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Opioid-induced hyperalgesia (OIH) is a paradoxical increase in pain perception that may manifest during opioid treatment.
For morphine, the metabolite morphine-3-glucuronide (M3G) is commonly believed to underlie this phenomenon. Here, in three
separate studies, we empirically assess the role of M3G in morphine-induced hyperalgesia. In the first study, CD-1 mice injected
with morphine (15 mg/kg subcutaneously) after pretreatment with the opioid receptor antagonist naltrexone (NTX) (15 mg/kg)
showed tail withdrawal latency reductions indicative of hyperalgesia (2.5 ± 0.1 s at t = 30 min, P < 0.001 versus baseline). In these
mice, the morphine/M3G concentration ratios versus effect showed a negative correlation (rp = –0.65, P < 0.001), indicating that
higher morphine relative to M3G concentrations are associated with increased OIH. In the second study, similar hyperalgesic responses were observed in mice lacking the multidrug resistance protein 3 (MRP3) transporter protein (Mrp3 –/– mice) in the liver
and their wild-type controls (FVB mice; latency reductions: 3.1 ± 0.2 s at t = 30 min, P < 0.001 versus within-strain baseline). In the
final study, the pharmacokinetics of morphine and M3G were measured in Mrp3 –/– and FVB mice. Mrp3 –/– mice displayed a significantly reduced capacity to export M3G into the systemic circulation, with plasma M3G concentrations just 7% of those observed in FVB controls. The data confirm previous literature that morphine causes hyperalgesia in the absence of opioid receptor
activation but also indicate that this hyperalgesia may occur without a significant contribution of hepatic M3G. The relevance of
these data to humans has yet to be demonstrated.
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INTRODUCTION
Opioid-induced hyperalgesia (OIH) is
the paradoxical increase in pain perception that may become manifest during
opioid treatment for acute and chronic
pain (1–4). OIH is characterized by increased sensitivity to painful stimuli (hyperalgesia) and nonpainful stimuli (allodynia) and compromises adequate pain
treatment (1–4). Morphine is the prototypical µ-opioid receptor (MOR) agonist,

acts primarily at this receptor subtype
and is considered the gold standard for
treatment of moderate to severe pain (1).
In humans, morphine is metabolized in
the liver by UDP-glucuronosyl transferase (UGT) into two major metabolites: M3G (60–70%) and morphine-6glucuronide (M6G, 5–10%) (5,6). The
larger proportion to M3G metabolism is
because glucuronidation at the aromatic
hydroxyl group (that is, the third C
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atom) is easier than at the alicyclic hydroxyl group (that is, the sixth C atom)
(7). For this reason, most rodents, including rats, do not form M6G but only
form M3G (7). The two metabolites also
have distinct actions. Whereas M6G has
proven analgesic actions, there is evidence that M3G is pronociceptive (5).
For example, a systemic M3G injection
increases pain sensitivity in mice, and
relatively small intracerebroventricular,
intrathecal or systemic M3G doses in
rats evoke a general state of neuroexcitation with agitation to innocuous touch
(8–12). In cancer patients treated with
morphine, a cerebrospinal fluid ratio of
M3G/M6G concentrations of <1 coincides with effective analgesia, whereas a
ratio >1 is associated with ineffective
analgesia (13). We interpret these data
to suggest a role for M3G not only in
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ineffective analgesia but also in morphineinduced hyperalgesia.
Importantly, M3G effects are not diminished by the general opioid antagonist naloxone (14,15), indicating that
M3G does not act via opioid receptor activation. Consistent with the hypothesis
that M3G contributes to morphineinduced hyperalgesia, there is ample evidence that the opioid receptors are not
involved in OIH. Morphine and other
MOR agonists, such as fentanyl, induce
OIH during systemic blockade of the
opioid receptors with the nonselective
opioid receptor antagonist naltrexone
(NTX) (16–19). Furthermore, OIH induced by morphine and fentanyl is observed in triple knockout mice completely lacking µ-, κ- and δ-opioid
receptors and their subtypes (17,19).
Thus, M3G is widely believed to underlie hyperalgesia consequent to morphine
exposure.
The aim of the current study was to
empirically assess the putative role of
M3G in morphine-induced hyperalgesia.
To that end, we injected outbred CD-1
mice with morphine during treatment
with NTX or saline and related plasma
concentrations of morphine and M3G to
the observed pharmacodynamic effects
on a standard thermal nociceptive assay
(tail-withdrawal test). Next, we compared the pharmacodynamic effects of
morphine in mice lacking the multidrug
resistance protein 3 (MRP3) with their
wild-type FVB controls during systemic
NTX exposure. MRP3 is a protein involved in transporting glucuronidated
substances, such as M3G, from the cytoplasm of the hepatocytes into the systemic circulation (20). MRP3-deficient
mice (Mrp3 –/–) consequently have low
and no detectable M3G concentrations in
plasma and brain, respectively (20). Our
hypothesis is that M3G formed in the
liver plays a major role in morphineinduced hyperalgesia with (a) a significant correlation between M3G plasma
concentrations and magnitude of hyperalgesia and (b) absence of hyperalgesia
in Mrp3 –/– mice treated with morphine
and NTX. Only when both assumptions

are met are we able to accept our
hypothesis.
MATERIALS AND METHODS
Animals
Experiments were performed after approval of the protocol by the local Animal Ethics Committee. Adult male CD-1
mice were purchased from Charles River
(Maastricht, the Netherlands). Mrp3 –/–
and FVB mice were generated in the laboratory (20); the Mrp3 –/– mice have a FVB
genetic background. The animals received water and food ad libitum and
were housed in groups in individually
ventilated, constant-temperature cages
and kept in rooms with 12-h light/12-h
dark cycles (lights on/lights off at
7:00 AM/PM). The experimental studies
were performed in accordance with institutional guidelines and the guidelines of
the International Association for the
Study of Pain (21).
Nociceptive Assay
Nociception was assessed by measuring tail withdrawal latencies (TWLs)
from a hot water bath as described previously (17,22). TWLs were obtained in
triplicate (at 30-s intervals) with a cutoff
value of 30 s to prevent tissue damage to
the tail. Bath temperature was set to
47.5 ± 0.2°C to obtain a pretreatment
TWL between 9 and 11 s to avoid possible floor effects in hyperalgesic mice. The
TWLs were averaged and recorded into a
digital datasheet for further analysis. All
experiments were performed near midphotophase to reduce circadian effects.
Drugs
Morphine hydrochloride 3·H2O (MOR)
at a solution of 20 mg/mL was obtained
from the local hospital pharmacy. NTX hydrochloride powder was purchased from
Sigma-Aldrich (Zwijndrecht, the Netherlands) and dissolved in saline (0.9% NaCl)
to obtain a 20 mg/mL solution.
Study Design
Study 1. Morphine and M3G pharmacokinetics and morphine pharmacody-

namics were tested in 72 CD-1 mice. The
effect of morphine in CD-1 mice during
treatment with NTX or saline was assessed using the tail-withdrawal test as
described above. Each animal was tested
once. The groups were randomly divided
in three sets of 24 animals that received
subcutaneous injections of 15 mg/kg
NTX, followed 30 min later by 15 mg/kg
morphine (NTX/MOR), saline followed
30 min later by 15 mg/kg morphine
(saline/MOR) and 15 mg/kg NTX followed 30 min later by saline (NTX/
saline), respectively. TWLs were obtained
30 min before NTX, 3 min before the
MOR or saline drug injections (NTX/
placebo effect) and at times 30, 60, 90
and 120 min after these injections
(MOR/saline effect; see Figure 1A for
an illustration of the study design).
Each group was subdivided in four subgroups of six animals with different
times for sacrificing and extraction of
blood for pharmacokinetics (PK) analysis
(at t = 30, 60, 90 and 120 min, directly
after the nociceptive test).
Study 2. Morphine pharmacodynamics was tested in Mrp3 –/– and FVB mice.
Mice of each strain were tested either
after the subcutaneous injection of
15 mg/kg morphine, 30 min after
15 mg/kg NTX pretreatment (NTX/
MOR) or after the subcutaneous injection
of saline, 30 min after 15 mg/kg NTX
pretreatment (NTX/saline) (n = 6/strain/
condition). The injections and nociceptive testing protocols were identical to
those in study 1.
Study 3. Morphine and M3G pharmacokinetics were assayed in Mrp3 –/– mice
(n = 10) and FVB mice (n = 9). Four
Mrp3 –/– and five FVB mice were injected
with 15 mg/kg subcutaneous morphine
and 30 min later were sacrificed to extract blood for morphine and M3G
plasma concentration measurements. The
remaining mice were used for urine collection and determination of morphine
and M3G concentrations in urine collected for 24 h after 15 mg/kg morphine
injection. To that end, the mice were kept
in a metabolic cage, and their food was
removed 24 h before morphine injection.
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Analysis of Morphine and M3G
Concentrations
In study 1, plasma proteins of all
plasma samples were precipitated with
700 µL acetonitrile, 100 µL of 1 mmol/L
zinc sulfate and an adequate amount of
internal standards. A total of 200 µL of
the supernatant was transferred in a
glass tube and dried; the residues were
reconstituted in 100 µL of 0.1 % (v/v)
formic acid in water. Then, 20 µL of the
sample was injected by an Ultimate 3000
autosampler (Dionex, Amsterdam, the
Netherlands) and pumped on a 3-µm,
120Å, 50 × 2.1 mm YMC pack ODS-AQ
column (YMC Inacom, Overberg, the
Netherlands). The eluent was monitored
by a Quattro microAPI tandem mass
spectrometer (Waters, Etten-Leur, the
Netherlands). Peak areas of reaction ions
from morphine, M3G, M6G and the internal standards were obtained in the
multiple reaction mode and integrated
by data software Masslynx 4.1 (Waters,
Etten-Leur, the Netherlands). All analytes were measured in one run. In study
3, morphine and M3G concentrations in
urine and plasma were determined as
described by Rook et al. (23).
Statistical Analysis
Behavioral data of studies 1 and 2
were analyzed by two-way repeatedmeasure analysis of variance for the
main effect with a post hoc Tukey test for
treatment and time. Morphine and M3G
concentrations obtained in study 3 were
compared between genotypes with the
Mann-Whitney U test (plasma) and twotailed t test (urine). All statistical tests
were performed using SigmaPlot version
12 for Windows (Systat Software, Chicago, IL, USA). P values <0.05 were considered significant. Data are expressed as
mean ± standard error of the mean
(SEM).
RESULTS
Study 1
TWL baseline values were 10.1 ± 0.05 s
(NTX/MOR), 10.3 ± 0.05 s (NTX/saline)
and 10.2 ± 0.08 s (saline/MOR). These

Figure 1. Design (A) and pharmacodynamic results of study 1 (B, C): effect of saline and
NTX pretreatment on morphine- (MOR) or saline-induced changes in TWL in CD-1 mice.
(A) Timing of TWL measurements and drug injections. (B) Saline pretreatment caused morphine-induced analgesia. Saline/MOR versus NTX/saline: P < 0.001; *P < 0.001 versus baseline. (C) NTX pretreatment caused morphine-induced hyperalgesia. The combination
NTX/saline had no effect on the measured latencies. NTX/MOR versus NTX/saline: P <
0.001; *P < 0.001 versus baseline. Values are means ± SEM.

values did not differ significantly from
values obtained after NTX or saline injections (as measured just before morphine
or saline injections). The effects of MOR
or saline treatments on TWL are given in
Figures 1B and C. No effect on TWL was
observed from the combination NTX/
saline. Morphine combined with saline
produced profound antinociception during the entire testing period (increase in
TWL at t = 30 min: 19.1 ± 0.6 s, P < 0.001
versus baseline; main effect: P < 0.001
versus NTX/saline). In contrast, combining morphine with NTX decreased TWL
by 2.5 ± 0.1 s at t = 30 min compared
with baseline values (P < 0.001). Hyperalgesia persisted during the entire testing
period (main effect: P = 0.004 versus
NTX/saline and P < 0.001 versus saline/
MOR).
NTX pretreatment had an impact on
both morphine and M3G PK, causing a
reduction in maximum concentrations
(Maximum plasma concentration (CMAX);
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Figures 2A, B). After saline/MOR, morphine and M3G CMAX (reached at t = 30
min) were 1,364 ± 170 ng/mL and 23.2 ±
2.5 µg/mL, respectively. After
NTX/MOR, morphine and M3G CMAX
(reached at t = 30 min) were 535 ±
40 ng/mL (P = 0.002 versus MOR/saline)
and 18 ± 1 µg/mL (P = 0.002 versus
MOR/saline), respectively.
In Figures 2C and D, the
pharmacokinetic–pharmacodynamic
(PK–PD)relationships between morphine, M3G and TWL are given for animals treated with saline/MOR and those
treated with NTX/MOR. This PK-PD
analysis shows that analgesic TWLs correlated well with morphine and M3G
plasma concentrations, with linear
dose-dependent increases in TWL until
the cutoff value of 30 s was reached (Figure 2C). Similarly, hyperalgesic TWLs
correlated well with morphine and M3G
plasma concentrations with dose-dependent decreases in TWLs, which were well
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Figure 2. Morphine and M3G pharmacokinetics and pharmacodynamics in CD-1 mice (study 1). (A) Mean morphine plasma concentrations versus time in mice treated with saline followed by morphine (saline/MOR) and mice treated with NTX followed by morphine
(NTX/MOR). (B) Mean M3G plasma concentrations versus time in mice treated with saline followed by morphine (saline/MOR) and mice
treated with NTX followed by morphine (NTX/MOR). (C) Individual morphine (open circle) and M3G (closed circle) plasma concentrations after saline pretreatment versus effect (TWL). To guide the eye, a sigmoid function is fitted through the two data sets. (D) Individual
morphine (open circle) and M3G (closed circle) plasma concentrations after NTX pretreatment versus effect (TWL). To guide the eye, an
exponential function is fitted through the two data sets. (E) The ratio of the plasma concentrations morphine and M3G (morphine/M3G)
versus TWL for animals treated with saline/MOR. There is a clear positive correlation for ratios <0.03 (rp = 0.72). At ratios >0.03, no further
increase in TWL was observed because of the preset cutoff value of 30 s. The line through the data is a sigmoid fitted to the whole data
set (R 2 = 0.94). Two outliers (open squares) were not taken into account in the analysis. Each data point is one morphine/M3G measurement obtained in one mouse. PK samples were obtained at t = 30, 60, 90 and 120 min after morphine injection. (F) The ratio of the
plasma concentrations morphine and M3G (morphine/M3G) versus TWL for animals treated with NTX/MOR. A negative correlation was
present with rp = –0.65. Each data point is one morphine/M3G measurement obtained in one mouse. PK samples were obtained at t =
30, 60, 90 and 120 min after morphine injection.
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described by an exponential function
(Figure 2D). The morphine/M3G concentration ratios versus effect (TWL) are
given in Figure 2F for animals treated
with NTX/MOR, showing a negative
correlation (Pearson correlation coefficient, rp = –0.65, P < 0.001), indicating
that higher morphine levels relative to
M3G concentrations are associated with
increased hyperalgesia.
Study 2
The effects of treatment on TWL in
FVB and Mrp3 –/– mice are given in Figure 3. NTX/saline was without effect on
TWL (P = 0.44) in FVB and Mrp3 –/– mice.
In contrast, NTX/MOR caused hyperalgesia in both strains. In FVB mice, TWL
decreased by 3.9 ± 0.2 s at t = 30 min (P <
0.001 versus baseline), and hyperalgesia
was present throughout the test period
(treatment effect: P < 0.001 versus NTX/
saline treatment). Similarly, in Mrp3 –/–
mice, TWL decreased by 3.1 ± 0.2 s at t =
30 min (P < 0.001 versus baseline) and
hyperalgesia was present throughout the
test period (treatment effect: P < 0.001
versus NTX/saline treatment; strain
comparison: P = 0.10).
Study 3
Morphine plasma concentrations
30 min after 15 mg/kg morphine did not
differ between Mrp3 –/– and FVB mice. In
contrast, Mrp3 –/– mice generated M3G
plasma levels, just 7% of those measured
in FVB mice: 0.9 ± 0.08 µg/mL at t =
30 min versus 12.5 ± 0.5 µg/mL (P = 0.03;
Figure 4). The data also show that
Mrp3 –/– mice excreted more morphine in
their 24-h urine than FVB mice (MRP3 –/–
39.2 ± 2.8 µg/24 h versus FVB 22.6 ±
3.3 µg/24 h, P = 0.003), whereas M3G
excretion was significantly reduced by
88% in MRP3 –/– (60.3 ± 6.9 µg/24 h) relative to FVB (532 ± 97 µg/24 h; P = 0.004)
mice.
DISCUSSION
Opioids are widely used in the management of moderate to severe pain. Development of hyperalgesia was acknowledged as an important factor in the

Figure 3. Pharmacodynamic results of study 2. Effect of NTX pretreatment on morphine or
saline induced changes in TWL in FVB and Mrp3 –/– mice. NTX pretreatment caused morphine-induced hyperalgesia in both genotypes. The combination NTX/saline had no effect on the measured latencies. Treatment effect (NTX/MOR versus NTX/saline) is shown in
FVB mice (P < 0.001) and Mrp3 –/– mice (P < 0.001). Strain comparison, P = 0.10. *P < 0.001
versus baseline. Values are means ± SEM. t = 0 is the time of the morphine or saline subcutaneous injection.

limitation of efficacy of opioid therapy in
some patients. Elucidating the mechanism of hyperalgesia and identifying
compounds that prevent or reverse its
manifestation might result in better
opioid-based interventions for treatment

of pain. Over the years, several mechanisms of OIH have been proposed, including the accumulation of the pronociceptive morphine metabolite M3G (8–12),
activation of the N-methyl-D-aspartate
receptor (NMDAR) by morphine or M3G

Figure 4. Pharmacokinetic results of study 3. (A) Morphine and M3G plasma concentration in FVB and Mrp3 –/– mice. (B) The 24-h morphine and M3G excretion in FVB and
Mrp3 –/– mice. Values are means ± SEM. *P < 0.05 versus FVB mice.
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(16–19) and activation of TLR4 receptors
by morphine or M3G (24,25). These
mechanisms may not be mutually exclusive. This study focused on the possible
involvement M3G in the development of
OIH after morphine treatment and assessed further whether the MOR is the
molecular site of OIH.
The first set of experiments that we
performed showed that OIH is rapidly
induced in CD-1 mice injected with morphine after pretreatment with high-dose
NTX, a nonselective antagonist of the
opioid receptors (Figures 1B, C). These
data indicate that OIH is exposed by
blocking the opioid receptors to morphine and subsequent analgesia, which
confirm earlier findings showing that
morphine and the phenylpiperidines (for
example, fentanyl) induce OIH via nonopioid receptor–related pathways
(16–19,26). Whether these hyperalgesia
or excitatory pathways are activated by
morphine or its major metabolite in rodents (M3G) is unknown. There is evidence from experimental and clinical
studies that M3G has excitatory properties and hence may be involved in OIH
after morphine treatment (8–12). To explore this further, we measured morphine and M3G concentrations in plasma
of the CD-1 mice. Depending on the
treatment, both compounds showed a
high degree of correlation to either analgesia after saline/MOR (Figure 2C) or
hyperalgesia after NTX/MOR (Figure 2D). The MOR/M3G concentration
ratios versus effect (TWL), obtained in
mice treated with NTX/MOR, show a
negative correlation (Figure 2E), indicating that with relative greater morphine
than M3G concentrations, the magnitude
of hyperalgesia increases. This favors a
role for morphine rather than M3G in the
induction of OIH in our model.
An interesting observation in study 1
is that NTX pretreatment affected morphine’s pharmacokinetics, causing lower
morphine and M3G concentrations compared with saline pretreated animals
(Figures 2A, B). NTX enhances morphine
glucuronidation (27), which may be explained by induction of the liver UGT

enzyme system and possibly causes
some greater excretion of M3G via gut
and kidney. Because of these effects, the
MOR/M3G concentration ratios were
smaller in NTX relative to saline-pretreated animals. Assuming a role for
morphine in OIH, we may have underestimated the absolute magnitude of
OIH in the NTX-pretreated animals. Irrespective, the relationship between the
MOR/M3G ratios versus TWLs will not
be affected. Hence, we argue that the influence of NTX on morphine’s pharmacokinetics did not affect the outcome of
our studies.
We further explored the role of M3G
by testing the effect of NTX/MOR in
mice lacking the MRP3 gene. The MRP3
gene product, a multidrug resistance
transporter present on the sinusoidal
membrane of the hepatocyte, is involved
in the efflux of glucuronides, including
M3G, from the hepatocyte into the
bloodstream (20). Mice that lack the
MRP3 gene have a greatly reduced capacity to export M3G into the systemic
circulation and consequently M3G accumulates in the liver, as the metabolic process in the liver (converting morphine
into M3G) remains intact. Indeed, M3G
pharmacokinetic analysis in Mrp3 –/–
mice showed low amounts of M3G in
plasma (7% of control) and urine (12% of
control; Figure 4) after a morphine injection. We did not measure M3G in brain
tissue in the current study, but we previously were unable to detect any M3G in
brain tissue of Mrp3 –/– mice, 30 min after
injection of the identical 15 mg/kg morphine dose injection here (20). This result
suggests that the low plasma concentrations of M3G do not result in detectable
concentrations of M3G in the brain of
Mrp3 –/– mice (see below).
The pharmacodynamic data obtained
in the Mrp3 –/– mice showed that, like
FVB controls, they manifest morphineinduced hyperalgesia (after NTX/MOR)
of substantial and significant magnitude
of the same duration (Figure 3). Hence,
morphine-hyperalgesia developed despite low M3G concentrations in urine,
plasma and brain. These data suggest

that morphine rather than M3G is the
main cause of OIH in this model. Indeed, in humans and mice, after systemic administration, the morphineglucuronides cross the blood-brain
barrier poorly or not at all (5,6,20), suggesting that morphine is more likely involved in OIH than M3G. For example,
in wild-type mice, after systemic M3G
administration, brain concentrations remain low at levels more than 50 times
less than those observed in the rest of
the system (liver, plasma) (20). Nonetheless, we cannot exclude the possibility
that some morphine is metabolized at
central sites into M3G. Supportive data,
however, suggest that these brain M3G
levels are low, and, consequently, this
pathway will be of minor importance
(28). Further brain morphine and M3G
concentration response studies are
needed to quantify a possible role of
central morphine metabolism on
morphine-induced hyperalgesia. Irrespective, it is unlikely that M3G from the
hepatic metabolism of morphine played
a role in the observed morphine-induced
hyperalgesia in Mrp3 –/– mice.
On the basis of the present and ample
previous findings (16–19,26), it is increasingly clear that opioid receptor activation
is not required for development of OIH
but that other signaling pathways are involved. One possibility is the excitatory
glutamatergic pronociceptive pathway
via activation of NMDAR (16,18,19). Activation of the NMDAR enhances signal
transmission in the pain circuitry from
spinal cord to the cortex leading to allodynia and hyperalgesia (29,30). A direct
role of the NMDAR in OIH has been
suggested (16,18,19). It is possible that
morphine, or its metabolite M3G, interacts directly or indirectly with the
NMDAR (31). Indeed, the neuroexcitatory effects of M3G are mediated by
NMDAR receptor activity (32), and
NMDA receptor antagonists dose-dependently reduce M3G symptoms, including enhanced nociception (8). Yet
another possibility to explain OIH is
through opioid-induced glial cell activation, causing neuroinflammation and
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consequently pronociception, including
opposition of acute and chronic analgesia, opioid analgesic tolerance and also
OIH. Recent studies indicate involvement of nonclassical opioid receptors, including the toll-like receptor 4 (TLR4) on
glia cells in this process. Both morphine
and M3G display significant TLR4 activity (24,25).
CONCLUSION
The role of M3G in morphine-induced
hyperalgesia was extensively investigated through a series of experiments
that involved both pharmacodynamic
and pharmacokinetic measurements. We
confirm the presence of OIH in mice injected with morphine after pretreatment
with NTX and show for the first time
the manifestation of morphine-induced
hyperalgesia in mice lacking the MRP3
protein, despite the very low plasma
M3G concentrations in these animals
due to the inability to release M3G from
hepatocytes. Collectively, these data
suggest that morphine itself is responsible for inducing hyperalgesia through
non-opioidergic pathways and that hepatic M3G is not involved in morphine
hyperalgesia. The relevance of these
murine data to humans has yet to be
demonstrated.
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