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Summary

The total content of rat liver microsomal cytochem450 (CYP) significantly decreased
after repeated i.p. administration of the antivirglgent tenofovir &)-9-[2—
(phosphonomethoxy)propyl]adenine) and tenofovioplisxil at a daily dose 25 mg.kgThe
content of liver microsomal protein however did obange. The decrease of the CYP content
was accompanied by concomitant increase of the ahafunactive CYP form, cytochrome
P420. This effect was confirmed by a parallel statiyhe activities of selected CYP forms,
CYP2E1 (p-nitrophenol hydroxylation) and CYP1A2gfhoxyresorufin deethylation). The
activity (expressed relatively to the protein comteof both CYP forms decreased
significantly following the decrease of the tota&f €. On the other hand, the CYP2E1 activity
expressed relatively to the (decreasing) total @6Rtent remained unchanged. CYP1A2
activity however decreased as well when calculagéatively to the total native CYP content
indicating lower stability of this rat form. Semisgntitative RT-PCR showed no significant
changes in expression of major rat liver microso@éP forms after tenofovir treatment. In
conclusion, repeated administration of tenofovihigher doses led to significant decrease of
the relative proportion of active liver microson@&'Ps accompanied by a conversion of these

enzymes to the inactive form (CYP420) maintainimg $um of CYP proteins unchanged.
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Introduction

Adefovir and tenofovir, acyclic nucleoside phospéites of the structure similar to natural
nucleotides, are two recently introduced antivagénts acting as inhibitors of replication of
retroviruses and DNA-viruses (Holy 2003). Adefo@f[2-(phosphonomethoxy)ethylladenine
(PMEA), is used mainly for treatment of hepatitis Bhereas tenofovir, R)-9-[2-
(phosphonomethoxy)propylladenine (PMPA), is onehef drugs of choice for treatment of
the HIV infection.

Studies on the involvement of the CYP enzymes uggharmacokinetics have been
shown to be useful as they can help in understgndiing interactions based on induction or
inhibition of particular CYP activities (Anzenbach&nd Anzenbacherova 2001). Tenofovir
pharmacokinetics and clinical pharmacology has lreeently reviewed; however, little is
known about its influence on the liver microsomgktem of cytochrome P450 (CYP)
(Kearney et al. 2004). A possibility of reduction of the activitgf one CYP enzyme
(CYP1A2) was mentioned on the basis of theitro experiments (Branckt al. 2002). As
thein vivo data on the effects of acyclic nucleoside phosptemnon liver microsomal CYP
were scarce, it appeared to be useful to focusisrstibject. Recently, a paper on the effects
of adefovir on CYP system of rat liver microsomes/ivo has been published indicating a
denaturation of liver microsomal CYP after i.p. adistration of higher doses of adefovir
(Zidek et al. 2006). As the structures of adefovir and tenafave very similar to each other,
it has been necessary to implement the data witbetlon tenofovir. This study hence deals
with changes of properties of the rat liver micnosb CYP system resulting from application
of tenofovir and its prodrug, tenofovir disoprokilmarate with the methyl group introduced

onto the side chain of the parent molecule (Sch&me



Materials and Methods

Materials

(R)-9-[2-(phosphonomethoxy)propylladenine (tenofoMPA) was synthesized in-house
(Institute of Organic Chemistry and Biochemistry, rague) and R)-9-[2-
[big[(isopropoxycarbonyl)oXynethoxy phosphinylpropyllJadenine fumarate (tenofovir
disoproxil, bis(POC)-PMPA) was kindly donated bylgad Sciences (Foster City, CA).
Chemical structure of tenofovir disoproxil is showin Scheme 1. p-Nitrophenol,
p-nitrocatechol, NADPH sodium salt, bovine serurbuaiin and other chemicals used for
laboratory work were purchased from Sigma (St LoMi©®). Sodium dithionite was product

of Merck (Darmstadt, Germany). All chemicals usestevof reagent grade quality.

Please insert Scheme 1 here

Treatment of experimental animals, preparation of liver microsomes

Female rats (Lewis inbred strain) of the weighfilé#l to 155 g were purchased from Charles
River (Sulzfeld, Germany). The test substancespftetr and tenofovir disoproxil, were
intraperitoneally injected during ten consecutieyslat doses 5 or 25 mg/kg. After ten days
the rats were sacrificed and livers were removetivegighted. The liver samples were frozen
in liquid nitrogen and stored at -7 until used. The protocol of the experiment was
approved by the institutional Ethics Committee. prgparation of liver microsomes, defined
part of the liver was excised, the sample was drnsecold 0.25 M sucrose in 50 mM Tris-
HCI (pH 7.4). The tissue was then homogenized abgested to differential centrifugation to

obtain the microsomal fraction according to stadgaocedures (Laket al. 1989).



Determination of total protein and cytochrome P450 (P420) content

Total protein content was determined by bicinchmnercid method with a standard BCA
Protein Assay kit (Pierce, Rockford, IL). Deterntina was done in two parallels using a
calibration curve (y = 1.0628 + 0.0203,= 0.996) within the concentration range of 0 to 1
mg.mi™*. Differences between determinations were below.15%

Content of CYP and its inactive form P420 was deteed directly by using an established
CO-difference spectroscopy method (Omura and S86&Y)1L An extinction coefficient of
91 cm'mM™ for the absorbance difference between 450 anch#®(double-beam recording
spectrometer Shimadzu UV-2100) was used for CYPBrdehation and the CYP content was
expressed as a nmol of cytochrome P450 per mg @bsomal protein (nmol.nigprotein).
Amount of the inactive P420 was calculated fromc¢hange in absorbance between 420 and

490 nm using specific P420 molar extinction coéfic 111 mMcm™.

p-Nitrophenol hydroxylation

A prototypic CYP2E1l activity, p-nitrophenol hydrdagion to p-nitrocatechol, was
determined according to literature (Chaa@l. 1998) by spectrophotometric determination of
the product formed using Shimadzu UV-2100 spectotgheter. p-Nitrocatechol was used as
standard with a calibration curve linear in thegaof O to 20 nmol of p-nitrocatechol in the
reaction mixture of 0.%ul i.e. up to the 40uM molar concentration (y = 0.0128x with
r* = 0.9989). Enzyme activity was expressed both @m®|nproduct/min/mg microsomal

protein and as nmol product/min/nmol total CYP Idain the specific CYP2E1 activity.

Determination of CYP1A2 activity
CYP1A2 activity was measured as 7-ethoxyresorufide®@thylation according to established

procedure (Chang and Waxman 1998) based on sdaonmahetric detection of the product



formed. A TECAN GENios absorbance/fluorescence/h@scence reader (Tecan Austria,
Vienna) was used for fluorescence detection (etkortaat 535 nm, emission at 595 nm).
A linear calibration curve was obtained with redoras standard in the concentration range
of 0 to 500 nmol (y = 10.378x? = 0.9999). Enzyme activity was expressed bothrasln
product/min/mg microsomal protein as well as nmaobdaict/min/nmol total P450 i.e. as

specific CYP activity.

Western blotting

Relative extent of CYP2E1 and CYP1A2 protein egpi@ in microsomes was evaluated by
Western blotting. The BioRad (Hercules, CA) Minitgan equipment with Western blotting
apparatus was used. Chemiluminiscence kit for Wiedtlotting (Immun Star) was purchased
from BioRad; nitrocellulose membrane was from Arhara Biosciences (Little Chalfont,
GB). Rat anti human CYP2E1 and anti human CYP1Atbadies were from Daichi Pure
Chemicals (Tokyo, Japan). Western blots were qtsetl using a standard curve with CYP
content over a linear portion of the response cygemerally with 0.1 to 1.0 pmol of CYP)
generated by scanning the blot with a computerimedge-analyzing system (IMSTAR,
Paris). Change of protein content in a spot wasidened significant when the respective
difference exceeded 20%. Recombinant CYP1A2 anBZEM (Panvera-Invitrogen, supplied

by KRD, Prague, CZ) were used as standards.

Rever se transcriptase-polymerase chain reaction (RT-PCR)
Expression of seven different cytochrome P450 mRMAs analyzed by a semiquantitative
RT-PCR following the procedure described earlied€K et al. 2006) based on the method of

Morris and Davila (Morris and Davila 1996). TotaNR was extracted from 30 mg liver



tissue using the RNeasy minikit and RNase free EBNsest according to manufacturer’s
instructions (Qiagen, Hilden, Germany). Qu§ of total RNA was reverse transcribed to
complementary DNA. One fourth of resulting cDNA wdgen amplified by PCR. PCR
reactions were performed with commercially avagabpecific primers for rat cytochrome
P450 enzymes (Takara, Gennevilliers, France). Asndrol, cDNA was also amplified with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH1RQ.12) commercially available
primers (Clontech, Palo Alto, CA, USA). After irati denaturation (2 min, 94 °C), 25
amplification cycles were performed using a Masteler gradient (Eppendorf, Hamburg,
Germany). One cycle consisted of denaturation at®4or 30 s, annealing at 56 °C (CYP
primers) or 61 °C (GAPDH primers) for 30 s and asten at 72 °C for 30 s. After the last
cycle, final extension at 72 °C for 7 minutes wasried out. The amplified DNA size was
450 bp for GAPDH and 331, 236, 248, 474, 579, 11 244 bp for CYP1Al, 1A2, 2C11,
2E1, 3Al1, 3A2 and 4Al1 enzymes, respectively. PCRdpets of predicted size were
identified by electrophoresis on 1.5% agarose getaining ethidium bromide. The gels were
photographed in UV light. The results were intetgteon the basis of procedure described by
Morris and Davila (Morris and Davila 1996). The thmd gave single products within

a linear range of 20 to 30 cycles.

Data analysis

The data were evaluated by one-way analysis obimee (ANOVA) followed by multiple

comparison Bonferroni test using Prism softwareaffBPad, San Diego, CA).

Results



Although repeated administration of tenofovir aaddfovir disoproxil fumarate (25 mg.Rp

to rats did change neither the body weight, thatired liver weight nor the amount of liver
microsomal protein (Table 1), the content of raeidicytochrome P450 (CYP) significantly
decreased after ten days to 70 and 72% in the afasmnofovir and tenofovir disoproxil,

respectively (Fig. 1A).

(Pleaseentdab. 1 here)

Concomitantly, the amount of inactive form of ajtoome P450, i.e. of the
cytochrome P420 (abbrev. P420) significantly insesh Formation of the inactive P420 may
be clearly seen in the respective absorption spé€ig. 1A, insert). As the amount of total
microsomal protein remained unchanged (see Tabladrpase of the amount of the inactive
P420 form occurred apparently at the expense oh#tige form. Application of tenofovir or
tenofovir disoproxil in lower dosis (5 mg.RKghowever did not cause any significant change
of the absolute values of both cytochrome P450 420 remaining the proportion of the

active and inactive form unaltered (Fig. 1B).

(Pleaseams-ig. 1 here)

To answer the question whether the decrease dbtheCYP amount is accompanied
also by a corresponding decrease of activitiesadiqular CYP enzymes, the activity of two
CYP forms, namely, of the CYP2E1 (EC 1.5.99) andPCTX2 (EC 1.14.14.1), was followed
after i.p. application of higher dosis of tenofo(®5 mg.kd"). In parallel, the amount of the
CYP2E1 and CYP1A2 protein was evaluated by Wedttstiing and the expression of the

corresponding mRNAs was followed. No changes in@GY&P2E1 and CYP1A2 mRNA as



well as of other CYP mRNAs (Fig. 2) or of the CYR2Br CYP1A2 protein (results not

shown) after tenofovir administration were observed

(Pleaseams-ig. 2 here)

On the other hand, the CYP2EL activity expressgdtively to (unchanged) total
microsomal protein decreased significantly as altes tenofovir administration (25 mg.Ky
(Fig. 3A). However, when the same activity was glted relatively to the amount of active
CYP (i.e. as a specific activity of the CYP2E1),smgnificant change due to administration of
neither tenofovir nor its prodrug was observedotimer words, the relative proportion of the
active CYP2E1 enzyme remained the same even whertotal amount of native CYP
decreased.

Activity of the second CYP form, CYP1A2, also dgigrantly decreased after
administration of tenofovir; in this case, contraoyCYP2E1, both the activity expressed
either relatively to the total protein content efatively to the content of active CYP in the
samples (specific activity) was diminished dueh® application of the drug (Fig. 3B). Hence,

the mouse CYP1A2 activity appears to be more stibdepo the effect of tenofovir.

(Pleaseams-ig. 3 here)

Discussion

The results document that the denaturation of tytwoes P450 of the rat liver endoplasmatic

reticulum (in other words, in the liver microsonfi@ction) takes place after administration of

higher dosis of tenofovir or tenofovir disoproxiinharate. The denaturation leads clearly to



formation of the inactive P420 form, the sum of thetive and inactive forms is left
unchanged. The process apparently affects theendtitly competent enzyme, hence, the
already expressed protein (the amounts of the duimeaotal P450 and P420 protein and of
the CYP proteins recognizable by the respectivébady as well as of the mRNA are not
changed). This means that it is not caused by afiects as misfolding of the protein, or by
an interference of the drug with biosynthesis ef @¥P proteins. The interaction between the
drug and the CYP enzymes must hence take pragiéu. The mechanism of this effect may
be difficult to explain. One possibility may be mfluence of tenofovir (and of its prodrug,
tenofovir disoproxil, providing there is still a paof it present in the hepatocyte) on
phosphorylation pathways in the cell. Tenofovikiewn to be converted to diphosphate by
action of adenylate kinase and by nucleotide diphate kinase (Kearney et al. 2004). As the
cAMP-dependent protein kinase is known to label @¥¢P enzymes for destabilization
(Janssoret al. 1990), an interaction of tenofovir with phosphatidn mechanisms in the
hepatocyte may contribute to destruction of théveatnzyme.

Interestingly, there are differences between iwdial CYP forms — whereas the
CYP2EL1 seems to be less prone to the denaturatsoacfivity decreases concomitantly with
the amount of total active CYP), rat CYP1A2 actiapparently decreases more quickly than
total CYP content. In other words, specific CYP1a&ivity, expressed relatively to total
active CYP, is not constant as it was in the cdsthe CYP2E1 but decreases significantly
(Fig. 3B). In this respect it should be mentionkdttCYP2E1 of some species (minipig)
belongs to one of the most stable CYP forms whighature to the inactive P420 form only
under high pressure (Anzenbacher@raal. 2005). On the other hand, rat CYP1A2 was
shown to be more susceptible to protein degraddahan other CYP enzymes (Guengerich
1978). Activities of CYP1A2 and CYP2E1 were choskem this study as these two

cytochromes P450 belong to CYP enzymes with higbhservative structure among species;
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as a result, also their activities are preservadast of the species studied (Guengerich 1997,
Courtet al. 1997).

Decrease of the level of active hepatic CYP enzwafter tenofovir administration
leads directly to a question on clinical relevaméethe effect observed. Maximum serum
tenofovir concentrations may reach up to 8.5 thgfter infusion of 3 mg/kg/day in a dose-
escalation monotherapy study (Kearmewl. 2004). Here, the dose of 25 mg'kapparently
interfered with the rat liver microsomal CYP systeho extrapolate the results obtained on
CYP enzymes of the rat to the man is however diffiand far from being straightforward,;
for example, rat CYP1A2 is inducible by phenobaibivhich is not an inducer of the human
CYP1A2 enzyme (Magnussa al. 2006) (in fact, phenobarbital is in most of thedps
a well-known inducer of another families of CYP gmes and not of the human CYP1A2
form which is typically inducible by aromatic compuals (Anzenbacher and Anzenbacherova
2001, Guengerich 2005). Detailed studiesrowitro as well agn vivo interactions between

this new class of antivirals and CYP enzymes aned@eeded.
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9-[2-(phosphonomethoxy) etjyadenine (adefovir) on cytochrome P450 system ofiver

microsomesJ Biomed Sci 13; 295-301, 2006.

Table 1

Influence of tenofovir and tenofovir disoproxil famate administration (25 mg.Kpto the

experimental animals on their body weight, on #lative weight of the liver and on the

relative content of liver microsomal protein

Body weight Liver weight Microsomal protein
(9) (% of body weight) (mg/glivter)
Control 200+ 4.5 4.18+0.12 15.45 +0.20
Tenofovir 195+5.7 414 +0.11 15.75 + 0.50
Tenofovir disoproxil 197 +4.5 4.23+0.15 16£0.38
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Legends to Figures

Fig. 1

Changes in the relative content (nmol per mg ofrasiemal protein) of the active cytochrome
P450 or of the inactive P420 after repeated adtnatisn of tenofovir or tenofovir disoproxil
fumarate prodrug

Fig. 1A

Dosis of 25 mg.kg of tenofovir or prodrug. The bars are means +M.E** p < 0.01 vs
corresponding untreated controls (n = 4, each grdagert, difference spectra of rat liver
microsomal cytochrome P450 (reduced complex with @M enzyme) showing formation
of P420 (dashed line) due to application of tenofov

Fig. 1B

Dosis of tenofovir or tenofovir disoproxil fumaraieng.kg'. The bars are means + S.E.M.

No significant changes observed.

Fig. 2

RT-PCR analysis of expression of rat liver cytoches P450The rats were intraperitoneally

treated with tenofovir (PMPA, 25 mg.Kpor with saline for 10 days. RNA was extracted

from up to 30 mg of liver tissue and analyzed byfRIR. Expression of a housekeeping gene

15



GAPDH was determined as a control (lower photographere was no detectable mRNA

expression of CYP 2C11, CYP 3A2 and CYP 1A1 (datashown).

Fig. 3

Activities of CYP2E1 and CYP1A2 in rat liver micaomes after repeated treatment with
25 mg.kg' of tenofovir. The bars are means + S.E.M, n = d&gh group.

Fig. 3A

CYP2EL1 activity measured as 4-nitrocatechol forarafrom p-nitrophenol; the formation of

the metabolite was considered significantly deadasontrols (** p < 0.01, vs. untreated
controls) when calculated per mg of microsomal girowhile it remained unchanged when
expressed as specific activity i.e. relativelyhte tontent of native enzyme.

Fig. 3B

CYP1A2 activity (7-ethoxyresorufin deethylationpth the relative as well as the specific

activity significantly decreased (** p < 0.01, wsitreated controls).
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Fig. 1A
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Fig. 1B
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Fig. 2
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Fig. 3A

Specific CYP2E1 activity
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Fig. 3B

Specific CYP1A2 activity
(nmol/min/nmol CYP)
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