had been incubated, the reaction 

was terminated by adding 500μL of ice-cold methanol containing phenacetin (10μM after 

the reaction terminated) as an IS. Subsequently, the reaction mixture was centrifuged at 12 

000×g at 4°C for 20min. The concentration of 5-OH OPZ in the supernatant was determined 

using the method described below.

A 350-μL aliquot of 300 mM K+ phosphate buffer (pH 7.4) containing EDTA (1 mM in 

the incubation mixture), a 50-μL aliquot of a recombinant CYP3A4 membrane fraction 

(0.0125nmol P450/mL in the incubation mixture), and a 50-μL aliquot of an NADPH 

regenerating system (0.2 mM NADPH, 0.5 mM NADP+, 5 mM glucose-6-phosphate, 1 

U/mL glucose-6-phosphate dehydrogenase, and 3 mM MgCl2 in the incubation mixture) 

were preincubated at the relevant temperature for 10min. The reaction was initiated by 

adding 50μL of MDZ solution. The final volume of the reaction mixture was 500μL. The 

MDZ was dissolved in the buffer using both ethanol and methanol. The final concentrations 

of ethanol and methanol in the reaction mixture did not exceed 1% and 2.5% (v/v), 

respectively. After the reaction mixture had been incubated, the reaction was terminated 

by adding 500μL of ice-cold methanol containing nitrazepam (0.1μM after the reaction 

terminated) as an IS. Subsequently, the reaction mixture was centrifuged at 7000×g at 4°C 

for 20min. The concentration of 1-OH MDZ in the supernatant was determined using the 

method described below.

Under a higher temperature of 40 °C, the enzymatic activity may be rapidly inactivated. 

Therefore, we investigated the time course of metabolite formation by all the tested variants 

of CYP2C9, CYP2C19, and CYP3A4 at 40 °C. The substrate concentrations were set close 

to the respective Km value as follows: CYP2C9; 10μM for CYP2C9.1, .2, and 30μM for 

CYP2C9.3, CYP2C19; 3μM for CYP2C19.1A, .1B, 10μM for CYP2C19.10, .23, and 30μM 

for CYP2C19.8, CYP3A4; 3μM for CYP3A4.1, .18, and 10μM for CYP3A4.2, .7, .16. 

The incubation times were set to cover the time to investigate the effect of temperature 

(Supplemental Table).

Determination of the 7-OH WF concentration using the HPLC-FL method

The HPLC system consisted of a pump (LC-2030C, Shimadzu, Kyoto, Japan), a 

fluorescence detector (RF-20A, Shimadzu), and an octadecylsilane reversed-phase column 

(COSMOSIL, 5C18-MS-II, 4.6 ID × 250mm; Nacalai Tesque). The column temperature was 
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set at 40 °C. The mobile phase was a mixture of 0.5% (w/v) KH2PO4 (pH 3.5 adjusted with 

H3PO4) and acetonitrile (63:37, v/v). The flow rate and excitation/emission wavelengths 

were set at 1.5mL/min and 320/415nm, respectively. The concentration of 7-OH WF was 

determined based on the ratio of the peak area of 7-OH WF to that of the IS. The limit of 

quantification was 1nM.

Determination of the 5-OH OPZ concentration using the HPLC-UV method

The HPLC system consisted of a pump and an ultraviolet (UV) detector (LC-2030C, 

Shimadzu) and an octadecylsilane reversed-phase column (COSMOSIL, 5C18-MS-II, 4.6 

ID × 150 mm; Nacalai Tesque). The column temperature was set at 25 °C. The mobile phase 

was a mixture of 20 mM potassium phosphate buffer (pH 6.8) and methanol (65:35, v/v). 

The flow rate and detection wavelength were set at 1.5mL/min and 302nm, respectively. The 

concentration of 5-OH OPZ was determined based on the ratio of the peak area of 5-OH 

OPZ to that of the IS. The limit of quantification was 0.01nM.

Determination of the 1-OH MDZ concentration using the HPLC-UV method

The HPLC system consisted of a pump (LC-20AD, Shimadzu), a UV detector (SPD-20A, 

Shimadzu), and an octadecylsilane reversed-phase column (COSMOSIL, 5C18-MS-II, 4.6 

ID × 150 mm; Nacalai Tesque). The column temperature was set at 42 °C. The mobile 

phase was a mixture of purified water and methanol (50:50, v/v). The flow rate and detection 

wavelength were set at 1.8mL/min and 245nm, respectively. The concentration of 1-OH 

MDZ was determined based on the ratio of the peak area of 1-OH MDZ to that of the IS. 

The limit of quantification was 0.02nM.

Calculation of kinetic parameters

The Michaelis-Menten equation (Equation 1) was fitted to the relationship between the 

substrate concentration ([S]) and the reaction rate (v) to obtain the maximum reaction 

velocity (Vmax) and the Michaelis constant (Km) using the non-linear least squares program 

(Multi (Yamaoka et al. 1981)).

v = V max[S]
Km + [S]

(1)

Statistical analysis

The statistical significance of the differences in Vmax, ln Km, and Vmax/Km values 

among different temperatures was determined by one-way analysis of variance followed 

by Dunnett’s multiple comparisons test. P-values of <0.05 were considered statistically 

significant.
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Results

3.1. Comparison of the metabolic kinetics of CYP2C9 genetic variants among 
temperatures

The metabolic activities of CYP2C9.1, .2, and .3, as assessed based on the 7-hydroxylation 

of WF, showed saturable kinetics at 34 °C, 37 °C, and 40 °C (Figure 1, Table 2). At 34 °C, 

the metabolic activity levels (measured based on Vmax/Km values) of CYP2C9.1 and .2 were 

decreased to 76% and 82%, respectively, of those seen at 37 °C, while that of CYP2C9.3 

was almost unchanged (92%). At 40 °C, the metabolic activity levels of CYP2C9.1, .2, and 

.3 were increased (121%), unchanged, and decreased (87%), respectively, compared with 

those seen at 37 °C. The higher the temperature, the larger the Vmax was for all CYP2C9 

genetic variants. While the Km value for CYP2C9.1 was almost unaffected by temperature, 

those for CYP2C9.2 and .3 increased as the temperature rose. The metabolite formation by 

all CYP2C9 variants were almost linear until the time to evaluate the effect of temperature 

(Supplemental Figure 1).

Comparison of the metabolic kinetics of CYP2C19 genetic variants among temperatures

The metabolic activity levels of CYP2C19.1A, .1B, .8, .10, and .23, as assessed based on the 

5-hydroxylation of OPZ, showed saturable kinetics at 34 °C, 37 °C, and 40 °C (Figure 2, 

Table 3). At 34 °C, the metabolic activity levels of CYP2C19.1A and .10 were decreased to 

71% and 86%, respectively, of those seen at 37 °C, while that of CYP2C19.1B were almost 

unchanged (97%), and those of CYP2C19.8 and .23 were increased to 130% and 134%, 

respectively, of those seen at 37 °C. At 40 °C, the metabolic activity levels of CYP2C19.1A, 

.1B, .10, and .23 were almost unchanged (92-108%), while that of CYP2C19.8 decreased 

to 74% of that seen at 37 °C because only the Km value of CYP2C19.8 increased as the 

temperature rose. The metabolite formation by all CYP2C19 variants was almost linear until 

the time to evaluate the effect of temperature (Supplemental Figure 1).

Comparison of the metabolic kinetics of CYP3A4 genetic variants among temperatures

The metabolic activities of CYP3A4.1, .2, .7, .16, and .18, as assessed based on the 

1-hydroxylation of MDZ, showed saturable kinetics at 34 °C, 37 °C, and 40 °C (Figure 

3, Table 4). At 34 °C, the metabolic activity levels of CYP3A4.1 and .16 were decreased to 

79% and 84%, respectively, compared with those seen at 37 °C, while those of CYP3A4.2 

and .7 were almost unchanged (106% and 107%) and that of CYP3A4.18 was slightly 

increased to 112% of that seen at 37 °C. At 40 °C, the metabolic activity level of CYP3A4.1 

was almost unchanged (95%), while those of CYP3A4.2, .7, .16, and .18 decreased to 

72%, 58%, 82%, and 82%, respectively, of those seen at 37 °C. In particular, at 40 °C 

the Km value for CYP3A4.7 increased to 170% of that seen at 37 °C. Regarding four 

out of five CYP3A4 variants (CYP3A4.1, .2, .7, and .18), slight (2-20%) decreases in the 

metabolite formation were observed at the time to evaluate the effect of temperature (5 min) 

(Supplemental Figure 1).
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Discussion

Under the normothermic conditions of 37 °C, the observed differences in the metabolic 

activity among the genetic variants of each CYP isoform were consistent with previous 

findings. Compared with CYP2C9.1, the metabolic activity (assessed based on the 7-

hydroxylation of WF) of CYP2C9.3 is known to be decreased, whereas that of CYP2C9.2 is 

unaltered (Sullivan-Klose et al. 1996), and these observations are consistent with the present 

results. Similarly, the results obtained in the present study for CYP2C19.1B, .10, and .23 

were consistent with the previous findings that compared with the metabolic activity level 

of CYP2C19.1A (assessed based on the 5-hydroxylation of OPZ) that those of CYP2C19.10 

and .23 were decreased, but that of CYP2C19.1B was unaltered (Wang et al. 2011; Lau et 

al. 2017). The result for CYP2C19.8 was also consistent with the previous finding obtained 

using another CYP2C19 substrate, nebivolol, that the metabolic activity of CYP2C19.8 was 

lower than that of CYP2C19.1A (Zhou et al. 2018). The rank order of CYP3A4 activity 

among CYP3A4 variants, as assessed based on the 1-hydroxylation of MDZ, was reported 

to be CYP3A4.1 = .18 > .7 > .2 > .16 (Miyazaki et al. 2008), which is consistent with 

the present results, although not completely identical. Taken together, the present study is 

considered to have successfully reproduced the effects of genetic variations at 37 °C.

For CYP2C9, Vmax was higher at higher temperatures. Based on the conventional enzyme 

reaction model (Equation 2), Vmax is expressed as the product of the total amount of enzyme 

and the rate constant k2 of the reaction process after substrate binding to the enzyme.

E+S
k1

k−1
ES

k2 E + P

(2)

where E is the enzyme, S is the substrate, ES is the enzyme-substrate complex, and P is the 

product.

Razavi et al. reported that for various enzymes, such as β-glucosidase, cellobiohydrolase, 

and xylanase, the relationship between temperature and Vmax can be explained by the 

Arrhenius equation (Razavi et al. 2015). In the present study, Vmax increased as the 

temperature rose for all of the examined genetic variants of CYP2C9, and the temperature 

dependence of Vmax was well explained by the Arrhenius equation (Supplemental Figure 

2). For CYP2C19, Vmax increased as the temperature rose for CYP2C19.1A, .1B, and .10. 

The temperature dependence of Vmax for CYP2C19.1B and .10 was again well explained 

by the Arrhenius equation (Supplemental Figure 2). In contrast, the temperature dependence 

of Vmax for other CYP2C19 variants and CYP3A4 were not appropriately explained by the 

Arrhenius equation (data not shown). In other words, while molecular thermodynamics can 

simply explain the temperature dependency of Vmax for CYP2C9 and certain variants of 

CYP2C19, other factors, such as conformational changes in the enzyme, may be crucial 

determinants of the temperature dependency of Vmax for other enzyme molecules.
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The Km value, which represents the affinity between the enzyme and the substrate, is 

expressed as the ratio of k−1 to k−1 in Equation 3, which is based on the assumption that k−1 

⪢ k2 in Equation 2.

Km ≈ k−1
k1

…

(3)

Thus, the Km values are considered useful for approximating the equilibrium constant 

in the reversible reaction of enzyme-substrate complex formation for use in the Van’t 

Hoff equation. For CYP2C9.2, CYP2C9.3, CYP2C19.1B, CYP2C19.8, CYP3A4.2, and 

CYP3A4.18, the Km values increased with an increase in the temperature. For three out of 

these six variants, CYP2C9.2, CYP2C9.3, and CYP2C19.8, the Van’t Hoff equation, based 

on molecular thermodynamics, could explain the relationship between the Km value and 

the temperature (Supplemental Figure 3). On the other hand, the Van’t Hoff equation failed 

to explain the relationship of the other variants, implying that the effect of temperature on 

the Km value is not fully explained by molecular thermodynamics. Other factors, such as 

the conformational changes of the enzyme, may be crucial for determining the temperature 

dependence of Km for these variants.

For CYP2C9, the Km values for CYP2C9.2 and .3, but not that for CYP2C9.1, were 

temperature-dependent. Based on docking simulations of CYP2C9 and substrates, including 

WF, Sano et al. suggested that the substrate-binding pockets of CYP2C9.2 and .3 are larger 

than that of CYP2C9.1 so the substrates bind less closely to haem, leading to reduced 

metabolic activity (Sano et al. 2010). According to their binding model, the hydrogen bonds 

between Q214 and two amino acid residues, N474 and F476, are weaker in CYP2C9.3 

than in CYP2C9.1. On the other hand, CYP2C9.2 has an R144C amino acid substitution, 

which results in decreased interaction with the V177-D188 domain. Therefore, there may be 

differences in the temperature dependence of these hydrogen bonds among CYP2C9 genetic 

variants. CYP2C19.8 has an amino acid substitution at W120, which is well conserved 

in the CYP2C subfamily and contributes to the interaction of haem iron with substrates 

in CYP molecules (Lewis 1998). The suppressive effect of the W120R substitution on 

substrate-haem interactions may be more substantial at higher temperatures, leading to a 

temperature-dependent increase in Km and a temperature-dependent reduction in Vmax/Km. 

In contrast, in comparison with those seen at 37 °C, the Km values of CYP2C19.1A, 

.1B, and .23 were almost unchanged (99-108%) at the higher temperature of 40 °C, and 

that of CYP2C19.10 was slightly increased (112%). On the other hand, the Km value for 

CYP2C19.8, which contains W120R, was more temperature-dependent (it exhibited a 35% 

increase at 40 °C). The substitution I331V, which is common to CYP2C19.1B, .10, and 

.23, is located outside of the substrate-binding region (Takahashi et al. 2015), so it is less 

likely to affect the temperature dependence of substrate binding (although Km should not be 

simply equated with substrate binding).

One of the limitations of the present study is the inactivation of the enzyme at a higher 

temperature of 40 °C. Unlike CYP2C9 and CYP2C19 variants, some CYP3A4 variants 

(.1, .2, .7, and .18) did not show linear kinetics of metabolite formation even within 5min 
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(Supplemental Figure 1). As the substrate has not been depleted, this observation may imply 

the time-dependent inactivation of these four variants at the higher temperature of 40 °C. 

Therefore, the effects of temperature shown in Figure 3 may be, at least in part, attributable 

to the time-dependent inactivation, conceivably through oxidative damage.

The in vitro data obtained in the present study may explain, at least qualitatively, previously 

reported in vivo findings. For example, under the hypothermic conditions of 34 °C, the 

metabolic activity levels (Vmax/Km) of CYP2C9.1 and CYP3A4.1 were decreased to 76% 

and 79% of those seen at 37 °C, respectively. These reductions in metabolic activity are 

consistent with the findings obtained in rats by Li et al. that under hypothermic conditions 

(33 °C) the total body clearance rates of diclofenac (a CYP2C9 substrate) and glibenclamide 

(a substrate of CYP2C9 and CYP3A4) were significantly decreased to 70% and 42% of 

those seen at 37 °C, respectively (Li et al. 2016). Empey et al. also reported a similar result 

in rats; i.e. under the hypothermic conditions of 33 °C the total body clearance rate of 

MDZ was decreased to 83% of that seen at 37 °C (Empey et al. 2012). As the reduction in 

substrate clearance observed in rats in vivo was quantitatively comparable to the reduction 

in Vmax/Km seen in the present study, the decreased in vivo clearance observed under 

hypothermic conditions may be primarily explained by reductions in the activity of CYPs 

under low-temperature conditions.

In the clinical setting, various drugs, including phenytoin, are administered to patients 

during hypothermia treatment performed at 32–34 °C after a cardiac arrest or traumatic 

brain injury (Carney et al. 2017; Mody et al. 2019). In addition, body temperature 

is unintentionally affected by various factors in the clinical setting. Furthermore, the 

physiological body temperature of elderly individuals is lower than that of younger 

individuals. While infections or inflammation may lead to a high fever of ≥39 °C, such 

patients need to be treated with a variety of medications, including antibiotics and anti-

inflammatory drugs. The present study provides clinically significant information regarding 

the metabolism of drugs under high or low body temperatures that are encountered in 

the clinical setting. Furthermore, genetic variations in CYP isoforms are known to affect 

metabolic activity, sensitivity to inhibitors, and the mode of inhibition (Lin and Lu 2001; 

Zhou et al. 2009; Yamaguchi et al. 2021). This is the first study to show that the temperature 

dependency of metabolic activity differs among genetic variants of CYP. Although the 

in vitro data obtained in the present study may provide clinically useful information for 

optimising pharmacotherapy in patients with altered body temperatures, there are some 

other factors that need to be taken into account. First, hepatic clearance is determined 

not only by intrinsic metabolic activity, but also by drug uptake into hepatocytes, hepatic 

blood flow, and plasma protein binding, which are also known to be affected by changes in 

body temperature (Anderson et al. 2016). Furthermore, although inflammation is one of the 

major causes of fever, it also alters physiological conditions and pathways, such as cytokine 

cascades. Shedlofsty et al. reported that the oral clearance rates of antipyrine, hexobarbital, 

and theophylline were significantly decreased in healthy subjects with LPS-induced fevers 

of 38 °C (Shedlofsky et al. 1994). The authors concluded that inflammatory cytokines, 

such as tumour necrosis factor α and interleukin-6, whose expression was induced by LPS 

were likely to be responsible for the reduction in metabolic activity. Thus, changes in body 

temperature are not independent of other physiological factors. Therefore, when predicting 

Kojima et al. Page 10

Xenobiotica. Author manuscript; available in PMC 2024 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the changes in vivo metabolic clearance seen under altered body temperature, factors other 

than the temperature dependence of metabolic activity should be taken into account. By 

performing an in silico analysis of population-based in vivo physiological data for subjects 

with altered body temperatures, it may be possible to extrapolate the results of the present 

study in order to predict changes in vivo drug clearance.

Conclusion

In this study, we have shown that the metabolic activity levels of all of the examined 

genetic variants of CYP2C9, CYP2C19, and CYP3A4 were affected by temperature, while 

the trends in temperature dependence differed among the genetic variants. Furthermore, 

the temperature dependences of Vmax and Km differed among the isoforms and among the 

genetic variants of each isoform. This study highlights the importance of the temperature 

dependence of enzymes and how it differs among genetic variants for the optimisation of 

pharmacotherapy in patients with hypothermia or hyperthermia in the clinical setting.
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Abbreviations:

CYP cytochrome P450

WF warfarin

7-OH WF 7-hydroxywarfarin

OPZ omeprazole

5-OH OPZ 5-hydroxyomeprazole

MDZ midazolam

1-OH MDZ 1-hydroxymidazolam

Vmax maximal rate of metabolism

Km Michaelis-Menten constant, or the concentration of the substrate that 

gives the half-maximal rate of metabolism

Vmax/Km intrinsic clearance
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HPLC-FL high-performance liquid chromatography with fluorescence detection

HPLC-UV high-performance liquid chromatography with ultraviolet detection

LPS lipopolysaccharide

IS internal standard

PCR polymerase chain reaction
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Figure 1. 
The influence of temperature on warfarin 7-hydroxylation by CYP2C9 variants.

(a) CYP2C9.1, (b) CYP2C9.2, (c) CYP2C9.3.

The solid (open), dotted (closed), and dashed lines (gray symbols) represent 37 °C, 34 °C, 

and 40 °C, respectively.

Each symbol represents a mean ± S.D. value derived from five independent experiments.
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Figure 2. 
The influence of temperature on omeprazole 5-hydroxylation by CYP2C19 variants.

(a) CYP2C19.1A, (b) CYP2C19.1B, (c) CYP2C19.8, (d) CYP2C19.10, (e) CYP2C19.23

The solid (open), dotted (closed), and dashed lines (gray symbols) represent 37 °C, 34 °C, 

and 40 °C, respectively.

Each symbol represents a mean ± S.D. value derived from five independent experiments.
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Figure 3. 
The influence of temperature on midazolam 1-hydroxylation by CYP3A4 variants.

(a) CYP3A4.1, (b) CYP3A4.2, (c) CYP3A4.7, (d) CYP3A4.16, (e) CYP3A4.18

The solid (open), dotted (closed), and dashed lines (gray symbols) represent 37 °C, 34 °C, 

and 40 °C, respectively.

Each symbol represents a mean ± S.D. value derived from five independent experiments.
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Table 1.

Experimental conditions for the metabolic reactions.

CYP variants CYP concentration nmol P450/mL Substrate Substrate concentration μM Incubation time min

2C9

.1, .2 30

0.008 Warfarin 0, 1, 3, 10, 30, 100, 300

.3 90

2C19

.1A, .1B, .10, .23 0, 0.3, 1, 3, 10, 30

0.005 Omeprazole 10

.8 0, 1, 3, 10, 30, 50

3A4

.1, .2, .7, .16, .18 0.0125 Midazolam 0, 0.5, 1, 3, 10, 30, 50 5
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