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Abstract

We have recently demonstrated a role of the vascular endothelium in peripheral pain mechanism 

by disrupting endothelial cell function using intravascular administration of octoxynol-9, a non-

selective membrane active agent. As an independent test of the role of endothelial cells in pain 

mechanisms, we evaluated the effect of homocysteine, an agent that damages endothelial cell 

function. Mechanical stimulus-induced enhancement of endothelin-1 hyperalgesia in the 

gastrocnemius muscle of the rat was first prevented then enhanced by intravenous administration 

of homocysteine, but was only inhibited by its precursor, methionine. Both homocysteine and 

methionine significantly attenuated mechanical hyperalgesia in two models of ergonomic muscle 

pain, induced by exposure to vibration, and by eccentric exercise, and cutaneous mechanical 

hyperalgesia in an ischemia-reperfusion injury model of Complex Regional Pain Syndrome type I, 

all previously shown responsive to octoxynol-9. This study provides independent support for a 

role of the endothelial cell in pain syndromes thought to have a vascular basis, and suggests that 

substances that are endothelial cell toxins can enhance vascular pain.
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Introduction

We recently discovered a novel phenomenon that drives an active contribution of vascular 

endothelial cells to peripheral pain mechanisms (Joseph et al., 2011). This phenomenon, 

referred to as stimulus-dependent hyperalgesia, is elicited by two potent vasoactive 

compounds: endothelin-1 (ET-1) and epinephrine. ET-1 and epinephrine act at their cognate 

receptors on the endothelial cell to produce a state in which mechanical stimulation produces 
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enhanced release of ATP, which acts on the P2X3 purinergic receptor on sensory neurons to 

produce stimulus-dependent hyperalgesia (Joseph et al., 2013). Stimulus-dependent 

hyperalgesia is distinct from the direct hyperalgesic effect of ET-1 and epinephrine mediated 

by their cognate receptors on the peripheral terminals of the nociceptor (Joseph et al., 2011; 

Joseph and Levine, 2012a). The discovery of the role of vascular endothelial cells in 

stimulus-dependent hyperalgesia was made possible by adaptation of a method from the 

cardiovascular and renal vascular literature using the intravenous administration of 

octoxynol-9 to attenuate endothelial cell function (Connor and Feniuk, 1989; Jamal et al., 

1992; Sun et al., 1997). We found that administration of octoxynol-9 eliminated ET-1–

induced stimulus-dependent hyperalgesia it being dependent on the function of the 

endothelium; the direct hyperalgesic effect of ET-1 acting on the nociceptor was unaffected 

by octoxynol-9 administration. Since octoxynol-9 is a non-selective membrane active agent, 

in the present study we employed an alternative method to impair endothelial cell function. 

It has been demonstrated in rats as well as in humans that hyperhomocysteinemia produces 

endothelial dysfunction (Edirimanne et al., 2007; Kanani et al., 1999). Since 

hyperhomocysteinemia affects several functions of endothelial cells (Abahji et al., 2007; 

Pushpakumar et al., 2014), we tested whether homocysteine or its precursor, L-methionine 

(Edirimanne et al., 2007; Kanani et al., 1999) affects ET-1-induced stimulus-dependent 

hyperalgesia. We found that homocysteine, in a time-dependent manner, both inhibited and 

enhanced stimulus-dependent hyperalgesia, while methionine only produced inhibition. 

Both substances also inhibited preclinical models of vascular pain syndromes previously 

shown to be attenuated by octoxynol-9 (Joseph et al., 2013; Joseph and Levine, 2012a). Our 

data provide independent support for a role of the endothelial cell in mechanical stimulus 

dependent hyperalgesia and vascular pain syndromes.

Materials and Methods

Animals

Experiments were performed on adult male Sprague Dawley rats, (200–250 g; Charles 

River, Hollister, CA). Animals were housed three per cage, under a 12 h light/dark cycle, in 

a temperature- and humidity-controlled environment. Food and water were available ad 

libitum. All behavioral nociceptive testing was performed between 10:00 AM and 4:00 PM. 

Rats were acclimatized to the testing environment, by bringing them to the experimental 

area, in their home cages, left in the home cage for 15–30 min, after which they were placed 

in restrainers, cylindrical acrylic tubes that have side openings that allow extension of the 

hind limbs from the restrainer, for nociceptive testing. Rats were left undisturbed in the 

restrainer for another 15–30 min before nociceptive testing was started.

Nociceptive threshold was defined as the mean of three readings taken at 5 min intervals. 

All experimental protocols were approved by the University of California, San Francisco 

Committee on Animal Research and conformed to National Institutes of Health Guidelines 

for the Care and Use of Laboratory Animals. All efforts were made to minimize the number 

of animals used and their suffering.
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Nociceptive testing

Cutaneous nociception—The nociceptive flexion reflex was quantified with an Ugo 

Basile Analgesymeter (Stoelting, Wood Dale, IL), which applies a linearly increasing 

mechanical force to the dorsum of the rat’s hind paw. Nociceptive threshold was defined as 

the force, in grams, at which the rat withdrew its hind paw from the stimulus. Hyperalgesia 

was defined as a decrease in mechanical nociceptive threshold, here presented as percentage 

change from baseline. Both paws of the same rat received the same treatment, and paw 

withdrawal thresholds were averaged for each rat. Each experiment was performed on 

separate groups of rats. These animals acted as their own controls, with a test agent injected 

either intradermally, into the dorsal surface of the hind paws, or intravenously before the 

intradermal administration of ET-1. Paw-withdrawal thresholds before and after drug 

treatment were compared.

Muscle nociception—Mechanical nociceptive threshold in the gastrocnemius muscle was 

quantified using a Chatillon digital force transducer (model DFI2; Ametek, Berwyn, PA) 

(Dina et al., 2008; Khasar et al., 2008). In lightly restrained rats (as described above), a 6-

mm-diameter probe, attached to the force transducer, was applied to the skin overlying the 

gastrocnemius muscle, to deliver an increasing compression force. This probe width allows 

for evaluation of muscle nociceptive threshold without interference from nociceptive 

threshold of the overlying cutaneous nociceptive afferents (Murase et al., 2010). The 

nociceptive threshold was defined as the force (in milliNewtons) at which the rat withdrew 

its hind limb; results are presented as percentage change from baseline. Each hind limb 

(gastrocnemius muscle) is treated as an independent measure, and each experiment is 

performed on a separate group of rats.

Preclinical models

Vibration-induced hyperalgesia—It has been suggested that musculoskeletal pain 

induced by exposure to vibrating devices used in various occupations may have a vascular 

component (Ogasawara et al., 1997; Dowd et al., 1998). We demonstrated previously that 

exposure to vibration produces chronic muscle pain in the rat (Chen et al., 2010). The rat’s 

hind limb was vibrated with a Digital Vortex Genie II laboratory Vortex mixer (Thermo 

Fisher Scientific, Waltham, MA) that has a variable-speed motor with a real-time digital 

readout of the vibration speed. Rats were anesthetized with 3% isoflurane in oxygen and one 

hind limb affixed to the platform with Micropore surgical tape (3M, St. Paul, MN) so that 

the knee and ankle joint angles were both 90°, and without rotational torque on the leg. The 

leg was vibrated at a frequency of 60–80 Hz, with a 5-mm peak-to-peak displacement 

amplitude. These vibration frequencies are within the ranges produced by hand-held power 

tools (35–150 Hz) (Radwin et al., 1990). In previous studies in the rat, more intense hind 

limb vibration at 80 Hz for 5 h daily for 2 d did not cause muscle necrosis (Lundborg et al., 

1990). In the present experiments, hind limbs were vibrated once for 15 min.

Eccentric exercise-induced hyperalgesia—The method used to eccentrically exercise 

the rat hind limb (Alvarez et al., 2010) is similar to that described by Kano et al. (2004) and 

Taguchi et al. (2005). Briefly, isoflurane-anesthetized rats were placed in the supine position 

and the right hind paw was affixed to the foot bracket of the exercise apparatus (model 

Joseph et al. Page 3

Neuroscience. Author manuscript; available in PMC 2016 January 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



RU-72; NEC Medical Systems, Tokyo, Japan) with Micropore surgical paper tape, such that 

the angle of the knee and ankle joints was at 90° (with the paw 30° from vertical). The 

gastrocnemius muscle was stimulated via subcutaneous needle-type electrodes attached to a 

model DPS-07 stimulator (Dia Medical System, Tokyo, Japan) that delivered trains of 

rectangular pulses (100 Hz, 700 ms, 3 V) every 3 s to give a total of 300 contractions. 

During these electrical stimulus-induced contractions of the gastrocnemius muscle, the 

electromotor system rotated the foot to produce extension of the gastrocnemius muscle.

Ischemia reperfusion-induced hyperalgesia—We used an ischemia-reperfusion 

injury model of Complex Regional Pain Syndrome (CRPS) type I (Coderre et al., 2004; 

Millecamps et al., 2010; Ragavendran et al., 2013). Rats were anesthetized with isoflurane 

and placed on a heating pad to maintain body temperature, and ophthalmic ointment used to 

prevent the corneas from drying out. A nitrile O-ring (5.5 mm internal diameter, durometer 

rating 70 Shore A, Grainer, Inc., San Francisco, CA) was placed around a hind limb, 

proximal to the ankle joint, to reduce arterial blood flow to the hind paw for 3 h, after which 

the O-ring was removed and the rats were allowed to recover from anesthesia. Nociceptive 

testing was performed 3 days after ischemia-reperfusion procedure.

Drugs

Endothelin (ET-1), homocysteine, and methionine (Sigma Chemical Co., St. Louis, MO) 

were dissolved in saline. Drugs administered by intravenous injections (via tail vein) were 

given in a volume of 1 ml/kg body weight, and drugs administered by intradermal injection 

were given in a volume of 2.5μl/paw and 5 μl/muscle. Doses of the drugs employed in this 

study were based on the result of dose response studies done during this or prior studies.

Statistical analyses

Group data are represented as mean ± SEM. Statistical significance was determined by one- 

or two-way repeated-measures ANOVA, followed by Dunnett’s multiple comparison post 

hoc test. P <0.05 was considered statistically significant.

Results

Effect of intravenous homocysteine and methionine on stimulus-dependent hyperalgesia

We studied the effect of systemic (intravenous, i.v.) administration of homocysteine and 

methionine on ET-1 induced mechanical hyperalgesia and mechanical stimulus-dependent 

enhancement of this hyperalgesia. Intradermal (i.d.) administration of ET-1 (100 ng) on the 

dorsum of the hind paw produced mechanical hyperalgesia, which increased in response to 

further mechanical stimulation, when threshold nociceptive mechanical stimuli were 

presented at 5 min intervals (i.e., stimulus-dependent hyperalgesia (Joseph et al., 2011)). 

When administered 30 min before ET-1, both homocysteine (3 mg/kg i.v.) and methionine 

(1 mg/kg i.v.) attenuated ET-1 induced mechanical hyperalgesia (first reading; Fig. 1A, 2-

way ANOVA with Dunnet’s multiple comparisons test, P < 0.0001, N = 6) and stimulus-

induced enhancement of ET-hyperalgesia. Both homocysteine and methionine also 

completely attenuated ET-1–induced stimulus-dependent hyperalgesia (Fig. 1A, P = N.S. for 

both, 1st reading vs. 4th reading, paired Student’s t-test, N = 6 for both). Of note, neither 
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intravenous homocysteine nor intravenous methionine alone affected baseline nociceptive 

threshold (data not shown). In contrast, when administered 3 h before ET-1, neither 

homocysteine nor methionine alone affected the magnitude of ET-1 induced mechanical 

hyperalgesia (first reading; Fig. 1B, P = N.S., methionine N = 6, homocysteine N = 7). 

However, methionine administered 3 h before ET-1 still completely attenuated ET-1–

induced stimulus-dependent hyperalgesia (Fig. 1B, P=N.S. for both, 1st reading vs. 4th 

reading, paired Student’s t-test, N = 6). In contrast, homocysteine administered 3 h before 

ET-1 significantly enhanced stimulus-dependent hyperalgesia (P < 0.05, 2-way repeated 

measures ANOVA, Dunnett’s multiple comparisons test N = 7).

Intradermal homocysteine and methionine

Similar to intravenous administration, intradermal administration of both homocysteine or 

methionine (at the site of nociceptive testing) 30 min before ET-1 attenuated ET-1 induced 

mechanical hyperalgesia (1st reading; Fig. 1C, 2-way ANOVA with Dunnet’s multiple 

comparisons test, P < 0.0001, N = 6), and mechanical stimulus-induced enhancement of 

ET-1 hyperalgesia (Fig. 1C, P = N.S. for both, 1st vs. 4th readings, paired Student’s t-test, N 

= 6 for both). Of note, neither i.d. homocysteine nor i.d. methionine affected baseline 

nociceptive threshold (data not shown). When administered 3 h before ET-1, neither 

methionine nor homocysteine affected ET-1 hyperalgesia (1st reading, 1D, P = N.S., 

methionine N = 6, homocysteine N = 7). Furthermore, homocysteine did not attenuate 

ET-1–induced stimulus-dependent hyperalgesia (Fig. 1D, 2-way repeated measures 

ANOVA, Dunnett’s multiple comparisons test, P = N.S.), while methionine significantly 

attenuated ET-1–induced stimulus-dependent hyperalgesia (P < 0.05, 1-way repeated 

measures ANOVA, Dunnett’s multiple comparisons test).

Ergonomic models

We studied the effect of methionine and homocysteine administration on muscle 

hyperalgesia produced by two ergonomic models: hind limb vibration and eccentric exercise 

(Alvarez et al., 2010; Dina et al., 2010). Both hind limb vibration (Fig. 2A) and eccentric 

exercise (Fig. 2B) produced a marked decrease in mechanical nociceptive threshold (both P 

< 0.0001, paired Student’s t-test, N = 12). Vibration- and eccentric exercise-induced muscle 

hyperalgesia was significantly attenuated at both 30 min and 3 h after administration of 

methionine (1 mg/kg, i.v.) or homocysteine (3 mg/kg, i.v.) (treatment versus vibration alone 

or eccentric exercise alone, P < 0.0001, one-way ANOVA, Tukey’s multiple comparisons 

test, N = 12).

Ischemia-reperfusion injury

Ischemia-reperfusion injury (CRPS-I model) produced a marked decrease in mechanical 

nociceptive threshold in the gastrocnemius muscle evaluated 3 days later (Fig. 3A, B), and 

this hyperalgesia was significantly attenuated at both 30 min and 3 h after administration of 

methionine (1 mg/kg, i.v.) and after homocysteine (3 mg/kg, i.v.) (both treatments versus 

ischemia-reperfusion injury alone, P < 0.0001, one-way repeated measures ANOVA, 

Tukey’s multiple comparisons test, N = 6).
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Discussion

Treatment of a wide spectrum of vascular pain syndromes is a critical unmet medical need. 

The development of effective treatments for these common, debilitating pain syndromes is, 

however, hampered by our limited understanding of the role of the blood vessel in either 

acute or chronic pain. Recently, it has been appreciated that the vascular endothelium, the 

single-celled interface between the vascular lumen (containing circulating immune cells, 

inflammatory mediators, and hormones) and the vascular nociceptor (the origin of the 

vascular pain signal), also participates in signaling cascades that can enhance nociceptor 

function (Joseph et al., 2011; Joseph et al., 2013; Joseph and Levine, 2012a; Joseph and 

Levine, 2012b). Endothelial cells respond to vasoactive mediators, such as endothelin 

(Davenport and Maguire, 2006) to, in turn, release other pronociceptive mediators that can 

act at the peripheral terminal of the nociceptor (Burnstock, 1989; Burnstock, 1996; 

Burnstock, 2009; Joseph et al., 2011; Joseph et al., 2013). Specifically, we have shown that 

ET-1 and epinephrine (but not several other pronociceptive inflammatory mediators) act at 

their cognate receptors on endothelial cells to activate a mechanism by which further 

mechanical stimulation can now induce enhanced release of pronociceptive mediators 

(which includes ATP (Yegutkin et al., 2000),) from the endothelial cell to act on receptors 

on the primary afferent nociceptor. This mechanical stimulus-induced release of 

pronociceptive mediators from endothelial cells is enhanced by mechanical stimulation, 

stimulation-dependent hyperalgesia, a potentially important aspect of many vascular pain 

syndromes. Since stimulus-dependent hyperalgesia is not mediated by receptors for ET-1 on 

the peripheral terminal of the nociceptor, since spinal intrathecal administration of 

oligodeoxynucleotide antisense to mRNA for these receptors blocks ET-1- and epinephrine-

induced hyperalgesia without affecting stimulus-dependent hyperalgesia (Joseph and 

Levine, 2012a), we hypothesize that stimulus-dependent hyperalgesia depends critically on 

endothelial cells, with ET-1 acting at its receptors on the vascular endothelial cell, to 

produce stimulus-dependent hyperalgesia. This hypothesis is supported by the observation 

that stimulus-dependent hyperalgesia induced by ET-1 is attenuated by octoxynol-9, which 

impairs endothelial cell function (Joseph and Levine, 2012a), without affecting hyperalgesia 

that is produced by action of ET-1 on its receptors on the nociceptor.

Although a role for endothelial cells in peripheral pain mechanisms was first suggested 

many years ago (Burnstock, 1999), technical challenges prevented a direct test of the 

hypothesis. However, we recently adapted a technique employed by cardiovascular and 

renal vascular researchers, the impairment of endothelial cell function using intravascular 

administration of the plasma membrane active compound, octoxynol-9 (Castro-Chaves et 

al., 2006; Mink et al., 2007; Sun et al., 1997), to directly assess its role in peripheral pain 

mechanisms, and showed that the endothelial cell plays a critical role in models of diverse 

pain syndromes (Joseph et al., 2013). In the current study, we used a method that produces 

endothelial cell dysfunction, based on the clinical observation in patients with 

hyperhomocysteinemia (Bellamy et al., 1998; Chao et al., 2000; Upchurch et al., 1996), and 

in the rats receiving the precursor, methionine in their diet or acutely administered to induce 

hyperhomocysteinemia and endothelial cell dysfunction (De Vriese et al., 2004; Sharma et 

al., 2013). We observed that administration of homocysteine intravenously produced a time-
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dependent attenuation and then enhancement of stimulus-dependent hyperalgesia. The 

sequence of actions of homocysteine to first attenuate and then enhance stimulus-dependent 

hyperalgesia remain to be elucidated. While 15 days of hyperhomocysteinemia produces an 

increase in ET-1 receptor (ET(A)) density (de Andrade et al., 2009), further studies are need 

to determine whether acute intravenously administered homocysteine can induce such a 

rapid upregulation of ET-1 receptors, although it has been observed that ET-1 receptors on 

blood vessels are rapidly upregulated when rat coronary arteries are isolated for short-term 

organ culture (Skovsted et al., 2012). How methionine attenuated stimulus-dependent 

hyperalgesia at both early and late time points after its administration might be explained by 

differences in the concentration of homocysteine over time. A very detailed dose-response 

and time-effect study of homocysteine and methionine effects on stimulus-dependent 

hyperalgesia would be required to address this bimodal effect of homocysteine.

We observed that hyperalgesia produced in preclinical models of pain syndromes, in which 

there is believed to be a vascular component, namely vibration- and eccentric exercise-

induced muscle hyperalgesia, as well an ischemia-reperfusion model of CRPS-I, could each 

be reversed by both intravenous methionine and homocysteine. Of note, octoxynol-9 has 

previously been shown to reverse muscle hyperalgesia following hind limb vibration and 

eccentric exercise (Joseph et al., 2013), providing additional support for a key role for the 

endothelial cell in vascular pain syndromes. In contrast to the effect of homocysteine on 

ET-1-induced stimulus-dependent hyperalgesia, there was no enhancement of hyperalgesia 3 

h after homocysteine administration in these three preclinical models, suggesting that 

different mediators may be released in these models. Future experiments evaluating 

selective receptor antagonists are needed to understand the mechanisms underlying this 

differential effect of homocysteine administration.

In summary, ET-1 and endothelial dysfunction are thought to play a role in vascular pain 

syndromes. The current study, in which we induce hyperhomocysteinemia to impair 

endothelial cell function, extends our earlier studies using octoxynol-9 to modulate stimulus-

dependent and mechanical hyperalgesia induced in the hind limb vibration and eccentric 

exercise ergonomic models. The vascular endothelial cell provides an interface between 

circulating cells involved in inflammation and vascular sensory nerve fibers that signal pain. 

We have shown that the endothelium can play an important role in peripheral pain 

mechanisms, with the potent vasoactive peptide, ET-1, producing pain by acting both on 

endothelial cells and pain sensory neurons. A greater understanding of the role of the 

endothelial cell and its pronociceptive mediators that contribute to vascular pain will provide 

a rational basis for the treatment of vascular pain. For example, elevated levels of 

homocysteine have been reported in unstable angina (Guo et al., 2009), acute coronary 

syndrome (Turgan et al., 1999) and cardiac symptom X (Timurkaynak et al., 2008), 

presumably related to its effect on vascular function (Bhagwat et al., 2009; Nakamura and 

Yoshizawa, 2002). Furthermore, experimental angina is more severe in rats with endothelial 

dysfunction, induced by hyperhomocysteinemia (Han et al., 2007). Of note, administration 

of folic acid lowers homocysteine levels (Armitage et al., 2010; Guo et al., 2009), reduces 

the frequency of chest pain, after chronic folic acid therapy, in cardiac syndrome X patients 

(Alroy et al., 2007). Taken together, these data support the suggestion that the endothelial 
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lining of blood vessels plays an important role in pain and that further investigation of 

homocysteine lowering therapies in vascular pain is warranted.
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Highlights

Homocysteine (i.v.) first prevented then enhanced mechanical stimulus-induced 

enhancement of endothelin-1 hyperalgesia

Methionine (i.v.) only prevented mechanical stimulus-induced enhancement of 

endothelin-1 hyperalgesia

Both homocysteine and methionine attenuated mechanical hyperalgesia induced by 

exposure to vibration, and eccentric exercise

Both homocysteine and methionine significantly attenuated mechanical hyperalgesia 

induced by a model of CRPS I

This study provides support for a role of the endothelial cell in pain syndromes 

thought to have a vascular basis

Joseph et al. Page 11

Neuroscience. Author manuscript; available in PMC 2016 January 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Effect of methionine and homocysteine on ET-1 hyperalgesia and stimulus-dependent 
hyperalgesia cutaneous cutaneously
ET-1 (100 ng, i.d. on dorsum of the hind paw) induced mechanical hyperalgesia (reading 1, 

15 min post-administration) that was enhanced by repeat threshold intensity stimuli applied 

at the site of nociceptive testing (i.e. stimulus-dependent hyperalgesia).

A. Intravenous administration of methionine (1 mg/kg) or homocysteine (3 mg/kg), 30 min 

before ET-1, markedly attenuated the ET-1 hyperalgesia, and completely eliminated 

stimulus-dependent hyperalgesia.

B. Intravenous administration methionine (1 mg/kg) or homocysteine (3 mg/kg), 3 h before 

ET-1 did not affect ET-1 hyperalgesia. Stimulus-dependent hyperalgesia was completely 

eliminated by methionine but not by homocysteine at the 3 h pretreatment time point.

C. Intradermal administration methionine (1 μg) or homocysteine (5 μg) 30 min before ET-1 

markedly attenuated ET-1 hyperalgesia, and completely eliminated stimulus-dependent 

hyperalgesia.

D. Intradermal administration methionine (1 μg) or homocysteine (5 μg) 3 h before ET-1 did 

not affect ET-1 hyperalgesia. Stimulus-dependent hyperalgesia was completely eliminated 

by methionine but enhanced by homocysteine, at the 3 h pretreatment time point.
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Figure 2. Effect of intravenous methionine and homocysteine on muscle hyperalgesia and 
stimulus-dependent hyperalgesia produced by ischemia-reperfusion injury
Exposure to either hind limb vibration (A) or eccentric exercise (B) produced a marked 

decrease in mechanical nociceptive threshold in the ipsilateral gastrocnemius muscle. 

Intravenous administration of either methionine (1 mg/kg) or homocysteine (3 mg/kg) 

prevented this hyperalgesia when evaluated 30 min and 3 h after administration.
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Figure 3. Effect of intravenous methionine and homocysteine on muscle hyperalgesia and 
stimulus-dependent hyperalgesia produced by vibration and by eccentric exercise
Intravenous administration of: (A) methionine (1 mg/kg) or (B) homocysteine (3 mg/kg), 

markedly attenuated the hyperalgesia induced by ischemia reperfusion, evaluated 30 min 

and 3 h after administration.
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