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Abstract
Aim: To study the profile of imipramine N+-glucuronidation using homogenates
of recombinant uridine-5'-diphosphoglucuronosyltransferase 1A4 (UGT1A4) from
baculovirus-infected sf9 cells.  Methods: Recombinant UGT1A4 was obtained
from sf9 cells infected with recombinant baculovirus.  Imipramine N+-glucuronide
was biosynthesized by incubating imipramine with recombinant UGT1A4 and
then purified with solid-phase cartridges.  A reversed phase-high pressure liquid
chromatography (RP-HPLC) assay method was used to directly measure the con-
centration of imipramine and its metabolite, imipramine N+-glucuronide, with
p-nitrophenol as the internal standard.  The validated method was used to charac-
terize the activity of recombinant UGT1A4 and carry out kinetic studies on imi-
pramine glucuronidation in vitro.  Results: The high concentration of imipramine
inhibited glucuronide conjugation, so the formula V=Vmax·S/(Km+S+S2/Ki) was used
to calculate the parameters, using MATLAB software.  The values of apparent
Km, Ki, and Vmax for imipramine glucuronidation via UGT1A4 were 1.39±0.09 mmol/L,
6.24±0.45 mmol/L and 453.81±32.12 pmol/min per mg cell homogenate (n=3),
respectively.  Conclusion: As a specific substrate of UGT1A4, imipramine was
used as a convenient method to characterize the activity of recombinant UGT1A4
by using HPLC.  Furthermore, the profile of imipramine glucuronidation was evalu-
ated by using recombinant UGT1A4 in vitro.
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Introduction
In humans, the metabolism of a number of tertiary amine-

containing pharmacological agents to quaternary ammonium-
linked glucuronides, catalyzed by uridine 5-diphospho-
glucuronosyltransferases (UGT), represents a unique and
important metabolic pathway for these compounds[1].
UGT1A4 is an important enzyme for the formation of quater-
nary ammonium-linked glucuronides, and recombinant
UGT1A4 glucuronidates tertiary amine substrates such as
imipramine, cyproheptadine, tripelennamine, and chlorpro-
mazine[2].

Imipramine is a tricyclic antidepressant that is used for
treating the symptoms of major depression.  It is the probe
substrate of UGT1A4, and is used as a competitor in studies
of drugs metabolized by UGT1A4[3–5] .  Kinetic studies of

imipramine glucuronidation in vivo and via human liver mi-
crosomes have been previously carried out[3,6,7].

The baculovirus insect cell system is an efficient expres-
sion system for the production of recombinant UGT.  A se-
ries of UGT produced using this system have been used to
screen drug metabolism in vitro.  The kinetics of imipramine
N+-glucuronidation via UGT1A4 have not yet been studied
in detail.  Therefore, we used a convenient and efficient
method to characterize the activity of recombinant UGT1A4
and to study the imipramine N+-glucuronidation profile in
vitro.

Materials and methods
Chemicals and reagents  The bacmid and the vectors

used to produce the recombinant UGT were purchased from
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Invitrogen (Beijing, China).  The sf9 cell strain was a gift
from Hainan Yangshengtang Pharmaceutical Co (China).  The
imipramine hydrochloride (pure powder) was a gift from Siwei
Pharmaceutical Co (China).  The β-glucuronidase enzyme
from Escherichia coli, uridine 5-diphosphoglucuronic acid
(UDPGA), alamethicin, saccharolactone and p-nitrophenol
were purchased from Sigma (St Louis, MO, USA).  The Dis-
covery DSC-18 cartridges (500 mg, 3 mL) were supplied by
Supelco (Bellefonte, PA, USA).  All other chemicals and sol-
vents were of analytical grade or high performance liquid
chromatography (HPLC) grade and were obtained from stan-
dard commercial sources.

Chromatography  Chromatographic analysis was per-
formed on a Shimadzu LC-10ATvp system (Kyoto, Japan),
equipped with an LC-10AT pump, an SCL-10A system
controller, and an SPD-10A UV detector.  A Diamonsil C18
column (5 µm particle size, 200 mm×4.6 mm ) was used in this
assay.  The mobile phase consisted of 31% acetonitrile and
69% 0.01 mol/L KH2PO4 in distilled water, with the pH being
adjusted to 2.5 by adding phosphoric acid dropwise.  The
mobile phase was filtered via a 0.45 µm membrane and
degassed.  The flow rate was set at 1 mL/min and the elution
solution was monitored at 254 nm with a UV absorption
detector.

Preparation of recombinant UGT1A4 homogenate  Re-
combinant UGT1A4 homogenate was prepared as described
elsewhere[8].  Briefly, sf9 cells infected with recombinant
baculovirus were subjected to 3 rounds of freeze-thawing,
resuspended in phosphate-buffered saline (1×PBS; pH 7.4)
and sonicated with 5 s bursts, allowing at least 1 min on ice
between bursts.  Then the protein concentration of the ho-
mogenate was determined using Lowry’s method, with bo-
vine serum albumin as a standard.

Enzymatic activity assay  Because the activity of recom-
binant UGT1A4 was highest at pH 8.4 within the range from
6.0 to 9.0 in this experiment, imipramine was added as a sub-
strate into 100 µL of the incubation solution, which con-
tained 50 mmol/L Tris-HCl (pH 8.4), 10 mmol/L MgCl2, 8.5
mmol/L saccharolactone, 0.02 g/L alamethicin and 2 g/L cell
homogenate containing UGT1A4.  It is known that the pro-
duction of imipramine glucuronide is linear for protein con-
centrations ranging from 0.5 to 2 g/L.  After pre-incubation at
37 °C for 5 min, 0.5 µmol UDPGA was added as a cofactor to
start the reaction.  The enzymatic reaction was stopped by
adding 70 µL methanol and 30 µL internal standard (0.02 g/L
p-nitrophenol in ethanol) at the designated time at 37 °C in a
shaking water bath.  The incubation solution was centri-
fuged at 16 000×g for 20 min.  A 20 µL aliquot of the superna-
tant was analyzed by reversed phase (RP)-HPLC.

Preparation and purification of imipramine N+-glucu-
ronide  The volume of incubation solution was amplified to
100 mL and the incubation concentration of imipramine was
2 mmol/L.  Twofold the volume of CHCl3 was added after 2 h
incubation.  After the mixture was vortexed, the protein was
precipitated by centrifugation and the remaining imipramine
was extracted with CHCl3.  The aqueous fraction was trans-
ferred into a fresh tube and added to twofold the volume of
CHCl3 again.  The procedure was repeated to completely de-
tach the remaining imipramine, then this was confirmed with
HPLC.  Solid-phase extraction was used to purify the imi-
pramine N+-glucuronide[9–11].  The aqueous phase was loaded
onto Discovery DSC-18 cartridges.  Each cartridge was then
washed with 6 mL deionized water twice, followed by 3 mL
30% methanol and 70% methanol, respectively.  Finally the
imipramine N+-glucuronide was eluted by 2 mL methanol.
The final elution solution was vacuum dried, and the residue
was reconstituted with 900 µL deionized water; this solution
was then used as the standard stock solution for the imi-
pramine N+-glucuronide.

Characterization of imipramine N+-glucuronide by LC-
MS  The HPLC-mass spectrometer (MS) (Esquire, Bruker,
Germany) was equipped with an electrospray mass spectro-
metric detector.  The same column was used, and the mobile
phase consisted of acetonitrile/acetic acid solution (31/69,
v/v; pH 4.5) with a flow rate of 0.4 mL/min[12].

Quantification of imipramine N+-glucuronide by hydroly-
sis with β-glucuronidase Four microliters of the imipramine
N+-glucuronide solution and 4 µL of the β-glucuronidase
solution (4000 U/mL) were added into 192 µL of PBS (pH 5.0)[11].
After incubation at 37 °C for 24 h, 40 µL of p-nitrophenol
solution (0.1 g/L in methanol) and 160 µL methanol were
added into the solution.  Three replicate samples and three
control samples without incubation were examined.  The
solutions were vortexed for 20 s and centrifuged at 16 000×g
for 20 min.  A 20 µL aliquot was injected onto the column.
The imipramine N+-glucuronide was completely hydrolyzed
to imipramine and the content of imipramine was assayed
accurately by using the HPLC method described herein.  The
peak area ratio of imipramine in the hydrolytes versus
p-nitrophenol was compared using the calibration curve pre-
pared using imipramine.

Results
Characterization of imipramine N+-glucuronide by RP-

HPLC and LC-MS  Chromatographic separation of imi-
pramine N+-glucuronide, p-nitrophenol and imipramine was
excellent, with no interfering peaks from the cell homogenate.
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Typical chromatograms of the incubate are shown in Figure 1.
Chromatograms of control samples, including the incubate
solutions without enzyme or substrate, also indicated that

there were also no interfering peaks (data not shown).
The peak at m/z 281 corresponded to protonated imipra-

mine (Figure 2A).  The API-electrospray (API-ES) mass spec-
trum of a peak typically formed by incubation of imipramine
with the recombinant UGT1A4 is shown in Figure 2B.  The
[M+ H]+ ionic peak at m/z 457 corresponded to imipramine
N+-glucuronide.

Preparation of the calibration curve of imipramine  A
standard stock solution of imipramine hydrochloride was
prepared by dissolving pure imipramine hydrochloride in
deionized water to a concentration of 10 mmol/L.  A series of
standard solutions (5, 10, 25, 50, 75, and 100 µmol/L) were
prepared by diluting the stock solution with PBS (pH 5.0).
The calibration curve was constructed according to the pro-
cedure described in the Materials and Methods section.  We
found that imipramine concentrations were linearly related
to imipramine versus p-nitrophenol area ratios over the range
studied, with a correlation coefficient of >0.999.  The equa-
tion obtained by using least squares linear regression was:
y =0.039x– 0.0728.  The limit of detection (LOD) and the limit
of quantitation (LOQ) were measured by carrying out
stepwise dilutions of the samples at known concentrations.
The results indicated that LOD was 0.05 µmol/L and LOQ
was 0.5 µmol/L [Relative Standard Deviation (RSD<7%); n=5]

for this assay.
Quantification of imipramine N+-glucuronide by hydroly-

sis  Imipramine N+-glucuronide was hydrolyzed thoroughly
by β-glucuronidase after 24 h incubation (Figure 3).  Accord-

Figure 1.  Representative HPLC chromatograms of imipramine in-
cubated with recombinant UGT1A4 (A) without or (B) with UDPGA.
Incubation solutions containing 0.50 mmol/L imipramine were incu-
bated at 37 °C for 60 min.  Peak 1: imipramine; peak 2: p-nitrophenol;
peak 3: imipramine N+-glucuronide.

Figure 2.  API-ES mass spectrum of protonated imipramine (A) and
imipramine N+-glucuronide (B).

Figure 3.  Representative HPLC chromatograms of imipramine
N+-g lu curonide before  (A) and a ft er  (B) hydrolysis  wi th  β -
glucuronidase.  Peak 1: imipramine N+-glucuronide; peak 2: p-nitro-
phenol, peak 3: imipramine.
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ing to the calibration curve for imipramine, the area ratios for
imipramine after hydrolysis versus p-nitrophenol were used
to calculate the concentration of the imipramine that was
transformed from imipramine N+-glucuronide by hydrolysis.
The concentration of the stock imipramine N+-glucuronide
solution was calculated as being 1.37 mmol/L.

Preparation of the calibration curve of imipramine
N+-glucuronide  Imipramine N+-glucuronide was spiked into
the incubation solution containing the inactivated UGT1A4
to make a series of standard concentrations (1.24, 2.26, 4.52,
9.04, 13.70, 18.22, and 22.74 µmol/L).  Then the samples were
mixed with 70 µL methanol and 30 µL internal standard (0.02
mg/mL p-nitrophenol).  After removal of the protein by cen-
trifugation at 16 000×g for 20 min, a 20 µL aliquot of superna-
tant was injected into HPLC for analysis.  The results indi-
cated that the imipramine N+-glucuronide concentrations were
linearly related to the imipramine N+-glucuronide versus
p-nitrophenol area ratios over the range studied, with a cor-
relation coefficient of >0.999.  The equation obtained by least
squares linear regression was y=0.1942x–0.0562.  The LOD
and the LOQ were measured by carrying out stepwise dilu-
tions of the samples at known concentrations.  The results
indicated that LOD was 0.04 µmol/L and LOQ was 0.4 µmol/L
(RSD <7%; n=5) for this assay.

Recovery and precision  A series of hydrolysis solutions,
spiked with various amounts of imipramine, were processed
according to the procedure described in the Materials and
Methods section.  The peak area ratios of imipramine and
the internal standard were compared with the calibration
curve of imipramine.  The results of the recovery assay are
shown in Table 1.  Another series of solutions containing
the inactivated recombinant UGT1A4, added with various
amounts of imipramine N+-glucuronide, were processed as
described in the Materials and Methods section.  The peak
area ratios of imipramine N+-glucuronide versus the internal
standard were compared with the calibration curve of imi-
pramine N+-glucuronide.  The result of the recovery assay is
shown in Table 2.  For these two series of assays, intra-

assay variability was determined by analyzing 5 replicate
samples, and inter-assay variability was determined by ana-
lyzing samples on 5 separate days.

Enzymatic activity assay of the recombinant UGT1A4
Imipramine as substrate was added into 0.1 mL incubation
solutions containing recombinant UGT1A4.  For the time-
course experiment, the samples were incubated at a concen-
tration of 0.50 mmol/L imipramine at 37 °C for 10, 15, 30, 45, or
60 min.  For the dose-course experiment, the samples were
incubated for 30 min at a series of concentrations that ranged
from 0.16 mmol/L to 5.09 mmol/L.  Three replicate samples
were examined for every time point and concentration.  Then
the assays were performed according to the procedure de-
scribed earlier.  Finally, the metabolite was detected and quan-
tified according to the calibration curve of imipramine N+-
glucuronide.  It was demonstrated that imipramine N+-glucu-
ronide was produced linearly over the time range studied
(Figure 4A).  The metabolite decreased when the substrate
concentration was more than 2 mmol/L (Figure 4B); the
parameters were calculated according to the formula V=Vmax·
S/(Km+S+S2/Ki) by using MATLAB software.  The value of
Km was 1.39±0.09 mmol/L, Ki was 6.24±0.45 mmol/L and Vmax

was 453.81±32.12 pmol/min per mg cell protein (n=3).

Discussion
The biotransformation of quaternary ammonium N+-

glucuronidation has been characterized in humans for more
than 30 drugs and xenobiotics, including antihistamines,
antidepressants, and antipsychotics[13].  Glucuronidation is
generally considered to be a pathway of detoxification, which
commonly transforms lipophilic compounds into hydrophilic
metabolites.  However, quaternary ammonium N+-glucu-
ronides are suspected to be of toxic, despite a lack of evi-
dence either way.  In one experiment concerning the toxicity
of amitriptyline N+-glucuronide, after one healthy female
volunteer was given an iv infusion of amitriptyline N+-glucu-
ronide (17.5 mg, 38.5 mmol), she became flushed and devel-

Table 2.  Recovery and precision for imipramine N+-glucuronide assay.
n=5.  Mean±SD.

 Theoretical        Measured         Recovery    Intra-day     Inter-day
concentration  concentration         (%)        variability    variability
  (µmol/L)         (µmol/L )                             RSD (%)      RSD (%)

  1.30   1.23±0.06   94.62 4.88 9.67
  9.15   9.52±0.18 104.04 1.90 4.62
22.25 23.17±0.75 104.13 3.24 2.89

Table 1 .   Recovery and precision for imipramine assay.  n=5.
Mean±SD.

 Theoretical       Measured         Recovery    Intra-day     Inter-day
concentration concentration         (%)         variability   variability
 (µmol/L)        (µmol/L )                             RSD (%)      RSD (%)

  5.5   5.7±0.4 103.7 7.0 8.5
24.5 23.4±0.3   95.5 1.3 4.4
95.5 98.7±2.1 103.4 2.1 4.8
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oped tachycardia 25 min later[14].  In another study, it was
found that chlorpromazine, amitriptyline, imipramine, promet-
hazine and cyproheptadine were potent inhibitors of the
glucuronidation of testosterone, androsterone, estriol and
1-naphthol, respectively, with steroid activities being more
susceptible to inhibition (up to 90%)[15].  This may be con-
nected with the pathogenesis of adverse drug reactions.

It has been reported that the quaternary ammonium N+-
glucuronides are mainly catalyzed via UGT1A3 and UGT1A4
in humans[1,2,16].  The sequence of the UGT1A3 protein is
93% identical to that of UGT1A4.  However, UGT1A3 has a
higher apparent Km than UGT1A4, and the expression level
of UGT1A3 is low in human liver[1,16].  So UGT1A4 is consid-
ered to contribute greatly to N+-glucuronidation in humans.
Further supporting this conclusion is the fact that imipramine
was also incubated with recombinant UGT1A3 in the present
study, but no metabolite was detected (data not shown).

N+-glucuronidation is a pathway specific to humans,
which does not occur in rats.  An explanation for this lack in
rats is that the corresponding gene of UGT1A4 in rats is a

pseudo-gene, and does not code for a full-length UGT
protein[16].  Therefore it should be noted that if pharmacoki-
netic data for the metabolism of these tertiary drugs are ob-
tained from rats, the possible metabolites of N+-glucuronide
existing in humans will be ignored.

In a study of imipramine glucuronidation using human
liver microsomes, the Eadie-Hofstee plots of imipramine N+-
glucuronidation in human liver microsomes were biphasic.
Compared with the Km obtained from human liver microsomes,
the apparent Km from baculovirus-expressed UGT1A4 was
higher than the low affinity Km of 0.70±0.29 mmol/L[3].  This
different result may be attributed to the existence of different
protein structure in the recombinant and non-recombinant
enzymes in humans: the enzymes expressed by baculovirus
insect cells have a different glycosylation course from those
produced in mammalian cells.  In addition, the pH of the
incubation solutions used by Nakajima et al in their experi-
ment using human liver microsomes was 7.4[3], lower than
the 8.4 used in the present experiment, which may have con-
tributed to the different pharmacokinetics.  So the data gath-
ered in vitro should be considered as reference data only for
studies in vivo.  Figure 4 shows that a high concentration of
imipramine inhibits glucuronidation.  This is similar to the
effects of clozapine, which is reported to inhibit glucuro-
nidation by UGT1A4 at high concentration[17].  Considering
that the 2 drugs have a similar tricyclic structure, whether
substrates with a similar molecular structure have similar
substrate protein interactions in glucuronidation is worth
studying further.

In conclusion, a simple and effective RP-HPLC method
was established for determining the concentration of imi-
pramine and imipramine N+-glucuronide, and characterizing
the activity of recombinant UGT1A4.  The kinetics of imi-
pramine N+-glucuronidation using recombinant enzymes are
different from those noted using human liver microsomes.
For unique quaternary ammonium N+-glucuronidation in
humans, there is potential for more tertiary drugs to be
screened by using the recombinant enzyme, which may re-
veal some valuable information.
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