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Decreased exposure of simvastatin and simvastatin
acid in a rat model of type 2 diabetes
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Aim: Simvastatin is frequently administered to diabetic patients with hypercholesterolemia. The aim of the study was to investigate the
pharmacokinetics of simvastatin and its hydrolysate simvastatin acid in a rat model of type 2 diabetes.

Methods: Diabetes was induced in 4-week-old rats by a treatment of high-fat diet combined with streptozotocin. After the rats received
a single dose of simvastatin (20 mg/kg, po, or 2 mg/kg, iv), the plasma concentrations of simvastatin and simvastatin acid were
determined. Simvastatin metabolism and cytochrome P4503A (Cyp3a) activity were assessed in hepatic microsomes, and its uptake
was studied in freshly isolated hepatocytes. The expression of Cyp3al, organic anion transporting polypeptide 2 (Oatp2), multidrug
resistance-associated protein 2 (Mrp2) and breast cancer resistance protein (Bcrp) in livers was measured using qRT-PCR.

Results: After oral or intravenous administration, the plasma concentrations and areas under concentrations of simvastatin and
simvastatin acid were markedly decreased in diabetic rats. Both simvastatin metabolism and Cyp3a activity were markedly increased
in hepatocytes of diabetic rats, accompanied by increased expression of hepatic Cyp3al mRNA. Furthermore, the uptake of
simvastatin by hepatocytes of diabetic rats was markedly increased, which was associated with increased expression of the influx
transporter Oatp2, and decreased expression of the efflux transporters Mrp2 and Bcerp.

Conclusion: Diabetes enhances the metabolism of simvastatin and simvastatin acid in rats via up-regulating hepatic Cyp3a activity and

expression and increasing hepatic uptake.
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Introduction

Diabetes mellitus (DM) is a well-known risk factor for car-
diovascular disease (CVD) and atherosclerotic complications,
especially coronary heart diseasel’’. The combination of dia-
betes mellitus and CVD history further increases the risk of
vascular events” and mortality”. Clinical trials have empha-
sized the importance of lowering LDL cholesterol and reduc-
ing cardiovascular risk in diabetes mellitus*. 3-Hydroxy-
3-methylglutaryl enzyme A (HMG-CoA) reductase inhibitors
(statins) are frequently administered to diabetic patients to
reduce cardiovascular risk. Simvastatin, a lipophilic statin,
has a high safety profile and is often used for treating hyper-

lipemia in diabetic patients, although serious symptoms, such
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as rhabdomyolysis”), hepatotoxicity® and an increased inci-
dence of new-onset diabetes mellitus”’, have been reported.
Simvastatin is primarily metabolized in the liver by two sepa-
rate metabolic pathways. In humans, the oxidative biotrans-
formation of simvastatin is mediated primarily by CYP3A4!"",
In the other primary route, the inactive lactone prodrug is
hydrolyzed to the pharmacologically active simvastatin acid
by carboxylesterases and non-enzymes. The oxidative metab-
olism of simvastatin acid is catalyzed primarily by CYP3A4!"",
Additionally, simvastatin and its hydrolysate simvastatin
acid are substrates of organic anion transporting polypeptide
1B1 (OATP1B1/Oatp2)", an influx transporter expressed
on the sinusoidal membrane of hepatocytes. Recent studies
have shown that OATP1B1 plays a clinically important role
in the hepatic elimination of several drugs including statins,
via mediating the hepatic uptake!""". Both clinical trials and
animal experiments have demonstrated that DM may alter the
pharmacokinetic behaviors of some drugs via regulating the
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expressions and activities of cytochrome P450s (CYP450s) and

16-2] " Breast cancer resistance

drug transporters in the liver!
protein (Berp) and multidrug resistance-associated protein 2
(Mrp2) have also been reported to mediate statin transport"”
221 All of these results suggest that diabetes modifies the
disposition of simvastatin as a result of the alterations of these
metabolic enzymes and drug transporters.

The aim of the present study was to investigate the phar-
macokinetic behaviors of simvastatin and its hydrolysate
simvastatin acid in type 2 diabetic rats induced by a combina-
tion of high-fat diet (HFD) and streptozotocin (STZ) injection.
The metabolism of simvastatin in hepatic microsomes was
measured using in vitro simvastatin depletion. The activity
of Cyp3a in hepatic microsomes of diabetic rats was further
assessed by the formation of 1-hydroxymidazolam. The
mRNA levels of Cyp3al, Mrp2, Berp and Oatp2 in the liver
and intestine were measured using quantitative reverse tran-
scriptase polymerase chain reaction (qQRT-PCR).

Materials and methods

Chemicals

Simvastatin standard, diazepam and midazolam were
obtained from the National Institute for the Control of Phar-
maceutical and Biological Products (Beijing, China). Simvas-
tatin acid was purchased from Toronto Research Chemicals
Inc (Toronto, ON, Canada). Simvastatin, which was used
for pharmacokinetics, was purchased from Dalian Meilun
Biotech Corp (Dalian, China). Glucose 6-phosphate, glucose-
6-phosphate dehydrogenase (Type V), B-nicotinamide adenine
dinucleotide phosphate (NADP) and streptozotocin (STZ)
were obtained from Sigma Chemical Co (St Louis, MO, USA).
1-Hydroxymidazolam and Matrigel Matrix were obtained
from BD Biosciences (Bedford, MA, USA). All other chemi-
cals used were commercially available and were of analytical
grade.

Animals

Sixty male Sprague-Dawley rats, weighing 100-110 g (aged 4-5
weeks), were obtained from Sino-British Sipper & BK Lab Ani-
mal Ltd (Shanghai, China). The rats were maintained at ambi-
ent temperature (23+1°C) and relative humidity (50%+10%)
with 12-h light/darkness cycle and were allowed free access
to water and food. All of the experimental procedures were
approved by the Animal Ethics Committee of China Pharma-
ceutical University.

Induction of diabetic rats

The diabetic rats were developed according to our method
previously described. The rats were randomly divided
into three groups: age-matched control (CON) group, high
fat diet (HFD) group and diabetes (DM) group. The high-fat
diet contained 15% lard, 5% sesame oil, 10% sucrose, 5% fried
peanuts, 2.0% cholesterol, and 0.2% cholate. Both the high-fat
diet and normal chow were purchased from Jiangsu Xietong
Organism Co, Ltd (Nanjing, China). The CON rats were fed
normal chow. Both HFD rats and DM rats were fed using a
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high-fat diet. After 4 weeks of dietary manipulation, the DM
rats received an intraperitoneal injection of STZ (35 mg/kg,
dissolved in pH 4.5 citrate buffer)". Both HFD and CON rats
received only an equivalent volume of citrate buffer. Subse-
quently, the experimental rats maintained their original diets.

The development of diabetes was confirmed by fasting
blood glucose levels using a glucose reagent kit (Jiancheng
Biotech Co, Nanjing, China). The animals were considered
diabetic only when their fasting blood glucose levels exceeded
16.67 mmol/L (300 mg/dL) after 1 week of STZ injection.

On day 14 after STZ or vehicle injection, an oral glucose
tolerance test (OGTT) was performed. The experimental rats
fasted overnight and received an oral dose of glucose solution
(2 g/kg). Blood samples were collected via the oculi chori-
oideae vein under light ether anesthesia at 0 min (just before
glucose loading), 15, 30, 60, and 120 min after glucose loading,
and serum samples were obtained. The glucose and insulin
concentrations in serum were measured using a glucose test
kit (Jiancheng Biotech Co, Nanjing, China) and an insulin
radioimmunoassay kit (North Institute of Biotech Co, Beijing,
China), respectively. Homeostatic model assessment (HOMA)
was used to assess the longitudinal changes in insulin resis-
tance (HOMA-IR)™!. The following experiments were per-
formed on the 35th day after STZ injection.

Pharmacokinetics of simvastatin in diabetic rats after oral and
intravenous administration

For oral administration, DM rats, CON rats and HFD rats,
fasted overnight, and received orally 20 mg/kg™ *! of simv-
astatin (suspended in 0.5% sodium carboxymethylcellulose).
Blood samples (250 pL) were collected in heparinized eppen-
dorf tubes via the oculi chorioideae vein at 0.25, 0.5, 1.0, 2.0,
4.0, and 8.0 h after the oral dose under light ether anesthesia.
For intravenous administration, 2 mg/kg of simvastatin (dis-
solved in mixture of propylene glycol and saline, 1/1) was
administered intravenously to DM rats, CON rats and HFD
rats via the tail vein. Blood samples (250 pL) were collected at
5,10, 15, 30, 45, 60, 90, and 120 min after the intravenous dose
under light ether anesthesia. Plasma samples were obtained
at 2850%¢ for 5 min and frozen at -20°C until an analysis was
performed. Simvastatin and simvastatin acid concentrations
were measured using the LC-MS method.

Preparation of hepatic microsomes and metabolism of
simvastatin in hepatic microsomes

Hepatic microsomes of experimental rats were prepared
according to the methods previously described™ ™. The
microsomal pellets were re-suspended in phosphate-buffered
saline (PBS) (pH 7.4) containing 20% glycerol and stored at
-80°C. The protein concentration of the hepatic microsomes
was measured using the Bradford method and bovine serum
albumin as the standard.

The metabolism of simvastatin in hepatic microsomes
was investigated using a simple in vitro substrate depletion
approach. Simvastatin (20 pmol/L) was incubated using
hepatic microsomes (final level, 0.2 mg/mL) in PBS at 37°C
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for 5 min. The reaction was initiated by the addition of 40
mL of NADPH-generating system (0.5 mmol/L NADP, 10
mmol/L glucose 6-phosphate, 5 U/mL glucose-6-phosphate
dehydrogenase, and 5 mmol/L MgCl,) (final volume, 200 mL).
The reaction was terminated by adding 1 mL of ether acetate
at designated incubation times (0, 0.5, 1.0, 1.5, 2, 3, and 5 min).
The remaining simvastatin concentrations in the incubation
mixtures were determined using the LC-MS method.

It is generally accepted that simvastatin metabolism in
the liver is primarily mediated by Cyp3a. The formation of
1-hydroxymidazolam from midazolam, widely used Cyp3a
probe, was employed as a marker to assess Cyp3a activity.
The incubation mixture (final volume, 200 mL) consisted of
rat hepatic microsomes (final level, 0.5 mg/mL), the NADPH-
generating system, and different midazolam levels in PBS.
After a 10-min preincubation at 37 °C, the reaction was initi-
ated by adding 40 mL of NADPH-generating system. The
final midazolam concentrations in the hepatic incubation mix-
ture were set to be 3.125, 6.25, 12.5, 20, 25.0, 30.0, 50.0, and 60.0
mmol/L. All of the above microsomal incubation conditions
were in the linear range of reaction rate. The reaction was ter-
minated by adding 200 mL of acetonitrile after incubation at
37°C for 10 min.

Preparation of freshly isolated rat hepatocytes and uptake of
simvastatin by hepatocytes

The experimental rats fasted overnight and were anesthe-
tized using pentobarbital (60 mg/kg, ip). The rat hepatocytes
were isolated using a two-step perfusion method previously
described™!. Cell viability was identified using trypan blue
test. Hepatocyte suspension was added to pre-coated 24-well
plates at a density of 2.5x10° cells/well in 500 mL of Dulbec-
co’s modified Eagle’s medium (DMEM). After 4 h of plating,
the cells were used for simvastatin uptake. The incubated
cells were washed 3 times using 500 mL of Dulbecco’s phos-
phate buffered saline (DPBS). Subsequently, the cells were
incubated with DPBS containing different levels of simvastatin
at 37°C for 60 s. Simvastatin levels were set to be 10, 20, 30,
100, 200, and 500 mmol/L. The uptake was stopped by rins-
ing the cells 3 times with ice-cold DPBS, and 0.2 mL of puri-
fied water was added to each incubated well. The cells were
lysed by 3 freeze-thaw cycles. The simvastatin uptake by the
cells was measured using the LC-MS method and expressed as
pmol/10°cells.

qRT-PCR (quantitative reverse transcriptase polymerase chain
reaction)

qRT-PCR was used to measure mRNA levels of Cyp3al,
Oatp2, Mrp2, and Berp in the liver and intestine. The experi-
mental rats were killed under ether anesthesia; their liver and
intestine were quickly removed. Total RNA from the frozen
tissues was extracted using TRIzol reagent (SunShine Bio-
technology, Nanjing, China) according to the manufacturer’s
instructions. The quality and purity of RNA were determined
by UV spectrophotometry at 260 nm and 280 nm. Quantita-
tive RT-PCR was performed using a cDNA input converted

from 2 pg of total RNA. Primer sequences of rat mRNA were
shown in Table 1. After denaturing at 95°C for 2 min, the
amplification was obtained by 40 cycles of 95°C for 5 s and
60°C for 30 s. Melting curves were performed to investigate
the specificity of the PCR reaction. For normalization of the
gene levels, $-actin was used to correct minor variations in the
input RNA amount or inefficiencies of the reverse transcrip-
tion. The relative quantification (RQ) of each gene expression
was calculated according to comparative Ct method using this
formula: RQ=2"4,

Table 1. Primer sequences of rat mRNA.

Gene Sequences

Cyp3al Forward 5-GAAACCCGCCTGGATTCTGTG-3'
Reverse 5-CCATATCGGATAGGGCTGTATGAG-3'

Oatp2 Forward 5-CCACTGCTGAGGTAGTCTTCCTTATG-3'
Reverse 5-CAGAGCCAGAATGCTAAGTGTGC-3'

Mrp2 Forward 5-CACGGTCATCACCATCGCTCAC-3'
Reverse 5-AGTTCTTCAGGACTGCCATACTCG-3’

Berp Forward 5-GTACTTTGCATCAGCAGGTTACCACT-3’
Reverse 5-ATTACAGCCGAAGAATCTCCGTTG-3’

B-Actin Forward 5-CAGTCGGTTGGAGCGAGCAT-3’

Reverse 5-GGACTTCCTGTAACAACGCATCT-3’

Drug assays
Simvastatin and simvastatin acid levels in the biological sam-
ples were determined using LC-MS as previously described

] The diclofenac sodium solution

with minor modification
(internal standard, final concentration, 1 mg/mL) of 10 mL
and ether acetate of 1 mL were added to 100 mL of the bio-
logical sample. After shaking for 10 min, the mixture was
subsequently centrifuged at 1820xg for 10 min. The organic
phase was first transferred into clean tubes, then dried under
reduced pressure using an integrated SpeedVac SPD2010-230
system (Thermo Fisher Scientific, Waltham, MA, USA). The
residue was reconstituted in 100 mL of methanol and centri-
fuged at 45570%g for 10 min. Subsequently, the 5 mL superna-
tant was injected into the LC-MS system.

The assay was performed using the LC/MS 2010A system
(Shimadzu, Kyoto, Japan). Liquid chromatographic separa-
tions were achieved using a Waters Symmetry C18 column
(150 mmx2.1 mm, internal diameter 5.0 um). The column and
autosampler tray temperatures were kept constant at 40°C and
4°C, respectively. The mobile phase consisted of water (con-
taining 0.02% formic acid and 12 pmol/L sodium acetate) (A)
and methanol (B) (17:83, v/v), which was delivered at a rate
of 0.2 mL/min. The samples were ionized using positive-ion
electrospray ionization (ESI) probe in the positive-ion mode
under the following source conditions: gas flow, 4.5 L/min;
curve dissolution line (CDL) voltage was fixed as in tuning,
CDL temperature, 250 °C; and block temperature, 400 °C.
Mass spectra were obtained at a dwell time of 0.2 s and 1 s for
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selected ion monitoring (SIM) and scan mode accordingly.
A SIM analysis was performed as follows: for simvastatin,
[M+Na]*, m/z=441; for simvastatin acid, [M+Na]", m/z=459;
and for internal standard, [M+H]*, m/z=296. Peak areas for
all of the components were automatically integrated using
LC/MS solution Version 2.04 (Shimadzu). The method was
validated throughout the concentration range of 37.5-500.0
ng/mL for simvastatin and 39.0-5000.0 ng/mL for simvastatin
acid with correlation coefficients of 0.999 for simvastatin and
0.999 for simvastatin acid.

In the incubation mixture, 1-hydroxymidazolam level was
measured using HPLC. The incubation samples were cen-
trifuged twice for 10 min. Subsequently, the supernatant (20
mL) was applied to the HPLC system. The HPLC system was
composed of an LC-10AD pump (Shimadzu), a model SPD-
10A UV absorbance detector (Shimadzu) set at 220 nm, and
a Symmetry C18 (150 mmx4.6 mm, internal diameter 5 pm)
(Waters). The mobile phase consisted of water (containing 10
mmol/L ammonium acetate) (A) and acetonitrile (B) (60/40,
v/v); the flow rate was set at 1.0 mL/min. The linear range in
the incubation mixture was 0.10-1.00 pg/mL.

Pharmacokinetic analysis

The concentration-time data of simvastatin and simvastatin
acid for each rat was individually analyzed using noncom-
partmental analysis and Phenix WinNonlin 6.1 (Pharsight, St
Louis, MO, USA). The area under the plasma concentration-
time profile (AUC,_,) was calculated using the trapezoidal
rule, with extrapolation to infinity. The peak concentration
(Cinax) and the time to reach C,,, were obtained directly from
the plasma concentration-time profiles. The terminal elimina-
tion constant (K) was obtained from the least-squares linear
regression slope of the natural logarithm of concentration
versus time, and the terminal elimination half-life (T;,,) was
calculated as 0.693/K. The mean residence time (MRT) was
calculated as the area under the first moment curve divided
by AUC,_,. For intravenous administration, the clearance (CI)
was calculated as dose/ AUC_,.

In the hepatic microsomal incubation, the area under the
simvastatin concentration-time curve (AUC,_,) was calculated
using the linear trapezoidal rule. The clearance of simvastatin
in hepatic microsomes (Cl,,;) was estimated as the initial dose
(final volumexinitial levels of simvastatin) divided by AUC,_..

The Michaelis-Menten equation

Vinaxt[S]

=Kot S]

and Hill equation

_ Vo *ISI"
SV +[S]"

were used to characterize the kinetics of 1-hydroxymidazolam
formation from midazolam in rat hepatic microsomes, where
V, S, K, and V,,,, were the velocity of the reaction, the sub-
strate concentration, the Michaelis-Menten constant and the
maximum velocity, respectively. Ss, was the substrate concen-
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tration showing the half-V,,,,, and g was the Hill coefficient.
For Michaelis-Menten kinetics, intrinsic clearance (Cl;,,) was
calculated as V,,,./K,, and for sigmoidal kinetics, maximum
clearance (Cly)™" was calculated as

_ VX (y=1)

Clmax_ SSOXYX (Y_l)l/\(

In the present study, if the Hill coefficient was more than
1.2, the kinetic data were fit to the Hill equation.

Statistical analysis

The data are presented as the meantstandard deviation (SD)
values. Significant differences between groups were evaluated
using the one-way analysis of variance. If the analysis results
were significant, the differences between groups were esti-
mated using the Student-Newman-Keuls multiple-comparison
test for post hoc analysis. A P value of less than 0.05 was con-
sidered statistically significant.

Results

Establishment of the diabetic rat model

The biochemical parameters were measured in the plasma of
CON rats, HFD rats and DM rats on d 7 after the administra-
tion of STZ (Table 2). Markedly elevated levels of glucose, tri-
glyceride, and total cholesterol were found in the serum sam-
ples of DM rats. DM rats also developed diabetic symptoms,
such as polyphagia, polyuria and polydipsia, accompanied
by significantly increased HOMA-IR values. Compared with
CON rats, HFD rats showed higher triglyceride, total cho-
lesterol and lower insulin concentrations. The OGTT results
showed that DM rats had significantly higher serum glucose
and lower insulin concentrations induced by glucose loading
than CON rats and HFD rats, resulting in significant increases
in AUC values of glucose and decreases in AUC of insulin
(Figure 1). These indexes were similar to the physiopathologi-
cal state of type 2 diabetes, indicating that the DM rats may be
considered as having type 2 diabetes" **
also occurred in HFD rats, in which the insulin and glucose

. Insulin resistance

levels induced by glucose loading were higher than those in
CON rats (Figure 1).

Pharmacokinetics of simvastatin in DM rats after oral and
intravenous administration of simvastatin
The plasma concentrations of simvastatin and its hydrolysate
simvastatin acid were measured in CON, DM and HFD rats
after oral administration of simvastatin (20 mg/kg) to experi-
mental rats (Figure 2A and 2B). The corresponding pharmaco-
kinetic parameters were estimated (Table 3). Compared with
CON rats, DM rats had lower plasma concentrations of simv-
astatin and simvastatin acid, which resulted in lower exposure
(Cmax and AUC,_,). The mean AUC,_, and C,,, in DM rats
were 72% for simvastatin in CON rats and 56% for simvas-
tatin acid. Compared with CON rats, HFD rats showed lower
concentrations and AUC values in plasma concentrations of
simvastatin and simvastatin acid.

To investigate whether the decreased oral exposure of
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Parameters CON HFD DM

Initial body weight (g) 132.4+6.85 132.3+7.6 138.3+4.51
Final body weight (g) 330.8+11.2 310.6+12.0 317.8+18.0
Serum glucose (mmol/L) 5.92+0.40 6.09+0.78 29.92+2.02°
Serum triglyceride (mmol/L) 1.68+0.25 2.12+0.23° 2.57+0.47%
Serum total cholesterol (mmol/L) 1.91+0.29 2.84+0.55° 4,99+1.17
Serum insulin (mIU/L) 59.97+10.33 36.93+1.22° 50.93+11.83°
HOMA-IR 11.04+£1.97 11.72+1.52 43.86+14.17°

Data were expressed as mean+SD of 6 rats, "P<0.05, °P<0.01 vs CON rats. °P<0.05, P<0.01 vs HFD rats.

Table 3. Pharmacokinetic parameters of simvastatin and simvastatin acid after oral (20 mg/kg) and intravenous (2 mg/kg) administration of

simvastatin to DM, HFD, and CON rats.

Parameters CON HFD DM
Oral administration
Simvastatin
Tomax (D) 1.38+0.63 0.75+0.84 0.75+0.25
Crnax (Ng/ML) 252.50429.91 197.28+65.64 181.31+14.14°
AUC,_.. (nghmL™) 1399.40+143.81 820.01+72.45° 1003.79+40.92°
T2 (h) 7.62+4.80 6.53+2.59 5.90+2.33
MRT (h) 12.66+6.01 10.60+£2.71 10.41+2.89
Simvastatin acid
Tomax (D) 1.06+0.72 1.25+0.29 0.95+0.37
Crnax (Ng/ML) 301.75+64.33 147.63+10.41° 167.70+40.59°
AUC,_,, (nghmL™) 1312.86+210.40 727.47+49.27° 744.10+91.45°
T2 (h) 3.79+0.95 4.40+£1.53 3.77+1.59
MRT (h) 6.64+1.01 7.64+0.77 7.23+2.14
Intravenous administration
Simvastatin
AUC450 (nghmL™Y) 388.43+36.35 507.57+63.81 289.72+33.87°
AUC,_. (nghmL?) 466.27+75.18 642.07+130.08 369.12+49.45'
Ti/5 (Min) 42.45+9.17 52.96+21.48 47.38+12.20
Cl (Lhkg") 4.36+0.61 3.21+0.64° 5.49+0.72°
MRT (min) 66.42+12.8 80.88+20.20 73.18422.72
Simvastatin acid
AUC 450 (nghmL™) 843.17+235.83 1225.17+316.67 486.33+£53.50"
AUC,_. (nghmL™) 946.33+300.33 1294.00+329.67 492.33+53.83"
Ti/o (Min) 31.55+9.78 29.90+3.98 20.39+3.82"
MRT (min) 54.17+8.58 44.78+6.50 30.82+5.98

Data were expressed as mean+SD of 6 rats, "P<0.05, °P<0.01 vs CON rats. 'P<0.01 vs HFD rats.

simvastatin and simvastatin acid in the plasma of DM rats
resulted from enhanced systemic clearance, the pharmacoki-
netic behaviors of simvastatin and simvastatin acid (Figure
2C and 2D) in experimental rats were studied after an intra-
venous dose of simvastatin (2 mg/kg). Consistent with our
expectation, DM rats showed lower plasma concentrations
of simvastatin and simvastatin acid, accompanied by lower

AUC 5 value (only 74% for simvastatin in CON rats and 58%
for simvastatin acid). In contrast to the oral administration of
simvastatin in DM rats, the plasma concentrations and expo-
sures of both simvastatin and simvastatin acid in HFD rats
were increased rather than decreased compared with CON
rats.
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Figure 1. Serum glucose (A), insulin (B) concentrations and HOMA-IR
(C) in DM (solid cycle), HFD (open triangle), and CON (open cycle) rats
after oral glucose loading. Data were expressed as mean+SD of 6 rats,
°P<0.05, °P<0.01 vs CON rats. °P<0.05, 'P<0.01 vs HFD rats.

Simvastatin metabolism in hepatic microsomes and Cyp3a
activity

Simvastatin is primarily eliminated in the liver via metabo-
lism. To investigate whether the alteration in the pharmaco-
kinetics of simvastatin was derived from the enhancement of
simvastatin metabolism in the liver of DM rats, the metabo-
lism of simvastatin in hepatic microsomes of CON, HFD and
DM rats was measured (Figure 3A) using a simple in vitro
substrate depletion, and clearances in hepatic microsomes of
CON, HFD and DM rats were estimated (Table 4). The results
demonstrated that simvastatin metabolism was markedly
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plasma of DM (solid cycle), HFD (open triangle), and CON (open cycle) rats
after an oral dose (20 mg/kg, A, B) and an intravenous dose (2 mg/kg, B, C)
of simvastatin to experimental rats. Data were expressed as mean+SD of
4-5 rats. "P<0.05, °P<0.01 vs CON rats. °P<0.05, ‘P<0.01 vs HFD rats.

(P<0.05) enhanced in hepatic microsomes of DM rats, leading
to a significant (P<0.05) increase in simvastatin clearance (1.22-
fold of CON rats). The HFD rats also showed a trend toward
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Figure 3. Simvastatin depletion in rat hepatic microsomes (A), 1-hydroxymidazolam formation from midazolam in rat hepatic microsomes (B) and the
corresponding Eadie-Hofstee plots (C), and uptake of simvastatin (D) by hepatocytes of CON rats (open cycle), HFD rats (open triangle) and DM rats (solid
cycle). Data were expressed as mean+SD of 3-4 rats. °P<0.05, °P<0.01 vs CON rats. °P<0.05, P<0.01 vs HFD rats.

Table 4. Kinetic parameters of midazolam and simvastatin metabolism in hepatic microsomes of CON, HFD, and DM rats.

Parameters CON HFD DM
1-Hydroxymidazolam formation
Y 2.29+0.25 2.30+0.26 2.07+0.24
Vinax (NMokminmg? protein) 1.09+0.40 1.28+0.14° 1.83+0.41"
Sso (Mmol/L) 9.70+3.61 11.35+0.99 13.73+2.34
Cl (uLmin™“mg™ protein) 56.66+6.44 57.19+5.08 66.56+3.58"
Simvastatin depletion
AUC,_s (umoL-min-L") 32.34+14.91 20.95+2.04 13.17+3.35"
Cl (mLmin™mg* protein) 3.56+1.57 4.80+0.45 7.89+1.77°

Data were expressed as mean+SD of 3-4 rats. °P<0.05 vs CON rats. ®P<0.05 vs HFD rats.

increasing clearance in hepatic microsomes; however, no sig-
nificance was obtained.

Simvastatin metabolism in the liver is primarily medi-
ated by Cyp3a. Cyp3a activities in the hepatic microsomes
of experimental rats were documented using formation of
1-hydroxymidazolam (Figure 3B). Similar to simvastatin
metabolism, formation rates of 1-hydroxymidazolam were
markedly enhanced in hepatic microsomes of DM rats. Addi-
tional studies showed that data on the formation rates of
1-hydroxymidazolam in hepatic microsomes of experimental
rats were not fitted using the simple Michaelis-Menten equa-
tion; however, good fittings were obtained using the Hill

equation. Corresponding kinetic parameters were estimated
(Table 4). A significant decrease in AUC,_;(40% of CON rats)
and increased clearance (2.22-fold of CON rats) of midazolam
were found in hepatic microsomes of DM rats, implying
enhanced hepatic Cyp3a activity.

Uptake of simvastatin by hepatocytes

Uptake of statins by hepatocytes is considered a rate-
determining process in the overall hepatic elimination of
statins® !, The uptake of simvastatin by hepatocytes was
investigated using freshly isolated rat hepatocytes from exper-
imental rats (Figure 3D). The results showed that the uptake
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of simvastatin by hepatocytes of DM rats was markedly
enhanced.

gRT-PCR

Several efflux transporters (Bcrp and Mrp2) and influx trans-
porter (Oatp2) were involved in statin transport. The mRNA
levels of Cyp3al and these transporters in the liver and
intestines were measured using qRT-PCR (Figure 4). Com-
pared with the intestines, the liver expressed higher levels
of Berp, Mrp2, Oatp2, and Cyp3al mRNA. The intestinal
Oatp2 mRNA (relative to B-actin mRNA) levels were less
than 0.0001, indicating a minor contribution to intestinal drug
absorption. Diabetes significantly enhanced the expression
of hepatic Cyp3al mRNA, inducing an increase by 2.7-fold in
CON rats. An increase in the expression of hepatic Oatp2 was
also observed in DM rats (increase by 20% in CON rats and
50% in FHD rats, respectively), although no significance was
obtained. By contrast, significant decreases in hepatic Bcrp
and Mrp2 mRNA occurred in the liver of DM rats. DM altered
mRNA levels of Cyp3al, Berp, and Mrp2 in the intestines; no
significance was obtained because of the large individual dif-
ferences.
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Figure 4. mRNA levels of transporters and Cyp3al in liver (A) and
intestine (B) of CON, HFD, and DM rats. Data were expressed as
mean+SD of 4 rats. °P<0.05, °P<0.01 vs CON rats. °P<0.05, P<0.01 vs
HFD rats.

Discussion

Accumulating reports have shown that diabetes alters the
metabolism rates of drugs via affecting activities and expres-
sions of CYP450s and drug transporter in the liver!"> 72" %I,
Simvastatin, a substrate of Cyp3 and Oatp2/OATP1BI, is often
used for improving hypercholesterolemia associated with DM.

The aim of the present study was to investigate the effect of
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type 2 diabetes on simvastatin pharmacokinetics. Type 2 dia-
betic rats were developed using the combination of an HFD
and a low dose of STZ. The results showed that the developed
diabetic rats had higher levels of glucose in the serum, accom-
panied by increased HOMA-IR. Additionally, the rats showed
abnormalities in lipid metabolism as evidenced by high tri-
glyceride and cholesterol levels. All of the syndromes were
similar to those in type 2 diabetes patients, which indicated
that the developed type 2 diabetic rats may reflect the natural
history and metabolic characteristics of human type 2 diabetes.
The primary finding of this study was that diabetes signifi-
cantly decreased concentrations in plasma, accompanied
by lower exposure (C,,.x and AUC) of simvastatin and its
hydrolysate simvastatin acid (Figure 2) after oral administra-
tion. Using intravenous administration, we verified that the
decreased exposure of simvastatin and simvastatin acid was
derived from enhanced systematic clearance. It is generally
accepted that simvastatin and simvastatin acid in the liver are
metabolized via Cyp3a, and simvastatin clearance in hepatic
microsomes was therefore measured using in vitro simvastatin
depletion. The results were consistent with findings in vivo
that clearance of simvastatin in hepatic microsomes of DM
rats was significantly increased. The activity and expression
of Cyp3a in the liver of experimental rats were determined
using 1-hydroxymidazolam formation from midazolam, a
Cyp3a probe, and qRT-PCR. The results clearly demonstrated
marked enhancement of the activity in hepatic microsomes of
DM rats, which was consistent with the increase in simvastatin
metabolism. Similarly, a significant increase in the levels of
Cyp3al mRNA was observed in the liver of DM rats. We pre-
viously reported significant enhancement of Cyp3a in hepatic
microsomes of DM rats using norverapamil formation from
verapamil, another type of Cyp3a probe!™ . All of these
results suggested that the enhanced activity and expression of
hepatic Cyp3a were the main contributors to the increases in
systemic clearance of simvastatin and simvastatin acid.

The uptake of drugs by hepatocytes is also considered a
rate-determining process in the hepatic clearance of statins via
OATPs® 1. The uptake of simvastatin by hepatocytes and
the expression of Oatp2 were also investigated. Significantly
enhanced uptake of simvastatin by hepatocytes was observed
in DM rats, accompanied by a trend toward increasing the
expression of hepatic Oatp2 mRNA. Simvastatin was also
reported to be a substrate of Mrp2 and Berp!""**, implying
that the two efflux transporters may be involved in the elimi-
nation of simvastatin via the bile. However, a report showed
that only a small percentage of simvastatin is eliminated via
feces in the form of simvastatin or simvastatin acid®. Our
preliminary results showed that the excreted amount of sim-
vastatin as simvastatin and simvastatin acid via the bile and
feces was less than 1% of the administered dose. Further-
more, the expression of Mrp2 and Berp in the liver was down-
regulated. All of these findings excluded the contribution
of the two efflux transporters to promoting the elimination
of simvastatin and simvastatin acids in the liver of DM rats.
Although intestinal Cyp3a may be involved in the presystem-
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atic metabolism of simvastatin after an oral dose, the intestinal
Cyp3al mRNA levels were down-regulated under diabetic
conditions. Our previous study demonstrated the suppres-
sion of Cyp3a activity and the expression in the intestines of
DM rats™. No significant alterations in the expressions of
Berp mRNA and Mrp2 mRNA were observed in the intestines
of DM rats. Therefore, the findings in the intestines of DM
rats did not explain the decreased exposure of simvastatin
and simvastatin acid after an oral dose of simvastatin. All the
results may support the conclusion that the up-regulation of
both Cyp3a activity and expression as well as the enhanced
hepatic uptake contributed, at least in part, to the increase in
the hepatic metabolism of simvastatin and simvastatin acid
under diabetic conditions, thus leading to lower exposures of
simvastatin and simvastatin acid.

The mechanism underlying the elevations in hepatic Cyp3a
and Oatp2 expression in DM rats has not been established.
The present study showed that marked accumulations of
serum cholesterol, triglyceride, and insulin resistance occurred
in both HFD and DM rats. The activity and expression of
hepatic Cyp3a in DM rats were associated with HOMA-IR,
which suggests that insulin resistance or relative insufficiency
of insulin may explain the affecting expression and activity
of hepatic Cyp3a. Several reports have demonstrated that
insulin and ketone bodies participating in the regulation of
cytochrome P450 isozymes in the liver of DM rats and insulin
treatment reversed or partially reversed alteration induced by
diabetes!"” ],
glyceride levels in DM rats were consistent with the increases
in activity and expression of hepatic Cyp3a, suggesting that
high cholesterol and triglyceride levels may explain induc-

The elevated total serum cholesterol and tri-

ing Cyp3a expression and activity. In agreement with this
deduction, Irizar et al reported that the administration of
cholesterol-rich diets enhanced Cyp3a levels in atherosclerotic
rabbits™®”. Lucas et al found that a positive correlation existed
between CYP2E1 activity and serum cholesterol or triglycer-
1, Similarly, Watson ef al found that

16 B-testosterone hydroxylation in hepatic microsomes of
[42]

ides in diabetes patients
ob/ob mice was higher than that in lean mice™. However, the
above-mentioned deduction did not explain the findings in
HFD rats. Although the elevated total serum cholesterol and
triglyceride in HFD rats were also observed, the activity and
expression of hepatic Cyp3a were minimally affected.

The higher activity of Cyp3a in DM rats was also accompa-
nied by a higher glucose level. However, Stewart et al found
that glucose consumption in rats may decrease the activity
of Cyp2c11 and Cyp3a using testosterone as a probe agent*’),
which indicates that the high glucose level may not be the
primary reason for altering the expression and activity. The
impaired secretion of other hormones, such as growth hor-
mone, testosterone, and tetraiodothyronine, have been dem-
onstrated in diabetics!*!
hepatic Cyp3a. The mechanism inducing Oatp2 expression

, which becomes a factor inducing

was not reported. In the present study, we reported that DM
rats showed a trend toward increasing hepatic Oatp2 levels,
which was identical with the findings in type 1 diabetic rats

induced by STZ. We also noted that alterations of Cyp3al,
Berp and Mrp2 in the liver and intestines induced by diabetes
were different. Our previous studies showed that alterations
in activity or expressions of Cyp3a, Berp, Mrp2, and Oatp2 in
diabetic rats were dependent on tissues and genes!"” **> I,
However, the real mechanisms resulting in the differential
alterations were not clear and require additional investigation.

In this article, our results showed that diabetes enhanced the
metabolism of simvastatin and its hydrosalt simvastatin acid
in rats. The enhancement was due, in part, from up-regulated
Cyp3a activity and expression as well as increased hepatic
uptake.
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