
   
 

© The Author(s) 2012. This article is published with open access at Springerlink.com csb.scichina.com   www.springer.com/scp 

                      
*These authors contributed equally to this work. 
†Corresponding author (email: rdai@scut.edu.cn) 

Article 

SPECIAL TOPICS:  

Preclinical Medicine April 2012  Vol.57  No.10: 11421149 

 doi: 10.1007/s11434-011-4958-1 

Metabolism of fibrates by cytochrome P450s and UDP-  
glycosyltransferases in rat and human liver microsomes 

ZHOU YanMi1,2*, LIU AiMing3*, XIE Hui2, CHENG Gary Q4 & DAI RenKe1,2† 

1 School of Bioscience and Bioengineering, South China University of Technology, Guangzhou 510006, China; 
2 Guangzhou Institute of Biomedicine and Health, Chinese Academy of Sciences, Guangzhou 510530, China; 
3 Medical School of Ningbo University, Ningbo 315211, China; 
4 South China Center for Innovative Pharmaceuticals, Guangzhou 510006, China  

Received March 17, 2011; accepted September 9, 2011; published online February 15, 2012 

 

Fibrates are widely used for the treatment of dyslipidemia. However, the contributions of the phase I and phase II metabolic 
pathways to the clearance of fibrates are unclear. In this study, we investigated the metabolism of gemfibrozil (Gem), clofibric 
acid (CA), fenofibric acid (FA) and bezafibrate (Beza) by cytochrome P450s (P450s) and UDP-glycosyltransferases (UGTs) using 
a substrate depletion approach. We also compared the metabolic characteristics of rat liver microsomes (RLM) and human liver 
microsomes (HLM). The intrinsic clearance rates mediated by P450s, UGTs and both were 172 ± 22, 643 ± 26, 798 ± 103 µL 
min–1 mg–1, respectively, for Gem and 43 ± 11, 88 ± 12, 119 ± 15 µL min–1 mg–1, respectively, for CA in RLM. The fractions 
metabolized by P450s and UGTs in RLM were 22% and 81% for Gem, 36% and 74% for CA. The P450- and UGT-mediated 
depletion rates for Gem were 303 and 1607 nmol min–1 mg–1 in RLM versus 86 and 243 nmol min–1 mg–1 in HLM. The corre-
sponding rates for CA were 1.1 and 1.7 nmol min–1 mg–1 in RLM versus 0.025 and 0.038 nmol min–1 mg–1 in HLM. Accordingly, 
both P450s and UGTs substantially contribute to the clearance of Gem and CA, with UGTs playing a greater role. To avoid un-
der-estimating the impact of these pathways, it is necessary to measure NADPH- and UDPGA-dependent metabolism. Although 
the fractions of these two pathways in RLM and HLM were similar, the depletion rate of Gem and CA in RLM was higher than 
that in HLM. The metabolism of FA and Beza by P450s and UGTs was too low to calculate intrinsic clearance in both RLM and 
HLM. These results indicate that fibrates are metabolized via similar pathways in rats and humans, and it is applicable to use 
RLM to predict the clearance of fibrates in human. 
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Fibrates have been used for decades to treat dyslipidemia. 
Clofibrate and fenofibrate are prodrugs that are hydrolyzed 
to clofibric acid (CA) and fenofibric acid (FA) in vivo [1–3]. 
In contrast, gemfibrozil (Gem) and bezafibrate (Beza) are 
active compounds. The chemical structures of these four 
fibrates are shown in Figure 1. Although fibrates were orig-
inally thought to be safe in clinical use, they have been 
shown to cause species-related carcinogenesis in rodents, to 
which humans seem to be refractory [4–6]. However, severe 

myotoxicity associated with fibrates, particularly with Gem, 
has been reported in clinical use [7,8], where metabolic 
drug-drug interactions may play an important role [9]. The 
mechanisms responsible for these toxicities are currently 
under investigation. Detailed metabolic studies of fibrates 
may help us to better understand the mechanisms involved 
in these toxicities and in their potential drug-drug interac-
tions. 

The metabolism of fibrates has been investigated in sev-
eral species using in vivo and in vitro methods [10,11]. Gem 
is extensively metabolized and only about 5% of parent 
compound is retained. Its main metabolites include acyl  
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Figure 1  Chemical structures of fibrates showing similar scaffolds. The 
carboxyl groups are circled. 

glucuronide conjugates, accounting for 32% of all of Gem’s 
metabolites in urine after administration [12–14]. For CA, 
60% of the dose is conjugated as glucuronide metabolites in 
humans [15]. As the principal metabolite of fenofibrate, FA 
is excreted either unchanged or as glucuronide conjugates in 
rat and human urine [16]. About half of Beza recovered in 
urine was unchanged, with the remainder excreted as glu-
curonide conjugates (22%) and polar metabolites (22%) in 
humans [17]. However, there are contrary opinions regard-
ing the relative contribution of phase I metabolism to the 
metabolic clearance of fibrates, either neglecting it [11] or 
considering that fibrates were principally metabolized by 
P450 3A4 [10]. To determine the relative contribution of 
oxidation and glucuronidation to systemic fibrate clearance, 
it is essential to quantify phase I and phase II metabolism of 
fibrates using the same methods and detection platform. 

Microsomes have been widely used in enzyme kinetic 
studies to predict hepatic clearance. Much attention has 
been placed on the optimization of in vitro incubation con-
ditions [18–20]. However, the in vitro-in vivo extrapolation 
generally underestimates the metabolism of agents metabo-
lized by multiple pathways [21,22]. One reason for this is 
that the phase I and phase II metabolic pathways are inves-
tigated individually. Recently, it has been proposed that the 
P450- and UGT-mediated metabolic pathways could be 
examined simultaneously by adding specific cofactors for 
compounds metabolized by parallel metabolic pathways 
[19,20,23]. This model may help us to better estimate the 
metabolism of compounds metabolized by multiple path-
ways in in vitro-in vivo extrapolation studies. 

In the present study, we investigated the metabolism of 
Gem, CA, FA and Beza using pooled rat liver microsomes 
(RLM) and human liver microsomes (HLM) based on the 
same detection platform with the substrate depletion ap-
proach. We found that both P450s and UGTs substantially 
contributed to the clearance of Gem and CA, with UGTs 
playing a greater role. Although the relative contribution of 
both pathways for these fibrates in RLM and HLM were 
similar, the depletion rate of Gem and CA in RLM was 

higher than that in HLM. These data suggest that RLM can 
be used to investigate the metabolism of fibrates in humans, 
but the similarities as well as the differences should be con-
sidered when interpreting the results. 

1  Materials and methods 

1.1  Chemicals and reagents 

UDPGA, alamethicin, saccharic acid lactone, CA and Beza 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
NADPH and HLM were obtained from BD Gentest (Wo-
burn, MA, USA). FA was purchased from Shangqiu 
Chemry Chemicals Co. (Shangqiu, China). Gem was ob-
tained from Hunan Qianjin Xiangjiang Pharmaceutical Co. 
Ltd. (Zhuzhou, China). Acetonitrile and methanol were ac-
quired from Burdick and Jackson (Muskeson, MI, USA). 
Formic acid was purchased from Dima Technology INC. 
(Richmond Hill, NY, USA). Deionized water was produced 
using a Milli-Q System (Milford, MA, USA). All other re-
agents and chemicals were of analytical grade from com-
mercial sources. 

1.2  Preparation of RLM 

Pooled RLM were prepared as previously described with 
minor modifications [24,25]. Briefly, 20 livers of Spra-
gue-Dawley rats (10 female and 10 male) were dissected 
after perfusion and homogenized. The resulting solutions 
were centrifuged twice at 9000 ×g for 20 min. Microsomes 
were isolated by centrifugation at 100000 ×g for 60 min. 
The precipitant was reconstituted in phosphate buffer and 
stored at –80°C until use. The protein concentration of mi-
crosomes was determined using a Lowry assay. 

1.3  Metabolism of fibrates in RLM 

All incubations were conducted in a shaking water bath at 
37°C and performed at least in duplicate. The substrate 
concentration was optimized in preliminary experiments, 
allowing analytical measurement of rapidly metabolized 
substrates. Various concentrations of the fibrates were in-
cubated with RLM in a 1.5-mL reaction system. The final 
concentration of organic solvent in reaction systems did not 
exceed 0.5%. Reactions were terminated after incubation 
for 0, 2, 4, 8, 12, 20, 30 or 40 min by transferring 0.1 mL of 
the mixture to 0.2 mL of ice-cold acetonitrile containing an 
internal standard (IS). The terminated solutions were vor-
texed and the supernatant was separated by centrifugation at 
16000 ×g for 20 min at 4°C. Aliquots (20 µL) of the superna-
tant were injected into the LC-MS/MS system for analysis. 

(і) Phase I metabolism.  The pooled RLM were diluted 
in 0.1 mol/L phosphate buffer (pH 7.4, EDTA 1 mmol/L). 
Fibrates were added to final concentrations of 1, 6, 20, 40 
and 80 µmol/L for Gem, 0.005, 0.05, 0.5, 2, and 10 µmol/L 
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for CA. Because Beza and FA undergo less metabolism 
before clearance [11,26], accurate measurement of their 
elimination was difficult. For this reason, we prepared two 
low concentrations (0.1 and 1 µmol/L) of Beza and FA and 
obtained samples at three times (0, 20 and 40 min). After 5 
min pre-incubation at 37°C, the reactions were initiated by 
adding NADPH to a final concentration of 1 mmol/L. The 
reactions were stopped and quantified as described above. 

(іі) Phase II metabolism.  Pooled RLM were diluted in 
0.1 mol/L phosphate buffer (pH 7.4, EDTA 1 mmol/L) 
containing D-saccharic acid 1,4-lactone (5 mmol/L) and 
MgCl2 (5 mmol/L). The diluted microsomes were activated 
by alamethicin (0.05 mg/mg microsomal protein) and 
placed on ice for 15 min. Gem (2, 15, 50, 150 and 500 
µmol/L), CA (0.005, 0.05, 0.5, 2 and 10 µmol/L), FA (0.1 
and 1 µmol/L) and Beza (0.1 and 1 µmol/L), together with 
activated microsomes, were pre-incubated at 37°C for 5 min. 
Reactions were started by adding UDPGA cofactor (5 
mmol/L). The other procedures were performed as de-
scribed above for phase I metabolism. 

(ііі) Combined phase I and phase II metabolism.  The 
pooled RLM and drug solutions were treated as described 
above for glucuronidation. The reactions were started by 
adding NADPH (1 mmol/L) and UDPGA (5 mmol/L) to-
gether. The other procedures were performed as described 
above for phase I metabolism. 

1.4  Comparison of metabolism in RLM and HLM 

The metabolic clearance of fibrates in RLM and HLM was 
compared in the above three conditions using two concen-
trations of each fibrate (Gem: 2 and 50 µmol/L; CA: 0.005 
and 0.5 µmol/L; Beza: 0.05 and 1 µmol/L; FA: 0.05 and 1 
µmol/L). The reactions were terminated at 0, 4, 8, 15, 30 
and 45 min. 

1.5  LC-MS/MS assay 

Analytes were quantified by liquid chromatography-mass 
spectrometry (LC-MS) consisting of an high-performance 
liquid chromatography system (HPLC-10ATVP, Shimadzu, 
Kyoto, Japan) and Biosystems API 3000 triple-quadrupole 
mass spectrometer equipped with an electrospray ionization 
source (Applied Biosystems, Concord, Canada). The MS 
conditions were optimized and detection was performed 
using multiple reactions monitored in the negative mode. 
The m/z transition was 249.1/121.1 for Gem, 213.1/126.9 
for CA, 317.1/231.1 for FA, and 360.1/274.3 for Beza. Be-
cause of their similar scaffolds (Figure 1), CA was used as 
the IS for Beza, while Beza was used for the other fibrates. 
The remaining substrates were quantified by comparing 
peak area ratios (analyte/IS). 

To analyze CA, FA and Beza by chromatography, 
CH3OH/H2O (10/90) containing 0.1% formic acid was used 
as mobile phase A and CH3OH/H2O (90/10) containing 

0.1% formic acid was used as mobile phase B. The flow 
rate was kept at 0.2 mL/min. An HPLC column Capcell Pak 
C18 (5 µm, 20 mm (i.d.) × 50 mm) equipped with an ODS 
guard column (4 mm × 2.0 mm (i.d.)) was used. The mobile 
phase gradient was set as follows: 0 to 0.1 min, 10% B; 0.1 
to 1.5 min, gradient to 60% B; 1.5 to 1.8, gradient to 100% 
B; 1.8 to 3.0 min, 100% B; followed by a gradient to 10% B 
at full speed through to 4.5 min. A Capcell Pak C18 column 
(5 µm, 2.0 mm (i.d.) × 100 mm) was used to separate Gem 
and its metabolites. The HPLC gradient program was opti-
mized as follows: 0 to 1 min, 20% B; 1 to 1.4 min, gradient 
to 85% B; 1.4 to 4.0 min, gradient to 100% B; 4.0 to 5.5 
min, 100% B; and then, gradient to 20% B at full speed 
through to 8 min. 

Validation confirmed that this LC-MS/MS assay method 
met our needs for metabolite quantification. The analytes 
and the ISs were fully separated, as shown in Figure 2. The 
signal/noise ratios exceeded 10 and the relative standard 
deviation (RSD) of triplicate samples were below 15%. Af-
ter normalization, the percent of substrate remaining was 
calculated by setting the initial concentration as 100%. 

1.6  Data analysis 

Data acquisition was performed using Analyst 1.4.2 soft-
ware (Applied Biosystems, Foster City, CA, USA). The  

 

 
Figure 2  Typical MRM chromatograms for the analytes and internal 
standards. (a) Typical multiple reaction monitoring (MRM) chromatograms 
for bezafibrate (Beza), fenofibric acid (FA) and clofibric acid (CA) (nega-
tive mode). The transition m/z values and elution times were 213.1/126.9 
and 2.04 min for CA, 360.1/274.3 and 2.75 min for Beza, and 317.1/231.1 
and 3.12 min for FA. (b) Typical MRM chromatograms for gemfibrozil 
(Gem) (negative mode). The transition m/z values and elution times were 
360.1/274.3 and 3.31 min for Beza, 425.0/121.1, 249.1/121.1 and 4.23 min 
gemfibrozil glucuronide (GG), and 249.1/121.1 and 5.64 min for Gem. 
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apparent enzyme kinetic parameters were determined by the 
substrate depletion approach. The percentage remaining 
versus time at each substrate concentration was fitted with a 
first-order decay curve to calculate the apparent rate con-
stant for substrate depletion (Kdep). If later times showed 
nonlinearity, only the initial times were used to determine 
Kdep [25]. 

Kdep([S]→0) and Km parameters were determined by fitting 
the Kdep and [S] to eq. (1) proposed by Obach and Reed- 
Hagen [27] with Origin software (version 7.5, MicroCal 
Software, Inc., Piscataway, NJ, USA). 
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In this experimental equation, [S] and Km are the substrate 
concentration and Michaelis constant, respectively, and 
Kdep([S]→0) represents the theoretical Kdep at the infinitesimal 
substrate concentration. The maximum velocity of enzyme 
(Vmax) was calculated using eq. (2) and intrinsic clearance 
(CLint) was calculated using eq. (3) [28]. 
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2  Results 

2.1  Metabolism of fibrates in RLM 

P450- and UGT-mediated metabolism of fibrates was 
measured by applying the cofactors NADPH and UDPGA 
either individually or together. The depletion profiles of 

Gem and CA are plotted in Figure 3. Both Gem and CA 
were eliminated in a linear manner at all concentrations. 
The percentage of remaining substrates versus time for each 
concentration was successfully fitted with a first-order de-
cay curve to calculate the apparent Kdep—the slope of each 
substrate concentration curve. 

P450- and UGT-mediated metabolism of FA and Beza 
was also examined in RLM. The relative contributions of 
each pathway to their clearance were markedly less for FA 
and Beza compared with Gem and CA, which is similar to 
previous reports [11,26]. Thus it is difficult to quantitatively 
measure substrates showing rapid metabolism at high sub-
strate concentrations, and the intrinsic clearance of both 
substrates was too low to be determined using the substrate 
depletion approach. Therefore, we tested two low concen-
trations (0.1 and 1 µmol/L), and the results are shown in 
Figure 4. The results indicated that the contributions of the 
phase I and phase II pathways to Beza metabolism were not 
significant at the two concentrations tested. Phase II metab-
olism had a greater contribution than phase I metabolism to 
the metabolic clearance of FA, although its rate of depletion 
was slow. 

Kdep values were successfully determined using the five 
concentrations for Gem and CA by fitting the percentage of 
substrate remaining versus time at each initial concentration 
with a first-order decay curve. The apparent enzyme kinetic 
parameters for Gem and CA were calculated using eqs. 
(1)–(3), and the values are shown in Table 1. 

The Km, Vmax and CLint of Gem in P450-mediated metab-
olism were 11 ± 4 µmol/L, 1861 ± 967 nmol min–1 mg–1 and 
172 ± 22 µL min–1 mg–1, respectively. The Km of Gem for 
glucuronidation (11 ± 1 µmol/L) was similar to the Km for 
the phase I oxidation reaction, indicating similar affinities 
of both enzyme groups for Gem. However, the Vmax for   

 

 

Figure 3  Elimination rate constant-time profiles of Gem (a) and CA (b) in RLM. The Y-axis represents the logarithmic value of the remaining percentage 
of substrate relative to the initial concentration. (a1, b1) P450-mediated metabolism; (a2, b2) UGT-mediated metabolism; (a3, b3) P450- and UGT-mediated 
metabolism. Gem: gemfibrozil; CA: clofibric acid. 
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Figure 4  Elimination profiles of fenofibric acid (a) and bezafibrate (b) in RLM. Substrates were tested at either 0.1 (a1, b1) or 1 (a2, b2) µmol/L. 

Table 1  Enzyme kinetics and the estimated Fm(P450) and Fm(UGT) values for gemfibrozil and clofibric acid in RLMa) 

Drug Reactions Km (µmol/L) Vmax (nmol min–1 mg–1) CLint (µL min–1 mg–1) Fm(P450)* Fm(UGT)** 

Gemfibrozil 

P450 11 ± 4 1861 ± 967 172 ± 22 

22% 81% UGT 11 ± 1 6993 ± 1183 643 ± 26 

P450+UGT 8 ± 3 6100 ± 3041 798 ± 103 

Clofibric acid 

P450  0.04 ± 0.004 2.3 ± 0.3 43 ± 11 

36% 74% UGT 2 ± 1 164 ± 113 88 ± 12 

P450+UGT 2 ± 1 128 ± 56 119 ± 13 

a) *, Fm(P450)=CLint (P450)/CLint (P450+UGT); **, Fm(UGT)=CLint (UGT)/CLint (P450+UGT). 

 
 
conjugation was 6993 ± 1183 nmol min–1 mg–1 and the as-
sociated CLint was 643 ± 26 µL min–1 mg–1, which was 
much higher than the corresponding value for oxidation. 
Therefore, the phase II pathway is much more important 
than the phase I pathway for Gem metabolism. When ap-
plying both cofactors simultaneously, the Km and Vmax val-
ues were 8 ± 3 µmol/L and 6100 ± 3041 nmol min–1 mg–1, 
respectively, and the CLint was 798 ± 103 µL min–1 mg–1, 
which was nearly equal to the sum of the individual values 
for oxidation and glucuronidation. 

The Km, Vmax, and CLint values for CA via the P450-  
mediated metabolic pathway were 0.04 ± 0.004 µmol/L, 2.3 
± 0.3 nmol min–1 mg–1 and 43 ± 11 µL min–1 mg–1, respec-
tively. The Km for CA via UGT-mediated glucuronidation 
was 2 ± 1 µmol/L, which was much higher than that for 
phase I oxidation. However, the Vmax for conjugation was 
164 ± 113 nmol min–1 mg–1 and the associated CLint was 88 
± 12 µL min–1 mg–1, which was much higher than that for 

oxidation. These results suggest that the lower Vmax for 
phase I metabolism reduced its contribution associated with 
higher affinity substrates. Thus, glucuronidation contributed 
more than oxidation to CA metabolism. When applying 
both cofactors simultaneously, the CLint was 119 ± 13 µL 
min–1 mg–1, which was nearly equal to the sum of the indi-
vidual values for oxidation and glucuronidation. 

The fractions of Gem metabolized by NADPH-dependent 
oxidation (Fm(P450)) and UDPGA-dependent glucuronidation 
(Fm(UGT)) were 22% and 81%, respectively. For CA, Fm(P450) 
and Fm(UGT) were 36% and 74%, respectively. These data 
suggest that metabolism of Gem and CA displayed NADPH 
and UDPGA dependency, and that individual measurement 
of NADPH-dependent or UDPGA-dependent pathways in 
isolation does not represent the actual metabolism of fibrates. 
Accordingly, it is necessary to monitor both NADPH- and 
UDPGA-dependent metabolism for drugs metabolized by 
multiple pathways. 
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2.2  Differences in Gem and CA metabolism between 
RLM and HLM 

Using the same methods, we examined the metabolism of 
all four fibrates at two concentrations in both RLM and 
HLM. As in RLM, the metabolism of Beza and FA could 
not be accurately determined in HLM (data not shown). 
Therefore, we did not compare the metabolic profiles of 
RLM and HLM for Beza and FA. In contrast, we were able 
to compare the metabolism of Gem and CA between RLM 
and HLM and the resulting profiles are shown in Figure 5. 

Interestingly, the relative contribution of glucuronidation 
versus oxidation to Gem metabolism was similar in RLM 
and HLM. The rates of Gem depletion by P450-mediated 
oxidation and UGT-mediated glucuronidation were 303 and 
1607 nmol min–1 mg–1, respectively, in RLM versus 85.5 
and 243 nmol min–1 mg–1, respectively, in HLM. For CA, 
P450-mediated metabolic clearance was not obvious in ei-
ther RLM or HLM (Figure 5(b1)); however, the rate of CA 
depletion by the UGT-mediated pathway was higher in 
RLM than in HLM (Figure 5(b2)). The UGT-mediated 
pathway exerted a much greater contribution to the metabo-
lism of FA than did the P450-mediated pathway (Figure 
4(a1)). These data indicate that Gem, CA and FA are me-
tabolized by similar pathways in RLM and HLM, and glu-
curonidation plays a more important role than oxidation in 
their metabolism. 

However, some species differences between rats and 
human were apparent in our data in term of the rate of de-
pletion. The depletion rate of Gem by oxidation was 303 

nmol min–1 mg–1 in RLM versus 85.5 nmol min–1 mg–1 in 
HLM, while the corresponding rates for glucuronidation 
were 1607 nmol min–1 mg–1 versus 243 nmol min–1 mg–1. 
Meanwhile, the rate of depletion of CA by the UGT-   
mediated pathway was higher in RLM than in HLM (Figure 
5(b2)). Taken together, these data suggest that the metabolic 
clearance of Gem and CA was higher in RLM than that in 
HLM, when mediated by oxidation, glucuronidation or 
both. 

3  Discussion 

The metabolism of fibrates is known to involve multiple 
pathways, but the results published to date differ in terms of 
the relative contributions of each pathway. This may be 
partly due to the fact that the contributions of the major 
metabolic pathways to fibrate clearance have not been sys-
tematically investigated. Previous in vitro studies generally 
focused on a specific pathway by adding either NADPH or 
UDPGA to initiate oxidative or conjugated reactions [22,29]. 
Such strategies may hence underestimate the true metabolic 
rate of fibrates when using in vitro-in vivo extrapolation 
studies because the contribution of both pathways should 
not be ignored. In this study, we measured the metabolism 
of fibrates in RLM and HLM by applying the cofactors 
NADPH and UDPGA individually and simultaneously, al-
lowing us to determine the contributions of both pathways 
using the same approach and detection platform. The sub-
strate depletion approach has been shown to be comparable   

 

 

Figure 5  Comparison of the elimination profiles of Gem (a) and CA (b) in RLM (unpacked column) and HLM (packed column). (a1, b1) P450-mediated 
metabolism; (a2, b2) UGT-mediated metabolism; (a3, b3) P450- and UGT-mediated metabolism. Gem: gemfibrozil; CA: clofibric acid. 
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to the product formation approach and is increasingly being 
used in enzyme kinetics studies [23,27,30]. Considering the 
diversity of metabolites formed from the metabolism of 
fibrates and the requirement for semi throughput in this 
study, it is impractical to monitor product formation; thus 
the substrate depletion approach is more appropriate in this 
context. 

In this study, Gem was metabolized by glucuronidation 
and oxidation, although glucuronidation played a much 
greater role than oxidation in both RLM and HLM. Bio-
transformation of CA also displayed NADPH and UDPGA 
dependency in RLM, with a much greater role of UGT- 
mediated glucuronidation. Similarly, FA was predominantly 
cleared in RLM via UGT-mediated glucuronidation. These 
data are consistent with those reported in clinic [11,13–15]. 
Our study showed that both P450s and UGTs are involved 
in fibrate metabolism. Therefore, measurement of either 
NADPH-dependent or UDPGA-dependent pathways in iso-
lation may underestimate the true rate of clearance of fi-
brates. Therefore, it is important to examine both pathways 
when assaying the metabolism of substrates metabolized via 
multiple pathways. 

In terms of the metabolic profiles of fibrates examined in 
this study, we found some similarities and some differences 
between RLM and HLM. Gem and CA were principally 
eliminated through conjugative routes in both RLM and 
HLM, with smaller contributions from P450s. These data 
resembled those of a previous study in a clinical setting [11]. 
Taking Gem as an example, the contribution of glucuroni-
dation to its metabolic clearance was 81%, which is similar 
to previously reported value of 79% in HLM [20]. Similarly, 
the contribution of glucuronidation to CA clearance was 
much more important than oxidation in both RLM and 
HLM. However, different rates of depletion of these fibrates 
were detected between RLM and HLM. As shown in Figure 
5, the P450- and UGT-mediated depletion rates for Gem 
and CA were much higher in RLM than in HLM. Clearly, 
such relationships and differences should be considered 
when extrapolating between these two species. 

In conclusion, the P450 and UGT pathways substantially 
contributed to the clearance of Gem and CA. To avoid un-
derestimating the rates of clearance, it is necessary to meas-
ure both NADPH- and UDPGA-dependent metabolism for 
drugs metabolized by multiple pathways. Although the rela-
tive fractions of both pathways for Gem and CA were simi-
lar, glucuronidation played a much greater role in both 
RLM and HLM. Our findings suggest that RLM are suitable 
model to examine fibrate metabolism in humans, providing 
differences in the rate of depletion between RLM and HLM 
are taken into account. 
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