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a b s t r a c t

In recent years, increasing emphasis has been placed on quantitative characterization of drug metabolites
for better insight into the correlation between metabolite exposure and toxicological observations or
pharmacological efficacy. One common strategy for metabolite quantitation is to adopt the stable isotope
labeled (STIL) parent drug as the internal standard in an isotope dilution liquid chromatography–tandem
mass spectrometry (LC–MS/MS) assay. In the current work, we demonstrate this strategy could have a
potential pitfall resulting in quantitation bias if the internal standard is subject to ion suppression from
the co-eluting parent drug in the incurred samples. Propranolol and its metabolite 4-hydroxypropranolol
were used as model compounds to demonstrate this phenomenon and to systematically evaluate different
approaches to mitigate the issue, including atmospheric pressure chemical ionization (APCI) mode of
C–MS/MS

on suppression
afety assessment

ionization, increased internal standard concentration, quantitation without internal standard, the use of a
structural analog as internal standard, and dilution of the samples. Case studies of metabolite quantitation
in nonclinical and clinical studies in drug development were also included to demonstrate the importance
of using an appropriate bioanalytical strategy for metabolite quantitation in the real world. We present
that bias of metabolite concentrations could pose a potential for poor estimation of safety risk. A strategy
for quantitation of metabolites in support of drug safety assessment is proposed.
. Introduction

In drug development, safety evaluation generally involves
etermination of parent drug plasma concentrations and calcu-

ation of exposure based on “area under the curve” (AUC). It is
mportant to predict potential human risks based on nonclinical
ndings, and to control exposure levels in humans low enough
o target a safety margin relative to the nonclinical species. In

ecent years, there is more widespread appreciation of the role
f metabolites in drug toxicology evaluation due to interspecies
ifferences in metabolism [1–4]. Concerns have been raised that
ertain drug metabolites could have inherent toxicity and, if they

Abbreviations: APCI, atmospheric pressure chemical ionization; AUC, area under
he curve; ESI, electrospray ionization; FDA, Food and Drug Administration; HILIC,
ydrophilic interaction chromatography; HQC, high QC; ICH, international confer-
nce on harmonisation; J&J PRD, Johnson and Johnson Pharmaceutical Research
nd Development; LC–MS/MS, liquid chromatography tandem mass spectrometry;
QC, low QC; MA, metabolite of compound A; MAD, multiple ascending dose; MB,
etabolite of compound B; MC, metabolite of compound C; MQC, mid QC; MRM,
ultiple reaction monitoring; QC, quality control; STD, standard; STIL, stable isotope

abeled.
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were not generated in experimental animals, such studies would
not effectively assess their human risk potential. In addition, even
if the same metabolites are produced in humans and experimen-
tal animal species, the exposure of a particular metabolite may
vary considerably between humans and animals, a so-called dis-
proportionate metabolite. If the metabolite is found at much higher
levels in humans than in animal models, then it is argued that
such a metabolite has not been appropriately assessed in preclin-
ical toxicology studies. To address this issue, the Food and Drug
Administration (FDA) published the guidance document “Guidance
for Industry, Safety Testing of Drug Metabolites” (MIST) in February
2008 [5]. In June 2009, the International Conference on Harmonisa-
tion (ICH) M3 (R2) “Guidance on Nonclinical Safety Studies for the
Conduct of Human Clinical Trials and Marketing Authorization for
Pharmaceuticals” was published [6]. These documents stressed the
need for quantitative assessment of systemic drug metabolite pro-
files in humans and the need for comparison of exposure levels
of major metabolites with those derived in preclinical toxicol-
ogy studies to avoid any potential risk associated with inadequate

metabolite safety testing.

Under the ICH guideline, human metabolites that are observed
at systemic exposures greater than 10% of total drug-related mate-
rial at steady state should be quantified in the nonclinical toxicology
species to compare the exposure. If the exposure in humans is sig-

dx.doi.org/10.1016/j.jchromb.2010.10.008
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
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ificantly greater than that in the nonclinical species, or if humans
orm a major metabolite which is unique (not observed in animal
pecies), further evaluation may be warranted in nonclinical safety
tudies. This may involve the use of alternative animal species that
orm the metabolite at adequate exposures, or direct administra-
ion of the synthesized or isolated metabolite to animals for further
afety testing. Phase II conjugate metabolites can be excused from
urther evaluation because they are generally considered to be
harmacologically inactive and readily excreted from the body.
owever, specific conjugates, such as acyl-glucuronides, may pose

oxicological concerns by forming reactive intermediates and may
arrant further safety assessment [7].

With the launch of regulatory guidelines for metabolite safety
esting, greater emphasis has been placed on the quantitative
spects of metabolite characterization. Accurate measurement of
etabolite concentration in nonclinical and clinical studies is cru-

ial for decision-making in the scope of drug safety evaluation.
herefore, it is critical to adopt appropriate bioanalytical strategies
or accurate measurement of metabolites.

Isotope dilution methodology has been commonly used in
uantitative liquid chromatography tandem mass spectrometry
LC–MS/MS) assays in support of drug development. The very close
hemical similarity between a stable isotope labeled (STIL) analyte
nd the analyte itself help to ensure that variations in extrac-
ion, stability, injection, chromatography, instrument fluctuation
nd matrix effects are adequately compensated for. However, for
etabolite quantification, especially in early stages of drug devel-

pment, a STIL metabolite is usually not available. A common
ractice is to conveniently adopt the STIL parent drug, which is
ore normally available at this stage, as the internal standard for
easurement of metabolites. Given the fact that parent drug and

he metabolite can be quite chemically similar in some cases, this
pproach may be appropriate. However, caution needs to be taken
ecause significant bias for quantitation of the metabolite could be

ntroduced if the mass spectrometric response of the STIL parent
rug is subject to ion suppression by the co-eluting parent drug,
hich is the subject of this report.

In the current study, we used propranolol and its metabo-
ite, 4-hydroxypropranolol, as model compounds to systematically
nvestigate the impact of ion suppression of the parent drug to its
TIL analog on the quantitation of the metabolite when the lat-
er is used as the internal standard. We also propose and evaluate
ifferent strategies to mitigate this issue. Real world case stud-

es for metabolite quantitation in nonclinical and clinical studies
uring drug development are shown to demonstrate the impor-
ance of using an appropriate strategy to avoid introducing bias
nto metabolite measurement.

. Experimental

.1. Chemicals and reagents

Propranolol and alprenolol were purchased from Sigma–Aldrich
St. Louis, MO). 4-hydroxypropranolol, D7-propranolol, and D7-
-hydroxypropranolol were obtained from C/D/N Isotopes Inc.
Pointe-Claire, Quebec, Canada). Ammonium hydroxide (28–30%
s NH3 in water solution), formic acid, ethyl acetate, HPLC grade
cetonitrile, and trifluoroacetic acid were obtained from EMD
hemicals Inc. (Gibbstown, NJ). HPLC grade dimethyl sulfoxide was
urchased from Burdick and Jackson (Morristown, NJ). Blank rat
nd human plasma were obtained from Bioreclamation (Hicksville,

Y). Compound A, MA (metabolite of compound A), compound
, MB1 and MB2 (metabolites of compound B), compound C, and
C (metabolite of compound C), and their STIL analogs were syn-

hesized by Johnson and Johnson Pharmaceutical Research and
evelopment (J&J PRD).
878 (2010) 3267–3276

2.2. Standard and quality control sample preparation

All stock solutions used in this study were prepared at
1.00 mg/mL in 50/50: acetonitrile/dimethyl sulfoxide (v:v) and
stored under refrigerated conditions.

Calibration standard (STD) samples of 4-hydroxypropranolol
were prepared at concentrations of 5, 10, 20, 50, 100, 200, 400,
and 500 ng/mL fresh daily by serially diluting the stock solution
in blank rat plasma. Quality control (QC) samples containing 4-
hydroxypropranolol at concentrations of 15 (LQC), 250 (MQC), and
400 (HQC) ng/mL were prepared fresh daily by serially diluting
a separate stock solution in blank rat plasma. QC samples con-
taining 4-hydroxypropranolol at concentrations of 15 (LQC), 250
(MQC), and 400 (HQC) ng/mL in the presence of propranolol were
prepared fresh daily by serially diluting the stock solution in rat
plasma spiked with propranolol at concentrations of 1000, 4000,
or 20,000 ng/mL.

Calibration curve ranges were 1–500 ng/mL for MA,
5–5000 ng/mL for MB1 and MB2, and 1–1000 ng/mL for MC.

2.3. Sample preparation procedure

For 4-hydroxypropranolol, the plasma samples were processed
using protein precipitation as follows. An aliquot (25 �L) of each
sample was transferred into the wells of a Strata 2 mL protein pre-
cipitation filter plate (Phenomenex, Torrance, CA). Then, 100 �L of
internal standard working solution of D7-propranolol in acetoni-
trile (50 ng/mL) was added to each well. The plate was vortexed
and centrifuged. The filtrate was diluted with 50 �L of water and
mixed well. The injection volume was 5 �L.

For extraction of MA from human plasma, the samples were
processed using liquid–liquid extraction. Briefly, an aliquot (50 �L)
of each plasma sample was diluted with buffer (50 �L) and inter-
nal standard working solution (20 �L of 200 ng/mL of D4-MA in
water or 200 ng/mL of D5-compound A in water) and extracted with
500 �L of ethyl acetate. The samples were evaporated, reconsti-
tuted using 100 �L of 95% acetonitrile in water (v:v), then injected
to LC system operated under hydrophilic interaction chromatogra-
phy (HILIC) conditions [8].

For extraction of MB1 and MB2 from human urine, the samples
were processed using protein precipitation. An aliquot (25 �L) of
each urine sample was diluted with 100 �L of human plasma. After
thorough mixing, an aliquot (25 �L) of the diluted samples was
then further precipitated with 200 �L of internal standard work-
ing solution (6 ng/mL each of D6-MB1, D7-MB2, and D4-compound
B in acetonitrile) and injected.

For extraction of MC from buffered rat plasma (rat plasma added
with 30% relative volume of 0.5 M ammonium formate buffer for
stabilization of MC, which is an acyl-glucuronide), the samples were
processed using protein precipitation: an aliquot (40 �L) of each
sample was mixed with 40 �L of 0.2% formic acid in 50% acetoni-
trile in water (v:v) and 25 �L of internal standard working solution
(500 ng/mL of 13C4, D3-compound C in 50% acetonitrile in water),
followed by precipitation using 100 �L of 0.2% formic acid in ace-
tonitrile and injection.

2.4. Liquid chromatography and mass spectrometry

The HPLC system consisted of Shimadzu LC20AD pumps
and a SIL-HTC autosampler (Columbia, MD). For analysis of 4-
hydroxypropranolol, the HPLC system employed a Zorbax Eclipse

XDB C18 column (2.1 mm × 50 mm, 5 �m, Santa Clara CA). HPLC
mobile phase A was 0.2% formic acid in water (v/v), and mobile
phase B was 0.2% formic acid in acetonitrile (v/v). Needle rinse
solvent was 0.1% trifluoroacetic acid in 50% acetonitrile in water
(v/v/v). The gradient elution started at 10% mobile phase B, ramped
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inearly to 70% B over 2.0 min, and then returned to 10% B in 0.1 min.
he run time was 3 min and the HPLC flow rate was 0.5 mL/min.
or analysis of MA, the HPLC system employed a silica column
perated under HILIC conditions. HPLC mobile phase A was 0.2%
ormic acid in water (v/v), and mobile phase B was 0.2% formic
cid in acetonitrile (v/v). The gradient was ramped linearly from
0% B to 40% B over 1.5 min. For analysis of MB1 and MB2, the
PLC system employed a silica column operated under HILIC con-
itions. HPLC mobile phase A was 10 mM ammonium acetate and
.09% formic acid in water (v/v), and mobile phase B was 10 mM
mmonium acetate and 0.09% formic acid in 90% acetonitrile in
ater (v/v/v). The gradient was held at 100% B for 1.5 min, and then

amped linearly to 35% B over 1.5 min. For analysis of MC, the HPLC
ystem employed a C18 column operated under reversed-phase
onditions. Mobile phase A was 0.1% formic acid in water (v/v), and
obile phase B was 0.1% formic acid in acetonitrile (v/v). The gra-

ient was held at 10% B for 0.25 min, ramped linearly to 95% B in
.5 min, and held at 95% B for 1 min before returning to starting
onditions.

The HPLC systems were interfaced with an API 4000 triple
uadrupole mass spectrometer (Applied Biosystems, Foster City,
A). The operating parameters for analysis of propranolol and
-hydroxypropranolol in positive Turbo Ionspray mode were:
urtain gas 30 psi, GAS1 50 psi, GAS2 50 psi, Ionspray voltage
000 V, source temperature 500 ◦C, and CAD gas 4 (arbitrary
nits). Multiple reaction monitoring (MRM) transitions were:
ropranolol, m/z 260 → 116; D7-propranolol, m/z 267 → 116; 4-
ydroxypropranolol, m/z 276 → 116. Declustering potential (DP)
as 52 V and collision energy (CE) was 25 V for propranolol

nd D7-propranolol. DP was 60 V and CE was 24 V for 4-
ydroxypropranolol. Entrance potential (EP) was 10 V for all the
olecular ions, and collision cell exit potential (CXP) was 5 V for all

he product ions.
Mass spectrometric analysis for the other compounds in this

tudy was carried out with an API 4000 triple quadrupole or an API
000 Qtrap mass spectrometer operated in positive Turbo Ionspray
ode. The compounds were monitored by MRM.
Integration and regression analysis for the chromatographic

eaks of each analyte and internal standard were performed using
nalyst® 1.4.1. software (Applied Biosystems, Foster City, CA). Lin-
ar regression with 1/x2 weighting was used for all compounds
n this study. Area under the curve (AUC) was calculated using
igmaPlot 8.0 (Systat Software Inc., San Jose, CA).

.5. Experiment procedures for different tests to mitigate the
mpact of ion suppression

.5.1. Quantitation using APCI
To test if APCI can effectively eliminate ion suppression from

ropranolol to its STIL internal standard and provide better quan-
itation, the 4-hydroxypropranolol STD and QC samples were
nalyzed using an APCI method. The ion source parameters were:
urtain gas 30 psi, GAS1 50 psi, ionization needle current 5 �A,
ource temperature 500 ◦C, and CAD gas 4 (arbitrary units). All the
ther experiment conditions were identical to those described in
ections 2.3–2.4.

.5.2. Quantitation using increasing internal standard
oncentration
To test if increased internal standard concentration can mit-
gate the impact of ion suppression, internal standard spiking
olution of D7-propranolol in acetonitrile at concentration of 50,
00 and 1500 ng/mL, respectively, were used to extract the 4-
ydroxypropranolol STD and QC samples. All the other conditions
re identical as described in Sections 2.3 and 2.4.
878 (2010) 3267–3276 3269

2.5.3. Quantitation without an internal standard
The 4-hydroxypropranolol STD and QC samples were extracted

and analyzed as described in Sections 2.3 and 2.4. The data were
then processed using analyte/internal standard peak area ratio or
analyte peak area only, to reveal if removal of internal standard
from data processing can eliminate the bias caused by internal
standard suppression.

2.5.4. Quantitation using a structural analog internal standard
To test if a structural analog could be free from ion suppres-

sion caused by propranolol and thereby provide better accuracy,
alprenolol was evaluated as the internal standard. An internal stan-
dard working solution of alprenolol in acetonitrile (50 ng/mL) was
used to extract the 4-hydroxypropranolol STD and QC samples. The
MRM transition for alprenolol was m/z 250 → 116. DP, CE, EP, and
CXP were 80, 24, 10, and 5 V, respectively. All other experimental
conditions were identical to those described in Sections 2.3 and 2.4.

2.5.5. Sample dilution
To test if diluting the samples could alleviate ion suppression, 4-

hydroxyproprolol STD and QC samples were extracted as described
in Section 2.3. The samples were then diluted with 50% acetoni-
trile in water (v:v) either 4 times or 8 times post-extraction. All
other experimental conditions were identical to those described in
Section 2.4.

2.5.6. Quantitation using STIL analog of the metabolite
Internal standard working solution of D7-4-hydroxypropranolol

in acetonitrile (50 ng/mL) was used to extract the 4-
hydroxypropranolol STD and QC samples. The MRM transition for
D7-4-hydroxypropranolol was m/z 283 → 123. DP, CE, EP, and CXP
for were 60, 24, 10, and 5 V, respectively. All other experimental
conditions were identical to those described in Sections 2.3–2.4.

3. Results and discussion

3.1. Quantitation of metabolites using the parent STIL internal
standard

In support of drug development, bioanalytical assays for quan-
titation of drug candidates need to be validated according to FDA
guidance [9]. A STIL drug as internal standard is commonly used
to manage the influence of ion suppression from endogenous com-
ponents such as phospholipids and exogenous additives such as
dosing vehicles (polyethelyene glycol, cyclodextrin, Tween, etc.)
[10]. However, several literature articles have reported that the STIL
drug can also be subject to ion suppression from its non-labeled,
native compound in electrospray ionization (ESI). For many com-
pounds, it has been noted that the response for the STIL drugs
decreased with increasing concentrations of the co-eluting, non-
labeled analyte. This suppression phenomenon has been observed
for samples extracted from biological matrices, as well as those
prepared in neat organic solvent [11–13]. The mechanism of sup-
pression can be explained by Enke’s model of ESI generation, which
involves competition among ions for the limited number of excess
charged surface sites on generated droplets during the ESI process
[14,15]. Sojo et al. showed that the response factor (ratio of analyte
signal to that of the STIL parent drug normalized by analyte con-
centration) was constant, and thus ion suppression had no impact
on the slope of the calibration curve and quantitation of the target
analyte [12].
At early stages of drug development (nonclinical and Phase I
clinical studies) when likelihood of drug success is considerably
lower, and when the metabolite profile may not be completely
clear [prior to the radiolabel human ADME (Absorption, Distribu-
tion, Metabolism, and Excretion) study], a STIL metabolite is usually
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Fig. 1. Quantitative LC–MS/MS analysis of 4-hydroxypropranolol in rat plasma
using D7-propranolol as internal standard. This figure demonstrates the decrease
in response of the STIL parent drug caused by different concentrations of the par-
ent drug in the samples, and the resulting quantitation bias for the metabolite. (A)
Internal standard (D7-propranolol) peak area profile. The samples in the first oval
(P 0) were STD1–STD8, LQC (3×), MQC (3×), and HQC (3×). The samples in the
second oval (P 1000) were LQC (3×), MQC (3×), and HQC (3×), all with propra-
nolol at 1000 ng/mL. The samples in the third oval (P 4000) were LQC (3×), MQC
(3×), and HQC (3×), all with propranolol at 4000 ng/mL. The samples in the fourth
oval (P 20000) were LQC (3×), MQC (3×), and HQC (3×), all with propranolol at
270 W. Jian et al. / J. Chroma

ot prepared in trade-off for better allocation of resources. Instead,
STIL parent drug is often adopted as the internal standard for

uantitation of the metabolites because it is commonly accessible
t this stage of drug development. It may appear to be a scientif-
cally sound choice because the parent drug and its metabolites,
specially Phase I metabolites, can be chemically similar and are
xpected to display somewhat similar chromatographic properties
nd mass spectrometry responses. However, one needs to be cau-
ious in taking this approach if the STIL parent drug is subject to
uppression by the parent drug as described above. The metabo-
ite is usually chromatographically separated from the parent drug,
nd therefore, the response of metabolite will not be affected
y presence of parent drug, while that of the STIL parent drug
ay be suppressed when the parent drug concentration is high,

esulting in increased metabolite/internal standard ratios. Thus,
ignificant overestimation of the metabolite concentrations may
esult. The problem is particularly obscure in a separate metabolite
ssay because the STD and QC samples are prepared exclusively
or the metabolite and contain no parent drug. The quantitation
esults of STDs and QCs may meet acceptance criteria for accuracy
nd precision, while the concentrations of metabolite in incurred
amples, which contain both parent drug and metabolite, could
e biased. It needs to be noted that separate assays are often
avored over simultaneous assays for metabolite quantitation in
arly drug development for several reasons. These include differ-
nces between parent drug and metabolites in terms of exposure
evels, sensitivity requirements, extraction procedures, regulatory
igor, as well as increased bioanalytical failure risk associated with
ultiple analyte assays. The examples demonstrated in this paper

re all generated from separate metabolite assays.
To demonstrate this issue, an LC–MS/MS assay was devel-

ped for quantitation of 4-hydroxypropranolol, a metabolite of
ropranolol, using D7-propranolol as the internal standard. STD
amples (5–500 ng/mL) and QC samples (LQC at 15 ng/mL, MQC at
50 ng/mL, and HQC at 400 ng/mL) of 4-hydroxypropranolol were
repared consistent with a conventional bioanalytical protocol,
ontaining no parent drug. As illustrated in Fig. 1A, the samples in
he first oval, which are comprised of one set of STD and three repli-
ates of each level of QC samples, show consistent internal standard
eak area (the signal is normalized to that of the first sample).
he standard curve is linear (data not shown) and the QC samples
emonstrated acceptable accuracy and precision (Fig. 1B). To mimic

ncurred samples, another three sets of 4-hydroxypropranolol QC
amples were prepared at the same concentrations as the first
et of QCs but with propranolol spiked at 1000 ng/mL (P 1000),
000 ng/mL (P 4000), and 20,000 ng/mL (P 20000). The second oval

n Fig. 1A enclosed the 9 QC samples containing propranolol at
000 ng/mL (3 replicates at each level). The internal standard peak
rea was suppressed by 20%, compared to those containing no pro-
ranolol (P 0). Accordingly, all levels of the QCs were determined to
e higher than their nominal concentration by ∼13–30% (Fig. 1B).
ropranolol at 4000 ng/mL introduced ∼30% suppression to the
nternal standard response and the QCs were overestimated by
0–60% (Fig. 1). When propranolol was present at a concentration
f 20,000 ng/mL, internal standard peak area was suppressed by
50%, and %bias as high as ∼100% was observed for QC quantitation

Fig. 1).
The example demonstrated above shows that significant bias

ould be introduced by using a STIL parent drug for quantitation
f a metabolite, if the STIL parent drug is subject to ion suppres-
ion from parent drug present at high concentrations. The error can

ccur at any concentration of metabolite because the determining
actor is ion suppression to the internal standard, which is indepen-
ent of metabolite concentration. The extent of bias is proportional
o the parent drug concentration, and higher concentrations would
ntroduce larger deviations. The concentration levels demonstrated
20,000 ng/mL. The signal intensity was normalized to that of the first sample on the
plot (STD1, 3.04e5). (B) Quantitation results of 4-hydroxypropranolol QCs contain-
ing different concentrations of propranolol (0, 1000, 4000, 20,000 ng/mL). The data
is expressed as accuracy (%) of nominal concentrations.

in this example (as high as 20,000 ng/mL), which are commonly
encountered in animal toxicology studies, introduced bias up to 2-
fold in the measured metabolite concentrations. It may be expected
that even larger bias could occur if the parent drug was present at
higher concentrations, or if the STIL parent drug was more sus-
ceptible to ion suppression, as ion suppression can be compound
dependent.

3.2. Strategies to mitigate the impact of ion suppression

There are several possible strategies that can be used to alleviate
or eliminate the impact of ion suppression from a parent drug, lead-
ing to improved accuracy for quantitation of metabolites. In this
study, we systematically explored these approaches and evaluated
their effectiveness and feasibility.

3.2.1. APCI
APCI as an alternative ionization technique has been shown to

be generally much less prone to ion suppression than ESI [16,17].
The same set of samples demonstrated in Section 3.1 (Fig. 1) was
re-injected using an APCI method. As shown in Fig. 2A, the STIL

propranolol in the propranolol-containing QC samples that was
subjected to ion suppression using ESI was free from suppres-
sion under APCI mode. As a result, the QCs demonstrated excellent
accuracy and precision at all levels, independent of parent concen-
trations (LQC result as a representative was shown in Fig. 2B).
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Fig. 2. Quantitative LC–MS/MS analysis of 4-hydroxypropranolol in rat plasma using
D7-propranolol as internal standard. Comparison between ESI and APCI. APCI effec-
tively eliminated the ion suppression and quantitation bias observed under ESI
mode. (A) Internal standard (D7-propranolol) peak area profile using either ESI or
APCI. The sample sequence is same as that of Fig. 1. The signal intensity was nor-
m
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Fig. 3. Quantitative LC–MS/MS analysis of 4-hydroxypropranolol in rat plasma using
different concentrations of D7-propranolol as internal standard. Increasing inter-
nal standard concentration partially mitigated the effect of ion suppression and
quantitation bias observed under ESI mode. (A) Internal standard (D7-propranolol)
peak area profile using internal standard working solution at concentrations of
50, 500, and 1500 ng/mL. The sample sequence is same as that of Figure 1. The
signal intensity was normalized to that of the first samples on the plot (STD1,
50 ng/mL, 3.04e5; 500 ng/mL, 2.19e6; 1500 ng/mL, 5.45e6). (B) Quantitation result
alized to that of the first samples on the plot (STD1, ESI, 3.04e5; APCI, 3.40e4). (B)

uantitation results for 4-hydroxypropranolol LQC containing different concentra-
ions of propranolol (0, 1000, 4000, 20,000 ng/mL) using either ESI or APCI. The data
s expressed as accuracy (%) of the nominal concentrations.

Therefore, APCI can be used for quantitation of metabolites for
etter accuracy, if ion suppression from the parent drug to its inter-
al standard is a known issue. However, one needs to keep in mind
hat APCI is not feasible for thermally liable compounds or metabo-
ites that break-down or convert to the parent drug in the ion
ource, such as glucuronides, N-oxide metabolites, disulfides, and
ydroxy acids, etc. [18–20]. In addition, APCI is often less sensitive
han ESI and may not be an optimal choice for assays requiring high
ensitivity.

.2.2. Increasing internal standard concentration
In the present study, it was speculated that higher internal

tandard concentrations could lessen the impact of ion suppres-
ion because there would be more internal standard molecules to
ompete for ionization, thus decreasing the percentage of inter-
al standard suppression. To test this hypothesis, internal standard
orking solutions at concentrations of 50 ng/mL (1×), 500 ng/mL

10×) and 1500 ng/mL (30×) for D7-propranolol were used to
xtract the plasma samples and to compare the internal stan-
ard response profile and QC quantitation results. As expected,

ncreasing the internal standard concentration reduced the relative
uppression of the internal standard signal intensity. At internal
tandard concentrations of 500 ng/mL and 1500 ng/mL, the sup-
ression for QC samples containing propranolol at 1000 ng/mL
nd 4000 ng/mL was effectively mitigated and the accuracy of
uantitation was excellent (Fig. 3). However, in the presence of
igher levels of propranolol, i.e. 20,000 ng/mL, increased inter-
al standard concentration did not effectively mitigate the impact
f ion suppression to acceptable extent, and the QCs were still

iased by 20–40% (Fig. 3). In addition, minimal difference was
bserved between the results from internal standard concentration
f 500 ng/mL and those from 1500 ng/mL, implying the potential for
mprovement by further increasing the internal standard concen-
ration is limited.
of 4-hydroxypropranolol LQC containing different concentrations of propranolol (0,
1000, 4000, 20,000 ng/mL) using internal standard working solution at concentra-
tions of 50, 500, and 1500 ng/mL. The data is expressed as accuracy (%) of nominal
concentrations.

From the above experiment, it can be inferred that increasing
internal standard concentration might be a feasible way to mitigate
the current issue. To adopt this strategy, metabolite QC samples
containing parent drug at the highest level observed in the incurred
samples need to be used to test for an internal standard concen-
tration that can effectively eliminate the impact of suppression.
However, this approach does have limitations. As shown in the
example of propranolol, if the parent concentration is too high, the
effect from suppression cannot be completely eliminated.

3.2.3. Quantitation without an internal standard
The quantitation error discussed in the present study was

attributed to internal standard response suppression, and there-
fore, removal of internal standard from the assay may eliminate the
problem. The same set of data was processed either by peak area
ratio (4-hydroxypropranolol/D7-propranolol) or peak area alone
(4-hydroxypropranolol) to establish the calibration curve and to
calculate concentrations. The quantitation results were then com-
pared. Quantitation using peak area alone was clearly free from the
bias, and all the QC concentrations calculated close to their nominal
concentrations (Data not shown).

Therefore, quantitation without internal standard can be a
choice for quantitation of metabolites if suppression from parent
drug to its internal standard is observed. The process needs to be
tightly controlled, though, due to the lack of internal standard to
compensate for extraction recovery, analyte stability, injection vol-
ume variations, matrix effects, and instrument response drifting.
Importantly, for metabolites that are subject to significant matrix
effects, such as those caused by the presence of an intravenous

dosing vehicle, quantification without an internal standard might
not be a feasible choice. Post-column infusion experiments and
phospholipid profiling with incurred samples may be needed to
ensure that analytes elute away from any suppression or enhance-
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Fig. 4. Quantitative LC–MS/MS analysis of 4-hydroxypropranolol in rat plasma.
Comparison between D7-propranolol (P STIL) and alprenolol (Analog IS) as internal
standard. The analog internal standard, alprenolol, was subject to ion suppres-
sion by co-eluting propranolol and therefore exhibited similar quantitation bias
as using D7-propranolol. (A) LC–MS/MS chromatogram of a 4-hydroxypropranolol
HQC (400 ng/mL) containing propranolol at 1000 ng/mL using alprenolol as inter-
nal standard. (B) Internal standard (D7-propranolol or alprenolol) peak area profile.
The sample sequence is same as that of Fig. 1. The signal intensity was normalized
to that of the first samples on the plot (STD1, D7-propranolol, 2.18e5; alprenolol,
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.16e6). (C) Quantitation result of 4-hydroxypropranolol LQC containing different
oncentrations of propranolol (0, 1000, 4000, 20,000 ng/mL) using D7-propranolol
r alprenolol as internal standard. The data is expressed as accuracy (%) of nominal
oncentrations.

ent zones [21–23]. In addition, human plasma samples would
equire more diligent method development because there may be
arger inter-subject variation in the matrix components compared
o experimental animals due to larger variability in diet, environ-

ent and genetic factors.

.2.4. Structural analog internal standard
It was questioned whether a structural analog would be free

rom the ion suppression effects of the parent drug and therefore
rovide better accuracy for metabolite quantitation than a STIL
arent drug. Therefore, alprenolol, a structural analog of propra-
olol, was used as internal standard and tested for its effectiveness

n avoiding quantitation error. Alprenolol was found to co-elute
ith propranolol (Fig. 4A). As it is highly structurally similar to
ropranolol, it was subjected to ion suppression from propra-
olol to almost the same extent as D7-propranolol (Fig. 4B). As a
esult, there was no significant difference between the quantita-
ion data obtained using alprenolol as internal standard versus that
rom D7-propranolol, especially when propranolol was present at
0,000 ng/mL (LQC result as a representative was shown in Fig. 4C).

This case demonstrated a worst case scenario when using a

tructural analog as internal standard for metabolite quantitation. If
structural analog is to be used as internal standard for metabolite
uantitation, it is important to choose one that does not co-elute
ith the parent drug in order to avoid potential ion suppression.

referably, the internal standard would co-elute with the metabo-
878 (2010) 3267–3276

lite so that the chance for it to experience similar suppression or
enhancement as the metabolite is larger. Regardless whether the
structural analog co-elutes with the metabolite or not, it is impor-
tant to thoroughly evaluate its effectiveness as an internal standard,
because it may experience different matrix effects as the targeted
analyte.

3.2.5. Sample dilution
It was speculated that dilution of the samples would decrease

the concentration of ions present in the ion source and therefore
reduce suppression. To test this hypothesis, the same set of sam-
ples as presented in Section 3.1 was diluted either 4 times or 8 times
post-extraction, and the quantitation results were compared to that
of non-diluted samples (data not shown). It was found there was
slight alleviation of ion suppression and the quantitation results
for the QC samples containing relatively low parent concentration
(propranolol at 1000 ng/mL) were brought into an acceptable range.
However, when higher propranolol concentrations were present in
the samples, the effect of dilution was marginal. In addition, 8 times
dilution was slightly more effective than 4 times dilution. How-
ever, further dilution would not be feasible because signal intensity
would be too low. An alternative way of conducting dilution is to
dilute the incurred samples before extraction to reduce the con-
centration of the parent drug. However, this approach may only
have limited application because metabolite concentrations can be
significantly lower than the parent, and thus many fold of dilution
cannot be afforded.

Overall, diluting the samples may be a remedy for the current
issue only in limited scenarios when metabolite concentrations
are relatively high, parent concentration is relatively low, and the
instrument sensitivity is sufficient. Systematic investigation prior
to sample analysis would need to be conducted if this approach was
to be taken.

3.2.6. STIL metabolite as the internal standard
Unquestionably, the most suitable internal standard for metabo-

lite quantitation is the dedicated STIL metabolite. As shown in Fig. 5,
D7-4-hydroxypropranolol is free from ion suppression of propra-
nolol and the quantitation result for 4-hydroxypropranolol met the
acceptance criteria regardless of the presence of propranolol.

However, one needs to be aware of the expense and time asso-
ciated with synthesis of a dedicated STIL metabolite, especially in
cases when multiple metabolites need to be measured in a study. At
early stages of drug development, when the chance for drug success
is lower, it may be wasteful to prepare a dedicated STIL metabolite.
Nevertheless, when there is ion suppression from parent drug to
its internal standard, analytical methods using a STIL metabolite
as the internal standard provide the most accurate quantitation
results compared to other approaches discussed above. A dedicated
STIL metabolite should be considered to ensure data quality when-
ever metabolite data is considered critical to the development for
a drug.

3.3. Case studies

3.3.1. Quantitation of a metabolite in human plasma
Compound A is a drug candidate being developed at J&J PRD.

Its metabolite, MA, has been identified as a major metabolite in
human plasma in a Phase I clinical study. In order to compare
exposure levels of MA in humans to those determined in toxicol-
ogy studies, selected samples from the multiple ascending dose

(MAD) phase of a clinical study were analyzed for concentrations
of MA. The assay employed liquid–liquid extraction as the sample
clean-up method, and a STIL MA (D4-MA) as internal standard. To
investigate the impact of using the STIL parent drug for metabolite
quantitation, the same set of samples were reanalyzed using STIL
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Fig. 5. Quantitative LC–MS/MS analysis of 4-hydroxypropranolol in rat plasma using
D7-hydroxypropranolol (M STIL) or D7-propranolol (P STIL) as internal standard. The
dedicated STIL metabolite is free from ion suppression by parent drug and it there-
fore achieved unbiased quantitation results. (A) Internal standard peak area profile
using either D7-hydroxypropranolol (M STIL) or D7-propranolol (P STIL). The sam-
ple sequence is same as that of Fig. 1. The signal intensity was normalized to that
of the first samples on the plot (STD1, M STIL, 1.51e5; P STIL, 3.04e5). (B) Quan-
titation result of 4-hydroxypropranolol LQC containing different concentrations of
propranolol (0, 1000, 4000, 20,000 ng/mL) using D -hydroxypropranolol (M STIL) or
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Fig. 6. Quantitative LC–MS/MS analysis of MA in human plasma in a MAD study of
compound A using either D5-compound A (P STIL, A) or D4-MA (M STIL, B) as internal
standard. The STIL parent drug was subject to ion suppression from the parent drug
in the incurred samples while the STIL metabolite was free from suppression. (A)
Internal standard (D5-compound A) peak area profile. The samples in the first oval
were STD1–STD8, LQC (2×), MQC2 (2×), MQC1 (2×), and HQC (2×). The samples in
the second oval and the third oval were incurred samples from one subject on Day 1
and Day 14, respectively. The samples in the fourth oval were LQC (2×), MQC2 (2×),
MQC1 (2×), and HQC (2×). The signal intensity was normalized to that of the first
sample on the plot (STD1, 6.73e5). (B) Internal standard (D4-MA) peak area profile.
The sample sequence is same as that of (A). The signal intensity was normalized to
that of the first sample on the plot (STD1, 5.39e5).
7

7-propranolol (P STIL) as internal standard. The data is expressed as accuracy (%)
f nominal concentrations.

ompound A (D5-compound A) as internal standard and the results
ere compared with those obtained using D4-MA.

Fig. 6A shows the internal standard response profile for analysis
f Day 1 and Day 14 samples from one subject using D5-compound
as internal standard. The internal standard response for STD and
C samples was consistently 90–110% of the first sample, as shown

n the first and fourth ovals. In comparison, the internal standard
esponse of the incurred samples showed time-point dependent
uppression, which was proportional to the parent drug concen-
ration in the samples (time points and parent drug concentrations
or Day 14 samples are shown in Fig. 7). As these samples are from
uman oral solid-dose administration, ion suppression caused by
dosing vehicle [24] was ruled out. This was further confirmed

y the observation that the response of D4-MA as internal stan-
ard was relatively consistent (Fig. 6B). Even though the STD and
C samples met acceptance criteria using either STIL parent drug
r STIL metabolite as internal standard, the quantitation results
ere significantly different between these two approaches due

o the presence of compound A in the incurred samples and its
on suppression to the STIL parent drug. Using Day 14 samples
rom one of the subjects as an example, MA concentrations mea-
ured using the STIL parent drug were higher than those measured

sing the STIL MA (Fig. 7). As a result, the % AUC of MA to that
f parent drug was calculated to be 27.5% using STIL parent drug,
nstead of 22.9% as determined using STIL MA, an overestimation
f 20.2%.

Fig. 7. Plasma concentration–time course of compound A (parent drug), and MA
(metabolite A), following repeated dosing of compound A for 14 days, determined
using either D4-MA (M STIL) or D5-compound A (P STIL) as internal standard. AUC
of MA was overestimated by 20.2% by using the STIL Compound A.
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The data demonstrated in this example imply that a poten-
ial issue for safety evaluation could arise by using STIL parent
rug for quantitation of metabolites. In some cases, overestima-
ion of metabolite concentrations could make the exposure appear
o reach the threshold (10% of total drug-related exposure accord-
ng to ICH guidance) [6] when it actually does not. This may trigger

commitment to quantify metabolite concentrations in animals
nd humans without there being a truly justified reason to do so.
onversely, the overestimation of metabolite concentrations in ani-
als, which is more prone to occur in animal studies than those

onducted in humans due to the higher parent drug concentrations
ften observed in toxicology studies, may pose a more serious prob-
em. Overestimation of metabolite exposure in animals may make
t appear that appropriate safety margins have been achieved when
n actual fact, they have not.

.3.2. Quantitation of metabolites in human urine
Compound B is also a drug candidate being developed at J&J PRD.

combined assay for metabolite B1 (MB1) and metabolite B2 (MB2)
n human urine was developed which employed a dedicated STIL
nalog as the internal standard for each metabolite. To investigate
he impact of using the STIL parent drug for metabolite quantita-
ion, it was added together with the STIL metabolites during the
ample extraction. There was base-line chromatographic separa-
ion between MB1, MB2, and Compound B, and the STIL compounds
lmost co-eluted with their corresponding natural compounds. The
etabolite data was processed using their respective STIL metabo-

ite as the internal standard, and then again using the STIL parent
rug as internal standard to compare the calculated concentra-
ions. The STD and QC samples met acceptance criteria using either
pproach. However, for the incurred samples, there was a signifi-
ant difference between the calculated metabolite concentrations.
able 1 shows representative data from MB1 in one of the sub-
ects. The %Bias between the two approaches ranged from 33.9%
o 214.4%, largely proportional to the parent drug concentration in
he samples. As expected, the difference was due to presence of
ery high concentrations of compound B in the incurred samples
nd the suppression from compound B to its STIL analog. The STIL
arent drug response was suppressed as much as 70% while that of
he metabolites was not affected (internal standard response pro-
les not shown). Bias of a similar magnitude was also observed for
B2 (data not shown), which was expected because the error was

ntroduced by STIL parent drug suppression which was identical for
oth metabolites. Additionally, because the two sets of concentra-
ions were determined in a single run, inter-assay variability can

e excluded as a source of bias.

Accumulative excretion of MB1 from urine in the subject shown
n Table 1 was calculated from the respective urine volumes. There

as a compelling difference between the data obtained by the two
pproaches. The amount excreted at end of 120 h was calculated to

able 1
omparison of urine concentrations of MB1 determined using D6-MB1 or D4-compound

Time (h) Compound B conc. [ng/mL] MB1 conc. (D6-MB1) [ng/mL] M

0–4 227,000 8270 2
4–8 120,000 6770 1
8–12 110,000 9150 2

12–24 143,000 12,900 3
24–48 37,600 3680
48–72 14,300 1680
72–96 7420 930
96–120 4240 334

120–312 2600 203
312–480 1240 125
480–648 783 81.1
648–816 447 50.4
878 (2010) 3267–3276

be 44.4 mg using data obtained with the STIL parent drug, which
was 2.7-fold of that determined by the STIL metabolite (16.4 mg).
This example further demonstrated that a significant error in esti-
mation of metabolite exposure/excretion could be introduced if the
STIL parent drug is inappropriately used as the internal standard
when ion suppression occurs.

3.3.3. Quantitation of a metabolite in rat plasma
MC was identified as an acyl-glucuronide metabolite of com-

pound C, a drug candidate currently being developed at J&J PRD.
An acyl-glucuronide metabolite is considered a potentially reactive
metabolite, which may have toxicity implications, and therefore,
it was deemed necessary to quantify MC in rats in a one-month
repeated-dose toxicology study. The concentration of parent drug,
compound C, in the samples was found to range from ∼ 8 to
400 �g/mL, raising the concern of ion suppression and quanti-
tation bias if the STIL parent drug was to be used as internal
standard. A STIL metabolite would ideally eliminate this issue and
provide accurate quantitation, however, it was not available at the
time of this experiment. Analysis using APCI ionization mode was
excluded due to the thermal liability of acyl-glucuronides. Instead,
it was decided to use peak area alone (no internal standard) to
conduct the quantitation in order to avoid any potential bias intro-
duced by using parent internal standard. Since analysis without an
internal standard would reduce our ability to ascertain the per-
formance of the assay, the STIL parent drug, 13C4, D3-compound
C, was added in every sample. Its presence was used to monitor
some key aspects of the analysis, such as chromatographic per-
formance, but it was not used directly as an internal standard to
construct the peak area ratio since its response would not nec-
essarily track that of the analyte, MC. In addition, post-column
infusion and phospholipid profiling experiments were conducted
to confirm there was no significant ion suppression for MC in the
incurred samples. The assay performed well, even without an inter-
nal standard. It was also decided to evaluate the impact had the
STIL parent drug actually been used as the internal standard. Data
was re-processed using the peak area ratio of MC to that of 13C4,
D3-compound C. As expected, the internal standard response in
the incurred samples dropped as much as ∼10-fold, compared to
that of the STDs and QCs due to the high concentrations of par-
ent drug present in the incurred samples. As a result, the plasma
concentration of MC calculated using peak area ratio was higher
than determined using peak area alone by as much as ∼10-fold.
When the peak area ratio was used, AUC calculated using the
mean concentration from four male rats on Day 24 was overes-

timated by 676% (7.76-fold) from 6731 ng h/mL to 52,199 ng h/mL
(Fig. 8).

This example demonstrated the potential risk of using the STIL
parent drug as the internal standard for quantitation of metabo-
lites in nonclinical studies. The higher dose levels of nonclinical

B from one subject following repeated dosing of compound B for 14 days.

B1 conc. (D4-compound B) [ng/mL] % Bias caused by using D4-compound B

6,000 214.4
9,900 193.9
3,700 159.0
6,000 179.1
6650 80.7
4200 150.0
1920 106.5

682 104.2
338 66.5
183 46.4
109 34.4

67.5 33.9
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Fig. 8. Mean plasma concentration–time course of MC (metabolite C) in rats (n = 4)
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etermined using either peak area or peak area ratio (MC to 13C4, D3-compound C)
ollowing repeated dosing of compound C for 24 days. A % Bias of 676% (7.76-fold)
n plasma AUC of MC was introduced by using the STIL compound C as internal
tandard.

afety studies will likely have many fold higher exposure of parent
rug than those in human studies conducted at an efficacious dose.
herefore, metabolite concentration may more likely be affected
n nonclinical than clinical studies, leading to potential mistakes in
afety margin judgments, or to the false appearance that toxicology
f the metabolite has been adequately assessed in the nonclinical
tudies.

. Conclusions

In this work, we demonstrated that potential quantitation bias
or metabolites could be caused by using the STIL parent drug as
he internal standard in an LC–MS/MS assay. Ion suppression of the
arent drug to its co-eluting STIL parent drug could result in over-
stimation of metabolite concentrations in the incurred samples,
iving rise to misleading information.

Overestimation of metabolite concentrations in clinical stud-
es could make the exposure in human to appear to reach the 10%
hreshold, when it actually does not, thereby triggering further
uantitation work and potential evaluation in additional toxicology
tudies. Conversely, overestimation of the metabolite in nonclinical
tudies poses a greater concern since there is a potential to artifi-
ially increase the safety margin or give the false impression that
he toxicology of the metabolite has been adequately assessed in
he nonclinical studies. Since the exposure of parent drug in ani-

al toxicology studies is usually much higher than in humans, the
hance and magnitude of metabolite overestimation in nonclini-
al studies is expected to be much higher than in clinical studies.
herefore, it is critical to take an appropriate approach for accurate
easurement of metabolites as early as possible in drug develop-
ent.
Based on the discussion in this current study, a recommended

trategy for quantitation of metabolites in support of drug safety
ssessment is proposed. Ideally, the best internal standard for
etabolite quantitation is a dedicated STIL metabolite, the signal

ntensity of which will closely track that of the metabolite but be
ndependent from the parent drug. However, the availability of a

TIL metabolite is always limited by cost and time, especially at the
arly stages of drug development.

If a STIL metabolite is not available, a good alternative could be
structural analog of the metabolite which preferably co-elutes
ith the metabolite, or at least does not co-elute with the par-

[

[
[
[
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ent drug. However, if there is no other choice than using the STIL
parent drug, an investigation needs to be conducted to find out if
there is ion suppression from the parent drug to its internal stan-
dard, which does not always happen. One way of elucidating ion
suppression is to inspect the internal standard response profile in
the parent drug assay to visualize if there is any concentration-
dependent ion suppression. However, one needs to be aware that
any sample containing parent drug concentrations above the upper
limit of quantitation will have been diluted in the parent drug assay,
while those same samples may be reanalyzed for the metabolite
using a full aliquot if the metabolite is present in much lower con-
centrations than the parent drug. Therefore, a visual inspection of
the internal standard response in the parent drug assay may not
clearly elucidate a trend toward concentration-dependent suppres-
sion of the internal standard. Metabolite QC samples containing
the parent drug at the highest levels observed in the incurred
samples need to be prepared to test if the internal standard is
free from suppression. If ion suppression is present, APCI could be
adopted if there are no issues with thermal liability or in-source
degradation and if the sensitivity of APCI satisfies the requirement
of the assay. Alternatively, an increase to the internal standard
concentration, or dilution of the incurred samples, may also be
explored as ways of mitigating the quantitation bias. Regardless
of the specific approach, the internal standard response profile
in the incurred samples needs to be closely monitored to reveal
any abnormal variations. Finally, in the absence of other viable
alternatives, metabolite quantitation could be conducted with no
internal standard. Careful attention is always required when using
this approach. The metabolite ionization must be free from sig-
nificant matrix effects and the sample extraction procedure must
not be too complicated. Otherwise, without internal standard to
compensate for variability, the performance of the assay could be
compromised. We have successfully used this approach on a few
occasions such as the quantification of acyl-glucuronide conjugates
where finding an appropriate internal standard is particularly chal-
lenging.

In summary, quantitative metabolite data is considered impor-
tant to the development plan for new drug candidates, and there
are many known pitfalls which can complicate the acquisition of
accurate data. We have investigated ion suppression from a parent
drug to its stable isotope labeled parent drug as internal standard,
which could cause inaccuracy in data when this internal standard
is also applied for quantitation of metabolites.
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