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Abstract: Fentanyl (FT) is a synthetic p-opioid receptor agonist, widely used for surgical
analgesia and sedation. FT undergoes rapid and extensive hepatic biotransformation to
metabolites that result from hydrolysis, N-delalkylation and hydroxylation reactions. The
major metabolite is norfentanyl (NFT) formed from N-delakylation. CYP3A4 is responsible
for the oxidative dealkylation of FT in the human liver suggesting that FT may be subject
to drug interactions in vivo as numerous other therapeutic agents including nifedipine,
lidocaine and paracetamol are metabolized by the same enzyme. The toxicity of FT may be
in part due to CYP3A4*1B and CYP3AS5*3 variant alleles, resulting into variation in FT
metabolism. Molecular modelling analyses based on molecular mechamics, semi-empirical
(PM3) and DFT (at B3LYP/6-31G* level) calculations show that FT and all its metabolites
have large LUMO-HOMO energy differences so that they would be kinetically inert.
However, the molecular surfaces of FT, PAL and NFT are found to abound in electron-
deficient regions so that they may be subject to nucleophilic attack by glutathione and
nucleobases in DNA resulting into glutathione depletion and DNA damage, respectively.
The kinetic inertness of the molecules means that the rates of such adverse reactions would
be low unless the reactions are speeded up enzymatically.
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INTRODUCTION

Fentanyl (FT, N-phenyl-N-(1-(2-phenylethyl}-4-piperidinyl)-propanamide} is a synthetic
p-opioid receptor agonist, widely used for surgical analgesia and sedation (Hug and Murphy, 1981).
It is the preferred induction and maintenance anaesthetic agent in cardiac surgery, having had short
analgesic effect and relatively short duration of action (Mather, 1983). FT was introduced into
clinical use in the 1960s. FT has been reported to be 5-100 times more potent than morphine (Van
Nimmen ef af., 2004).

FT undergoes rapid and extensive hepatic biotransformation to metabolites that result from
hydrolysis, N-delalkylation and hydroxylation reactions. Intestinal microsomes are also found to
metabolize FT. The major metabolite norfentanyl (NFT) is formed from N-delakylation. CYP3A4 is
responsible for the oxidative dealkylation of FT in the human liver (Guitton ef af., 1997), suggesting
that FT may be subject to drug interactions in vivo as numerous other therapeutic agents including
nifedipine, lidocaine and paracetamol are metabolized by the same enzyme (Freeman, 2000). The
toxicity of FT may be in part due to CYP3A4*1B and CYP3A5*3 variant alleles, resulting into variant
FT metabolism (Ming ef al., 2005).
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In this study molecular modelling analyses have been carried out for FT and its metabolites in
order to obtain a better understanding of toxicity due to FT and its metabolites. The study was carried
out in the School of Biomedical Sciences, The Umversity of Sydney during February to July 2006.

COMPUTATIONAL METHODS

The geometries of FT and the metabolites NFT, PAL., PAA and 2PE have been optimised based
on molecular mechanics (Fig. 1), semi-empirical and DFT calculations, using the molecular modelling
program Spartan 02. Molecular mechanics calculations were carried out using MMFF force field. Semi-
empirical calculations were carried out using the routine PM3. DFT calculations were carried out using
the program Spartan 02 (Spartan, 2002) at B3LYP/6-31G* level. In optimization calculations, a RMS
gradient of 0.001 was set as the terminating condition. For the optimised structures, single point
calculations were carried to give heat of formation, enthalpy, entropy, free energy, dipole moment,
solvation energy, energies for HOMO and LUMO. The order of calculations: molecular mechanics
followed by semi-empirical followed by DFT ensured that the structure was not embedded in a local
mimmum. To further check whether the global minimum was reached, some calculations were carried
out with improvable structures. It was found that when the stated order was followed, structure
corresponding to the global minimum or close to that could ultimately be reached in all cases. Although
RMS gradient of 0.001 may not be sufficiently low for vibrational analysis, it is believed to be
sufficient for calculations associated with electronic energy levels.
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Fig. 1. Metabolic pathways of fentanyl (Based on Tateishi ef af., 1995)
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RESULTS AND DISCUSSION

Table 1 gives the total energy, heat of formation as per PM3 calculation, enthalpy, entropy, free
energy, surface area, volume, dipole moment, energies of HOMO and LUMO as per both PM3 and
DFT calculations for FT and their metabolites NFT, PAL, PAA and 2PE. Figure 2-6 give the regions
of negative electrostatic potential (greyish-white envelopes) in (a), HOMOs (where red indicates
HOMOs with high electron density) in (b), LUMOs in (c¢) and density of electrostatic potential on
the molecular surface (where red indicates negative, blue indicates positive and green indicates neutral )
in (d) as applied to the optimised structures of FT, NFT, PAL, PAA and 2PE The calculated solvation
energies of FT, NFT, PAL, PAA and 2PE from PM3 calculations in kecal mol™ are, respectively-3.74,
-8.70,-4.63,-10.73 and-6.10 and their dipole moments from DFT calculations are 3.8, 4.3, 2.7, 4.9 and
1.5, respectively. The results suggest that PAA would be most soluble in water whereas FT (with the
possible exception of PAL) would have the lowest solubility in water.

The calculated LUMO-HOMO energy differences for FT, NFT, PAL, PAA and 2PE are found
to be large (that ranges from 5.75 to 6.50 ¢V from DFT calculations), indicating that the compounds
would all be kinetically inert. 2PE is expected to be most inert whereas PAL is expected to be least
inert.

The molecular surface of FT, NFT, PAL and PAA are found to abound in positive (blue) regions,
indicating the compounds are more likely subject to mucleophilic attack such as that by glutathione and
nucleobases in DNA. Reaction with glutathione would cause glutathione depletion and hence cellular
toxicity whereas oxidation of nucleobases in DNA would cause DNA damage.

When the surface area and volume of FT are compared with those of NFT, PAL, PAA and 2PE,
it is found that the values for FT are distinctly different from those of the metabolites, indicating that
none of the metabolites is likely to be a substrate for the enzyme to which FT binds.

In the case of FT, NFT and PAL, the electrostatic potential is found to be more negative around
the carbonyl oxygen atom, indicating that the position may be subject to electrophilic attack. In the

Table 1: Calculated thermodynarnic and other parameters of fentanyl and its metabolites

Total energy Heat of Solvation
(kcal mol™!/ formation Enthalpy Entopy energy
Moldecue Calculation type atomic unit®™)  (kcal mol™") (kcal mol™H (cal mol™!) (kcal mol™H
FT PM3 -13.91 -8.17 208.92 161.53 -5.74
DFT -1039.74 29597 160.24 -4.67
NFT PM3 -36.55 -27.84 209.37 123.91 -8.70
DFT -730.26 21046 122.88 -7.66
PAL PM3 -20.29 -15.67 90.48 87.15 -4.63
DFT -384.88 91.66 90.17 -3.64
PAA PM3 -82.02 -71.29 95.23 91.11 -10.73
DFT -460.14 95.73 94.40 -6.79
2PE PM3 -37.03 -30.94 105.58 90.77 -6.10
DFT -386.09 107.12 90.93 -5.99
Calculation  Feer enger Area Volume Dipolemoment HOMO LUMO LUMO-
Moldecue type (kcalmol™) (A% (A% (debye) (ev) (ev) HOMO (ev)
FT PM3 250.76 393.75 381.76 3.6 -9.33 0.21 9.54
DFT 252.22 400.52 382.82 38 -6.02 -0.06 5.96
NFT PM3 172.43 273.24 260.19 3.6 -9.33 0.25 9.58
DFT 173.84 278.55 260.98 4.3 -6.05 -0.05 6.00
PAL PM3 64.49 155.64 137.81 2.5 -9.73 0.07 9.80
DFT o4.77 158.08 138.76 2.7 -6.59 -0.84 5.75
PAA PM3 68.07 162.59 144.56 4.5 -10.03 -0.25 9.78
DFT 67.58 164.06 145.13 4.9 -6.87 -0.66 6.21
2PE PM3 78.52 164.02 142.95 1.4 -9.63 0.23 9.86
DFT 80.01 164.95 143.56 1.5 -6.50 -0.00 6.50

* in atomic units from DFT calculations

178



J. Pharmacol. Toxicol, 2 (2): 176-152, 2007

@ CY

Fig 2: Btructure of FT giving in: (a) the electrostatic potential (greyish envelope denctes negative
electrostatic potential), &) the HOMOs, (where red indicates HOMOs with high electron
density) (¢) the LTUMOs ¢where blue indicates TUMOs) and i (d) surface electric charges
(where red indicates negative, blue indicates positive and green indicates neutral)

O+

Fig. 3: Btructure of NFT giving in: (a) the electrostatic potential (gravidh envelope denctes negative
electrostatic potential), &) the HOMOs, (where red indicates HOMOs with high electron
density) (¢) the LUMOs Gwhere blue indicates TUMOs) and i (d) surface electric charges
(where red indicates negative, blue indicates posttive and green ndicates neutral)
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Fig 4: Btructure of PAL giving in: (&) the electrostatic potential (greyidh envelope denctes negative
electrostatic potential), (b) the HOMOs, where red indicates HOMOs with high electron
density) (¢) the LUMOs (where blue indicates LUMOs) and i () surface electric charges
(where red indicates negative, blue mdicates posttive and green indicates neutral)

Fig.5: Btructure of PAA giving in: (g) the electrostatic potential (grevish envelope denctes negative
electrostatic potential), (b) the HOMOs, (where red indicates HOMOs with high electron
density) () the LUMOs (where blue indicates LUMOs) and i {d) surface electric charges
(where red indicates negative, blue indicates posttive and green ndicates neutral)
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Fig. 6: Structure of 2PE giving in: (a) the electrostatic potential (greyish envelope denotes negative
electrostatic potential), (b) the HOMOs, (where red indicates HOMOs with high electron
density) (¢) the LUMOs (where blue indicates LUMOs) and in (d) surface electric charges
{where red indicates negative, blue indicates positive and green indicates neutral)

case of PAA, the electrostatic potential is found to be more negative around the carbonyl and hydroxyl
oxygen atoms, indicating that the positions may be subject to electrophilic attack. In the case of 2PE,
the electrostatic potential is found to be more negative around the hydroxyl oxygen atom, indicating
once again that the position may be subject to electrophilic attack.

In the case of FT, the HOMOs with high electron density are found close to the non-hydrogen
atoms of the piperidinyl ring whereas the LUMOs are found close to the non-hydrogen atoms of the
phenyl ring that is bonded to the tertiary nitrogen atom. In the case of NFT, both the HOMOs with
high electron density and the LUMOs are found close to the non-hydrogen atoms of the phenyl ring.
In the case of PAL, both the HOMOs with high electron density and the LUMOs are found close to
all the non-hydrogen atoms. In the case of PAA and 2PE also, both the HOMOs with high electron
density and the LUMOs are found close to most of the non-hydrogen atoms.

CONCLUSIONS

Molecular modelling analyses based on semi-empinieal and DFT ealculations show that FT, NFT,
PAL, PAA and 2PE all have large LUMO-HOMO energy differences so that they would be kinetically
inert. The molecular surfaces of FT, NFT and PAL are found to abound in electron-deficient regions
so that they may be subject to nucleophilic attack by glutathione and nucleobases in DNA, resulting
into glutathione (and hence cellular toxicity) and DNA damage, respectively. However, the kinetic
inertness of the molecules means that the rates of such adverse reactions would be low unless the

reactions are speeded up enzymatically.
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ABBREVIATIONS

FT: Fentanyl; N-phenyl-N-(1-{2-phenylethyl)-4-piperidinyl)-propanamide
NFT: Norfentanyl

DFT: Density functional theory

LUMO: Lowest unoccupied molecular orbital

HOMO: Highest occupied molecular orbital
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