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Methamphetamine (METH)-induced agitation, a major concern in acute METH 

intoxication, is currently treated with benzodiazepines. Due to current 

polysubstance use patterns in METH consumption, this treatment may fatally 

exacerbate respiratory depression produced by opioid adulterants or 

intentionally co-administered opioids. We previously showed that the α2- 

agonist dexmedetomidine (DEX), which does not potentiate opioid-induced 

respiratory depression in clinical practice, can be safely and effectively co- 

administered with naloxone to attenuate METH-induced agitation following 

naloxone reversal in METH-fentanyl co-intoxicated rats. While the unique 

arousability of DEX-induced sedation is clinically useful, the current study 

tested the safety and efficacy of DEX and adjunctive ketamine (KET) in 

producing deeper, less arousable sedation when needed (i.e., for severe 

agitation or to facilitate an intricate procedure). Fifteen minutes after 1 mg/ 

kg METH administration in male rats (simulating treatment of naloxone- 

unmasked agitation with a delay), low-dose (0.032 mg/kg) DEX ± (56 mg/ 

kg) KET, high-dose (0.18 mg/kg) DEX, or saline was administered. Key 

measurements included METH-induced locomotor activity (a rat model of 

agitation), the rat coma scale (a quantification of arousability), and α2- 

agonist class side effects. Both high-dose DEX and DEX-KET almost 

completely attenuated METH-induced locomotor activity for 90 min after 

administration, but with the combination the sedation was deeper during the 

most intense METH-induced stimulation, and the α2-agonist side effects were 

less intense and of shorter duration. These data provide proof-of-concept 

support for the potential use of DEX-KET in producing deeper sedation in 

METH-induced agitation.
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Introduction

Illicit polysubstance use, which includes the concurrent 
administration of stimulants (commonly methamphetamine 
[METH]) and opioids, has increased in recent years [1, 2]. 
This is due to both adulteration [3, 4] and intentional 
attempts to enhance or modulate the effects of either class 
[5, 6]. METH-induced agitation is a major concern in the 
management of acute METH toxicity because the associated 
excessive and potentially aggressive patient movements pose 
a serious hazard to both patients and clinicians [7]. This 
agitation is currently treated with DEA Schedule IV 
benzodiazepines (e.g., diazepam) [7], but with the current 
trend of METH-opioid co-use, the administration of 
benzodiazepines is concerning, as the boxed warnings for 
both opioids and benzodiazepines state that “concomitant 
use of benzodiazepines and opioids may result in profound 
sedation, respiratory depression, coma, and death” [8, 9]. 
While naloxone reverses the effects of opioids, an opioid- 
benzodiazepine interaction may occur with incomplete 
opioid reversal [10]. This may be due to inadequate 
naloxone administration or naloxone’s more rapid 
elimination compared with commonly misused opioids 
such as fentanyl [11] or heroin and its active metabolites 
[12]. Therefore, alternative sedatives for METH-induced 
agitation are needed.

Dexmedetomidine (DEX) is a non-DEA-scheduled α2- 
agonist sedative indicated for use in surgical procedures [13] 
and for the treatment of agitation in schizophrenia and bipolar 
disorder [14]. Limited clinical case report data show that DEX is 
effective in treating METH-induced agitation (even after 
benzodiazepines have failed) [15] and agitation resulting from 
other stimulants [16, 17]. It may be particularly suited for 
METH-induced agitation in cases of polysubstance exposure, 
as it produces minimal respiratory depression even when opioids 
are also present in humans [18–21]. Opioids are known to mask 
stimulant-induced agitation, which becomes unmasked once the 
opioid effects subside (i.e., due to pharmacokinetic clearance or 
rapid reversal with naloxone) [10]. Using METH-induced 
locomotor activity as a rat model of METH-induced agitation 
[22–24], we provided initial proof-of-concept that DEX- 
naloxone co-administration safely reverses fentanyl-induced 
sedation while potently, significantly, and substantially 
attenuating the unmasked METH-induced agitation in 
male rats [25].

DEX also produces sedation in which the patient is arousable 
(i.e., more like natural sleep) and can respond to simple 
commands [18, 19]. This unique sedation could effectively 

treat METH-induced agitation and use hospital resources 
more efficiently, as deep sedation is significantly correlated 
with more prolonged hospital stays [26]. Deeper sedation may 
be needed, however, in severely agitated patients or to facilitate 
the performance of more intricate procedures (e.g., implanting 
an intravenous line) upon presentation. Due to both the 
arousability of sedation [19] and the presence of α2-agonist 
side effects, aggressive DEX dosing to achieve this deeper 
sedation may be inadvisable. Due to sympatholytic effects 
mediated through the α2a-receptor, DEX initially causes 
hypotension and bradycardia [27]. With increasing DEX 
concentrations, heart rate is further reduced while blood 
pressure increases through α2b-receptor-mediated 
vasoconstriction. DEX binds α2-receptors on pancreatic cells 
to inhibit insulin secretion and increase glucagon secretion, 
potentially resulting in hyperglycaemia [28]. DEX also causes 
thermal dysregulation and potentially hypothermia in humans 
by lowering the temperature threshold required for 
compensatory shivering and vasoconstriction, which generate 
and conserve heat, respectively [29].

Adjunctive ketamine (KET) with DEX may be useful for 
safely providing this deeper sedation without increasing the 
DEX dose and therefore the incidence of dose-dependent 
adverse effects. KET is a dissociative anaesthetic NMDA 
antagonist with additional sedative and analgesic effects 
through partial µ-opioid receptor agonism [30]. 
Combination DEX-KET has previously been used to 
enhance sedation in animal research [31, 32] and 
veterinary practice [33, 34] and is increasingly being used 
in clinical medicine [35–38]. KET may provide additional 
advantages in cases of polysubstance exposure, as it, similar 
to DEX, causes minimal respiratory effects [39]. KET also 
increases heart rate, blood pressure, and cardiac output 
through the activation of the sympathetic nervous system 
[40], which could attenuate the bradycardic and hypotensive 
effects of DEX [27].

For this study, we elected to focus on the interaction 
between DEX and KET in safely and effectively attenuating 
METH-induced agitation and therefore did not include 
fentanyl-METH co-administration and naloxone reversal 
in combination with DEX ± KET treatment. In addition, 
this study design provided a more rigorous test of the 
combination in the context of ongoing METH-induced 
locomotion. This is in contrast to our initial DEX-NLX 
study, in which locomotor activity was inhibited as it was 
more gradually unmasked from fentanyl-induced sedation by 
naloxone [25]. The current study, therefore, simulates a 
clinical scenario in which DEX ± KET is administered 
after naloxone unmasks agitation in a fentanyl-METH co- 
intoxicated patient. In humans, this would most likely occur 
when or before peak naloxone concentrations are reached, 
typically within 15–30 min of intranasal administration [41]. 
We hypothesised that the combination of low-dose DEX with 

Abbreviations: DEX, dexmedetomidine; KET, ketamine; LC-MS/MS, liquid 
chromatography tandem mass spectrometry; METH, methamphetamine; 
SC, subcutaneous; SpO2, saturation of peripheral oxygen.
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adjunctive KET could produce a more intense, less arousable 
early sedation in METH-intoxicated rats than high-dose 
DEX, with a superior adverse effects profile.

Preliminary studies followed by a dose-verification study 
(Supplementary Material 1) were performed to determine and 
verify, respectively, the doses administered in this study. This 
included the minimally effective dose of DEX (0.032 mg/kg, 
“low-dose”) needed to significantly reduce 1 mg/kg METH- 
induced locomotor activity, the high-dose of DEX (0.180 mg/ 
kg), and the adjunctive dose of KET (56 mg/kg) with low-dose 
DEX required to almost completely attenuate this activity 
during the first 90 min after treatment. This time interval 
was of interest as it includes the most intense METH-induced 
activity. These preliminary and dose-verification studies 
showed that treatment with KET alone resulted in enhanced 
early METH-induced stereotypy followed by a more intense 
period of locomotor activation than produced by METH alone. 
Therefore, we chose to exclude the KET monotherapy group 
from the study. In the preclinical trial, we first tested the ability 
of low-dose DEX ± KET and high-dose DEX to attenuate 
1 mg/kg METH-induced locomotor activity over both the key 
90-min post-treatment period and for 4 h after treatment. 
Approximately 1 week later, we repeated the METH and 
treatment doses to test the arousability of sedation and the 
α2-agonist side effect profile over the same 4-h period, using 
methods previously developed by our research group [42]. 
Renal clearance of unchanged METH is a contributor to 
METH elimination in both rats [43] and humans [44], and 
bolus DEX administration is known to enhance urine 
formation [45, 46], likely via reduced vasopressin release 
[47, 48]. Urine was collected between measurements during 
the sedation arousability/side effects trial to evaluate potential 
DEX-induced changes in renal METH clearance (i.e., through 
urinary dilution producing a reduced METH gradient for 
reabsorption) [49, 50].

Materials and methods

Drugs

A 1 mg/kg METH ([S]-methamphetamine HCl; Sigma- 
Aldrich, St. Louis, MO, USA) solution was prepared in saline 
(SAL) for subcutaneous (SC) administration at 1 mL/kg and 
stored under refrigeration to maintain stability [51]. DEX 
hydrochloride (veterinary grade, 0.5 mg/mL; Dechra, 
Cheshire, CT, USA) was diluted in SAL to 0.032, or 0.18 mg/ 
mL for SC administration at 1 mL/kg (i.e., 0.032, or 0.18 mg/kg, 
respectively). KET HCl (veterinary grade, 100 mg/mL; Covetrus, 
Portland, ME, USA) was diluted with SAL to 56 mg/mL for SC 
administration at 1 mL/kg (i.e., 56 mg/kg). The DEX and KET 
dilutions were prepared just prior to each experiment, as the 
stability of the diluted agents is unknown.

Animals

Male Sprague Dawley rats (Hilltop Laboratory Animals, 
Scottsdale, PA, USA; RRID:RGD_25824850) weighing 261 ± 
9 g and approximately 7 weeks old on study day 0 (n = 32, 8/ 
treatment group) were used. The rats were housed in pairs in a 
room maintained at 21–22 °C and 40–55% humidity with food 
and water provided ad libitum. The animal use protocol was 
approved by the Marshall University Institutional Animal Care 
and Use Committee (Protocol #855) and was performed in 
compliance with the National Institutes of Health (NIH) 
Guide for the Care and Use of Laboratory Animals and the 
ARRIVE guidelines.

Overall design

A summary of the experiments performed and the location of 
the resulting data in the manuscript is provided in Table 1. The 
laboratory in which the experiments were performed was 
maintained at approximately 24 °C. On days −5 and −4, the rats 
were conditioned to the researchers and gently restrained (i.e., for 
injections and measurements of blood glucose and temperature) by 
being handled in towels intended for use in each cohort of the 
study. On day −1, the rats were SC injected with 1 mL/kg SAL prior 
to the measurement of 14 min of locomotor activity. The rats were 
then SC injected with SAL at two sites prior to the measurement of 
1 additional hour of locomotor activity, starting at 0 min. The 
locomotor study was performed similarly on day 0, with the SC 
injection of 1 mg/kg METH prior to SC SAL injections at two sites, 
followed by the measurement of 240 min of locomotor activity. The 
1 mg/kg METH dose was chosen as it produces a robust locomotor 
effect with minimal stereotypy in rats, which is not significantly 
different from the effect produced by 1 mg/kg intravenous METH 
[52]. The initial 90-min post-treatment administration period was 
targeted to induce deep sedation, as it comprised the most intense 
locomotor activity produced by 1 mg/kg METH in rats in the 
preliminary studies. METH-induced locomotor activity measured 
during this 90-min interval was used to group the rats according to 
their average METH-induced activity levels.

On day 1, the locomotor study was repeated with four groups 
administered either low-dose (0.032 mg/kg) DEX, low-dose DEX 
+56 mg/kg KET, high-dose (0.18 mg/kg) DEX, or SAL control 
15 min after METH administration (n = 8/group). DEX doses 
were determined based on preliminary studies 
(0.01 – 0.18 mg/kg), which showed that 0.032 mg/kg DEX 
significantly reduced 1 mg/kg METH-induced locomotor 
activity, while 0.18 mg/kg DEX almost completely eliminated 
activity during the 240-min trial. This was followed by a 
preliminary study of adjunctive KET (10 – 100 mg/kg) in 
combination with 0.032 mg/kg DEX. This confirmed that the 
addition of 56 mg/kg of KET produced the most prolonged 
reduction in activity with the least post-sedation KET emergence 
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response. Since the administration of 56 mg/kg of KET 15 min 
after METH and in the absence of DEX resulted in intense 
stereotypy followed by an enhanced peak locomotor effect, a 
KET-alone treatment group was excluded from the study. The 
methods and results of the small locomotor study (n = 4/group) 
performed to qualitatively verify the locomotor attenuating 
effects of the chosen DEX ± KET doses are reported in 
Supplementary Material 1. Treatment doses were prepared by 
a separate researcher to blind the researcher performing the rat 
coma scale scoring to the treatment administered. DEX and KET 
were administered separately at distinct sites due to poor 
compatibility in solution [53]. SAL was injected in place of 
KET in the non-KET-treated groups to maintain blinding for 
coma scale scoring on day 7 or 8 and to ensure a consistent 
number of injections between groups. After treatment, 240 min 
of activity were measured.

On experimental day 2, the rats’ condition was evaluated, and 
their weights were recorded. The percentage weight change 
compared to pre-drug exposure weights on day 0 was 
calculated by subtracting each rat’s post-treatment weight on 
day 2 from its pre-drug exposure weight, dividing by the pre- 
drug exposure weight, and multiplying by 100.

Drug exposure was repeated in the same groups of rats 
for the arousable sedation/adverse effect study on day 7 or 8. 
This study was performed on two separate days due to its 
extended duration and the inclusion of multiple timed 
measurements for each rat. To account for any potential 
effect of the time between days 7 and 8, one rat from each 
group was tested on each day. After METH and treatment 
administration, each rat was placed in a diuresis cage for 
urine collection between measurements during the 4-h trial. 
Each rat was then removed from its diuresis cage for the 
measurement of arousable sedation (rat coma scale), heart 
rate, saturation of peripheral oxygen (SpO2), blood glucose, 
and temperature 20-, 60-, 120-, 180-, and 240-min after 
treatment administration. Baseline values for each 
measurement were collected shortly before METH 
administration. Prior to baseline SpO2 and heart rate 
measurements, the rats were conditioned to a standard 
bedding-free rat cage (one cage per animal with bedding 
removed to maintain clear airways in sedated rats). This 
cage was used to position the rats for the measurement of 
SpO2 and heart rate and for the transport of rats 
between tests.

TABLE 1 Experimental overview, including schedule, groups, and experiments performed.

Day Procedure Performed

−5 and −4 Rats conditioned to handling while wrapped in the towels used for gentle restraint during injections and blood glucose/temperature 
measurements

−1 SAL locomotor activity: conditioning
• Rats injected with SAL once at −15 min and twice at 0 min
• Locomotor activity measured between injections and until 60 min

0 METH locomotor activity: division into groups
• Rats injected with METH once at −15 min and SAL twice at 0 min
• Locomotor activity measured between injections and until 240 min
• Total distance travelled data from 90 min post–saline used to divide the rats into treatment groups with almost identical average activity
• Outcomes: Distance travelled over time (Figure 1A) and total distance travelled (Figure 2A pre–SAL; Figure 2B 90 min post−SAL; Figure 2C

240 min post−SAL)

1 METH locomotor activity: treatment efficacy
• Rats injected with METH once at −15 min and (1) SAL or DEX followed by (2) either KET or SAL (in non−KET−treated groups) at 0 min to 

generate the following post−METH control or treatment groups (n = 8/group):
• SAL (control)
• Low−dose DEX (0.032 mg/kg)
• Low−dose DEX (0.032 mg/kg) + KET (56 mg/kg)
• High−dose DEX (0.18 mg/kg)

• Locomotor activity measured between injections and until 240 min
• Outcomes: Distance travelled over time (Figure 1B) and total distance travelled (Figure 2D pre−treatment; Figure 2E 90 min post−treatment; 

Figure 2F 240 min post−treatment)

2 Visual evaluation of the condition of the rats and post−treatment weight 
• Outcome: weight changes (details are in the post−treatment weight section in the results)

7 or 8 Arousable sedation/side effects study
• Repeat day 1 drug exposures and place rats into diuresis cages for urine collection until 240 min
• Outcomes: Urine volume recorded prior to storage at −80 °C (Figures 5A,D); Urine pH (Figures 5B,E) and % unchanged METH (Figures 5C–E) 

determined by collaborating clinical toxicologists
• Rats removed at 20, 60, 120, 180, and 240 min after treatment or control administration for a battery of tests
• Outcomes (sedation arousability): rat coma scale, need for restraint during blood glucose and temperature measurements (Figure 3)
• Outcomes (side effects): SpO2 (Figure 4A), heart rate (Figure 4B), blood glucose (Figure 4C), temperature (Figure 4D)
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Locomotor activity

Horizontal locomotor activity was measured as the distance 
travelled in open-field polyethylene chambers (74 cm tall with a 58 × 
58 cm base) using overhead cameras interfaced with the Noldus 
EthoVision 14 automated behavioural analysis system (Noldus 
Information Technology Inc, Sterling, VA, USA; RRID:SCR_ 
000441). Data were output as distance travelled (M) in 1-min 
intervals for each rat to assess qualitative patterns of locomotor 
activity over time in 5-min intervals, total post-METH/pre- 
treatment distance travelled, total 90-min post-treatment distance 
travelled, and total 240-min post-treatment distance travelled.

Arousable sedation

Arousable sedation was primarily measured with an 
adaptation of the previously validated rat coma scale, which 
was based on the Glasgow coma scale and other similar 
neurological assessment tools used in humans [54]. After 
being gently removed from the diuresis cage, each rat was 
placed on a flat bench surface for scoring of the following: (1) 
spontaneous whisker movement, (2) motor function, (3) brain 
stem reflexes, (4) righting reflex, and (5) auditory startle 
response, as described previously [42] (a summary is provided 
in Table 2). A score out of 10 was reported for each rat. In 
addition, the observation of a rat not requiring restraint in a towel 
for blood glucose and temperature measurements was recorded 
as a secondary qualitative measurement of deeper sedation.

SpO2 and heart rate

Rats were placed in a bedding-free cage, to which they had 
previously been acclimatised, for the measurement of SpO2 (%) 
and heart rate (beats per minute [BPM]) with a properly sized 

collar sensor interfaced with a MouseOx Plus pulse oximeter 
(STARR Life Sciences Corp., Oakmont, PA, USA). This sensor 
type facilitated measurements in both conscious and sedated rats. 
Upon proper initialisation of the pulse oximetry signal, 10 s of 
stable SpO2 and heart rate readings were recorded and reported 
as an average value for each rat.

Blood glucose

Rats were moved from the bedding-free cage to a towel that 
had been previously used during the conditioning sessions on 
days −5 and −4. If the rat moved upon placement on the towel, 
during the cleaning of the tail, or during the collection of blood or 
temperature measurements, the rat was gently restrained (it was 
noted when no restraint was required; see “Arousable Sedation” 
above). The tail was cleaned with 70% isopropyl alcohol and 
wiped dry with gauze before a light puncture was made with a 
27 G needle to collect a small drop of blood (i.e., <10 µL). A test 
strip interfaced with a consumer-grade Ascensia CONTOUR 
NEXT portable blood glucometer (Parsippany, NJ, USA) was 
applied directly onto the drop to measure blood glucose, followed 
by replacement of the strip and collection of a duplicate 
measurement. Due to the small volume, the majority of 
collections after baseline could be completed by cleaning the 
tail and gently massaging a small drop of blood from the previous 
puncture site.

Temperature

Temperature measurements were performed with a water- 
soluble, non-toxic lubricant-coated rectal probe sized for rats, 
interfaced with a research-grade thermometer (Braintree 
Scientific, Braintree, MA, USA) while the rat was still 
restrained, if needed for blood glucose measurements. When 

TABLE 2 Rat coma scale scoring. It should be noted that the corneal reflex is present if the rat blinks in response to its eye being gently touched with a 
sterile cotton swab soaked in sterile saline, while the pinna reflex is present if the rat shakes its head in response to a flexible monofilament gently 
placed into its ear.

Total score: 0 – 10 Score 0 Score 1 Score 2 Score 3 Score 4

(1) Whisker movement No movement Spontaneous movement

(2) Motor function No response to 
paw pinch

Fasciculations in 
response to paw pinch

Walks or deliberately 
withdraws paw due to paw 
pinch

Walks or deliberately 
withdraws paw due to paw 
touch

Walks voluntarily when 
placed on a flat surface

(3) Brain stem reflexes Neither reflex 
present

Has EITHER corneal or 
pinna reflex

Has BOTH corneal and pinna 
reflex

(4) Righting reflex No righting Partial righting (rolls to 
side)

Full righting

(5) Auditory reflex No response to 
startle

Auditory startle (to a clap 
above head)
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the reading stabilised and remained constant for 5 s, the 
temperature was recorded. After each measurement, the probe 
was cleaned with 70% isopropyl alcohol.

Urine collection and analysis

After treatment administration at 0 min, each rat was placed 
in a Tecniplast diuresis cage (West Chester, PA, USA) for 
240 min of urine collection between measurements. Any urine 
loss observed during measurements or transportation between 
measurements was noted, and urine voided into the bedding-free 
pulse oximetry/transport cage was collected with a transfer 
pipette. After measuring the total volume of collected urine, 
an approximately 1 mL aliquot was stored at −80 °C for analysis.

Urine pH was measured with a CLC1600 chemistry analyser 
using a reagent kit, calibrators, and quality control solutions 
provided by the vendor (Carolina Liquid Chemistries, 
Greensboro, NC, USA). Urine pH was measured 
spectrophotometrically by measuring the changes in 
absorbance in a colourimetric reaction using acid-base 
indicator dyes, which produce colour depending on the pH of 
the specimen. A two-point calibration curve using calibrators at 
pH 3.0 and 11.0 was utilised, and controls at pH 3.6 and 10.0 were 
processed with every batch.

Prior to extraction for urine METH quantitation, a solid- 
phase extraction mix containing internal standards and B-One® 
room temperature β-glucuronidase (Kura Biotech, Atlanta, GA, 
USA) was prepared. For each row of the 96-well plate being 
extracted, 600 µL of the internal standard stock solution 
containing 500 ng/mL of methamphetamine-d11 was 
combined with 3 mL of β-glucuronidase. Solid-phase 
extraction was performed using NBE HPSCX 96-well 
extraction plates (Tecan, Baldwin Park, CA). A total of 250 µL 
of urine was combined with 300 µL of the SPE mix and incubated 
at room temperature for 15 min. The plates were then 
conditioned with 500 µL of methanol and 500 µL of water 
containing 0.1% formic acid before loading 500 µL of the 
specimen/solid-phase extraction mix into the wells. The plates 
were placed under vacuum, and the specimens were allowed to 
flow through at a rate of approximately 1–2 mL/min. The wells 
were then washed with 300 µL of 0.1 M hydrochloric acid, after 
which the drugs were eluted into 2 mL 96-well plates with 300 µL 
of 5% ammonium hydroxide in methanol at a rate of 1–2 mL/ 
min. The eluate was dried under nitrogen at 60 °C until dry. The 
specimens were reconstituted with 200 µL of a 90:10 water: 
acetonitrile mixture containing 0.1% formic acid, after which 
they were placed on an orbital shaker at 160 rpm for 6 min.

Quantitation of METH was performed on an Acquity UPLC 
coupled to a Xevo Tandem Quadrupole Mass Spectrometer 
(Waters Corporation, Milford, MA, USA; RRID:SCR_018510). A 
10 µL specimen was injected, and separation was achieved using a 
100 × 2.0 mm 1.6 µm Polar C18 Luna Omega column 

(Phenomenex Inc., Torrance, CA, USA), which was maintained 
at 50 °C. The aqueous mobile phase (solvent A) contained 0.1% 
aqueous formic acid, and the organic mobile phase (solvent B) 
contained acetonitrile with 0.1% formic acid. The total run time was 
6.5 min. The liquid chromatography gradient is shown in Table 3.

Quantitation of METH was achieved in positive ionisation 
mode with a capillary voltage of 1.2 kV. The desolvation 
temperature was 600 °C, with a nitrogen desolvation gas flow 
of 1000 L/h. The argon collision gas flow was set to 50 L/h. Data 
were collected in multiple reaction monitoring (MRM) mode, 
with the ion transitions monitored for METH and its internal 
standard, methamphetamine-d11, reported in Table 4.

The lower limits of detection and quantitation for METH were 
10 ng/mL, and METH was quantified using a linear calibration 
curve, prepared in negative urine, which ranged from 10 to 
2000 ng/mL. Quality control samples at concentrations of 18, 
75, 160, and 675 ng/mL were also included in the analysis.

Renal METH elimination was reported as the percentage of 
the unchanged METH dose present in the urine. This was 
calculated by multiplying the urine METH concentration by 
the volume of urine collected, dividing it by the total METH dose 
administered (i.e., the mg/kg dose multiplied by the rat’s weight 
in kg), and then multiplying the result by 100.

Statistical analysis

Due to unequal standard deviations (SDs) between groups, 
significant differences between groups in total distance travelled in 
the 90- and 240-min periods post-treatment on day 1, and in urine 
volume, were determined with a Welch’s ANOVA test followed by 
a Dunnett T3 post hoc analysis. Significant differences between 
groups in pre-treatment distance travelled, total distance travelled 
in the 90- and 240-min periods after day 0 treatment, weight change 
on day 2, urine pH, and percentage of unchanged METH clearance 
were determined with a one-way ANOVA with a Holm-Šídák’s 
multiple comparisons test post hoc analysis. Significant differences 
in rat coma scale scores, SpO2, heart rate, blood glucose, and 
temperature over time between groups were determined with a 
repeated measures two-way ANOVA with a more conservative 
Geisser-Greenhouse Correction (to avoid type I error), followed by 
a Holm-Šídák’s multiple comparisons test post hoc analysis. Due to 

TABLE 3 Liquid chromatography gradient of mobile phase solvent A 
(0.1% aqueous formic acid) and solvent B (acetonitrile containing 
0.1% formic acid).

Time (min) Flow (mL/min) %A %B

Initial 0.5 98.0 2.0

4.9 0.6 46.9 53.1

5.0 0.6 0.0 100.0

6.0 0.6 98.0 2.0
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the non-Gaussian distribution of urine pH and volume (confirmed 
by Anderson-Darling and Shapiro-Wilk tests), a Spearman’s rank 
correlation coefficient (ρ, two-tailed) was used to assess the 

association with the percentage of unchanged METH excreted 
in urine.

Results

METH-induced locomotor activity (days 
0 and 1)

The data resulting from the dose verification locomotor 
activity study are reported in Supplementary Material 1. The 
overlapping pre-treatment day 0 METH-induced locomotor 
activity over time profiles (Figure 1A) and the lack of 
significant differences in total distance travelled data (Figures 
2A–C) demonstrate that the rats were effectively divided into 
treatment groups. As expected, on day 1, pre-treatment METH- 
induced locomotor activity was similar between groups 
(Figure 1B [-15–1 min] and Figure 2D). The treatments 
substantially altered the METH-induced locomotor activity 
over time profile (Figure 1B [0–240 min]) resulting in 
significant differences between groups in total distance 
travelled in both the 90- (Figure 2E; F [3, 12] = 51.95, p < 
0.0001) and 240-min (Figure 2F; F [3, 11.74] = 61.29, p < 0.0001) 
post-treatment periods. Low-dose DEX (0.032) alone 
significantly reduced METH-induced locomotor activity, while 
high-dose DEX (0.180) both significantly and almost completely 
reduced this activity over the entire 240-min trial (Figures 1B, 
2E,F). Low-dose DEX (0.032) plus adjunctive KET effectively and 
almost completely attenuated METH-induced locomotor activity 
in the targeted 90-min post-treatment period; however, 
the emergence of post-sedation locomotor activity resulted in 
a smaller but significant overall effect in the full 240-min trial. 
Plots for individual rat activity are reported in 
Supplementary Material 2.

Post-treatment weight (day 2)

There were no significant weight changes on day 2 (i.e., 24 h 
after treatment administration on day 1) in the DEX (0.032) 
(0.08 ± 1.60%) and DEX (0.032)-KET (−1.88 ± 1.69%) groups 
compared to the SAL control group (−0.36 ± 1.52%); however, 
weight was significantly reduced (F [3, 28] = 8.274, p = 0.0004) in 
the high-dose DEX (0.180) (−4.70 ± 3.63%) group.

TABLE 4 Ion transitions for the analyte (both quantifier and qualifier) and the internal standard.

Analyte Precursor (m/z) Product (m/z) Cone (V) Collision (V)

METH (quantifier) 150.1 91.1 37 14

METH (qualifier) 150.1 119.1 37 6

Methamphetamine–d11 (internal standard) 161.1 127.2 25 16

FIGURE 1 
Distance travelled over time (n = 8/group). Average activity over 
time +SD is plotted in 5–min intervals from METH injection at −15 min 
to either SAL control (A) or SAL or treatment at time 0 (B) and for an 
additional 240 min. The targeted 90–min post–treatment 
period is highlighted in grey, but only extends to 85 min on the x–axis, 
as this time point includes data from 85 min up to just 90 min. It 
should be noted that all rats were treated identically with METH and 
SAL on day 0 (A), but were divided into treatment groups to visually 
demonstrate the balance in pre–treatment METH–induced 
locomotor activity between groups.
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Sedation arousability (day 7 or 8)

While there were no pre-treatment differences between 
groups on day 7 or 8, there were significant time-dependent 

differences in arousable sedation, as measured by the rat 
coma scale, post-treatment (Figure 3, F [10.87, 101.4] = 
38.47, p < 0.0001). Despite significantly reducing METH- 
induced locomotor activity (Figures 1, 2E,F), low-dose DEX 

FIGURE 2 
Total distance travelled (n = 8/group). Individual and mean (bar) ± SD METH–induced locomotor activity is plotted prior to (A,D), 90 min after 
(B,E), and 240 min after (C,F) the administration of SAL or treatment at time 0. It should be noted that all rats were treated identically with METH and 
SAL on day 0 (A–C), but were divided into treatment groups to visually demonstrate the balance in pre–treatment METH–induced locomotor activity 
between groups. Significant post hoc comparisons (p < 0.05) are marked as follows: *significantly different from all other groups, #significantly 
different from SAL and DEX (0.032), and †significantly different from SAL and DEX (0.180).
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(0.032)-induced sedation was almost completely arousable, 
with only a small but significant reduction compared to the 
SAL group at the 60-min time point. Even high-dose DEX 
(0.180), which almost completely attenuated the METH- 
induced locomotor activity (Figures 1B, 2E,F), produced 
partially arousable sedation in this assay. The low-dose 
DEX (0.032)-KET combination rapidly produced 
significantly deeper and less arousable sedation than all 
other groups 20 min post-treatment. At 60 min after low- 
dose DEX-KET administration, the rats remained 
substantially and significantly more deeply sedated than 
those treated with low-dose DEX alone or the control 
group (similar to the deepest sedation produced by high- 
dose DEX, which occurred at this time point) before mean 
values returned to baseline at 120 min. While all rats treated 
with low-dose or even high-dose DEX monotherapy required 
restraint for blood glucose and temperature measurements at 
all time points, these measurements could be performed 
without restraint in all 8 low-dose DEX (0.032)-KET- 
treated rats at both the 20- and 60-min time points after 
administration.

Side effects (day 7 or 8)

High-dose DEX (0.180) produced significant reductions 
in SpO2 compared to the SAL control and/or low-dose DEX 

(0.032) groups at 20, 60, and 180 min post-treatment 
(Figure 4A). However, these reductions were not 
substantial, with full recovery to baseline occurring at the 
end of the 240-min trial (F [7.693, 71.80] = 3.461, p = 
0.0023). All treatments resulted in significant reductions 
in heart rate (Figure 4B, F [10.52, 98.16] = 17.96, p < 0.0001). 
High-dose DEX (0.180) produced the most intense 
reductions, which persisted throughout the 240-min trial. 
While the less intense but still significant low-dose DEX 
(0.032)-induced reduction in heart rate recovered to 
baseline by 180 min, the addition of KET resulted in both 
a smaller reduction (as evidenced by the significantly higher 
heart rate compared to low-dose DEX alone between 20 and 
120 min) and a more rapid return to baseline by 120 min. 
There was a substantial and significant increase in blood 
glucose in all three treatment groups (Figure 4C, F [7.822, 
73.01] = 22.63, p < 0.0001). These higher levels, while still 
significantly elevated compared to the SAL control, largely 
recovered in the low-dose DEX (0.032) ± KET groups but 
remained substantially higher in the high-dose DEX (0.180) 
group at the conclusion of the 240-min trial. There was a 
substantial and significant reduction in temperature in all 
treatment groups (Figure 4D, F [8.027, 74.92] = 50.51, p < 
0.0001). A minor but significant reduction in temperature 
was detected 20 min post-treatment in the low-dose DEX 
(0.032)-KET and high-dose DEX (0.180) groups, with 
substantial reductions compared to the SAL control group 
present in all three treatment groups by 60 min. 
Temperature fully recovered in the DEX (0.032) ± KET 
groups by the conclusion of the trial, 240 min post- 
treatment. High-dose DEX (0.180)-induced temperature 
reductions, however, did not return to baseline and 
remained significantly lower than all other groups 
between 120 and 240 min.

Renal pharmacokinetics (Day 7 or 8)

All three treatments resulted in substantial and significant 
increases in urine volume (Figure 5A, F [3, 15.15] = 46.46, p < 
0.0001) and significant reductions in pH (Figure 5B, F [3, 
28] = 18.09, p < 0.001) compared to the SAL control, with 
high-dose DEX (0.180) significantly increasing urine 
production compared to low-dose DEX (0.032). While 
DEX did not significantly enhance the elimination of 
unchanged renal METH in any group, there was a trend 
towards increased elimination resulting from the high-dose 
DEX (0.180) treatment (Figure 5C, F [3, 28] = 2.782, p = 
0.0594). There was a moderate, significant positive 
correlation between the percentage of unchanged METH 
excreted in urine and urine volume (Figure 5D, ρ = 0.37, 
p = 0.0351), along with a moderate, significant negative 
correlation between the percentage of unchanged METH 

FIGURE 3 
Arousable sedation over time (n = 8/group). Individual and 
mean (bar) ± SD rat coma scale values before METH administration 
(Pre) and 20 – 240 min after the administration of SAL or treatment 
on day 7 or 8. Significant post hoc comparisons (p < 0.05) are 
marked as follows: *significantly different from all other groups 
and #significantly different from SAL and DEX (0.032). †denotes that 
a lack of restraint was required for blood collection and 
temperature measurement as a secondary measurement of 
arousable sedation.
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excreted in urine and urine pH (Figure 5E, ρ = −0.39, 
p = 0.0287).

Discussion

Low-dose DEX with adjunctive KET produced deeper, less 
arousable sedation than low-dose and even high-dose DEX at 
early time points. Despite this intense sedative effect, the side 
effect profile of the combination was far superior to that of high- 
dose DEX alone, and it offered some safety advantages over low- 
dose DEX monotherapy. Future studies will employ this 
intervention in a METH-fentanyl polysubstance 
administration scenario with naloxone reversal, as previously 
performed with DEX-naloxone [25]. The current study, however, 
serves to emphasise the robustness of the DEX-KET sedative 
effect by testing it during an intense ongoing METH-induced 
locomotor response rather than during an emerging response 
after naloxone reversal of fentanyl-induced sedation. Indeed, the 
DEX-KET combination is increasingly used for sedation in 

humans [35–38], but this is the first study to demonstrate the 
potential utility of DEX-KET pharmacotherapy in treating 
stimulant-induced agitation.

Low-dose DEX alone was found to significantly reduce 
METH-induced locomotor activity (Figures 2E,F) by partially 
attenuating and shortening the duration of the METH-induced 
effect (Figure 1B). In contrast, high-dose DEX rapidly and almost 
completely attenuated METH-induced locomotor activity 
throughout the 4-h trial (Figures 1B, 2E,F). Adding adjunctive 
KET to low-dose DEX, however, resulted in rapid and almost 
complete attenuation of METH-induced locomotor activity 
during the targeted 90-min post-treatment period (Figure 2E). 
The combination produced an overall reduction in activity 
similar to that observed with low-dose DEX alone over the 
full 4-h trial (Figure 2F) due to a post-sedation elevation in 
locomotor activity (Figure 1B). Emergence reactions, including 
euphoria, vivid dreams, hallucinations, delirium, dissociation, 
and agitation [55–57] are common upon recovery from KET- 
induced sedation [57]. Using locomotor activity as a surrogate 
measure of agitation in rats [22–24], the enhanced post-sedation 

FIGURE 4 
α2–agonist adverse effects over time (n = 8/group). Mean (bar) ± SD SpO2 (A), heart rate (B), blood glucose (C), and temperature (D) before 
METH administration (Pre) and 20 – 240 min after the administration of SAL or treatment on day 7 or 8. Significant post hoc comparisons (p < 0.05) are 
marked as follows: *significantly different from all other groups, #significantly different from SAL, †significantly different from DEX (0.032), and 
‡significantly different from DEX (0.180).
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locomotor activity in the low-dose DEX-KET group (Figure 1B) 
could reasonably be interpreted as emergence agitation. 
Awakening from KET-induced sedation in a minimally 
stimulating environment reduces the severity of these 
emergence reactions in humans [57]. Based on our 
observations on day 7 or 8, rat movement upon awakening in 
the low-dose DEX-KET group appeared to be less severe in the 
smaller, enclosed diuresis cages compared to the larger open field 
on day 1. Nevertheless, this effect could likely be managed by 

additional administration of low-dose DEX prior to sedated 
patients’ awakening [58].

The unique sedation provided by DEX is arousable by 
external stimuli and can facilitate patient response to simple 
commands during sedation [18, 19]. Despite low-dose DEX 
significantly reducing METH-induced locomotor activity 
(Figures 2E,F), the unique sedation produced by DEX resulted 
in rat coma scale measurements similar to the SAL control group, 
with only a minor significant reduction at the 60-min time point 

FIGURE 5 
Urine data collected over 240 min (n = 8/group). Mean (bar) ± SD urine volume (A), urine pH (B), percentage of unchanged METH cleared in the 
urine (C), and individual rat scatter plots for percentage of unchanged urine METH vs. volume (D) and vs. pH (E). Significant post hoc comparisons (p < 
0.05) are marked as follows: *significantly different from SAL and #significantly different from DEX (0.032). While there was no significant change in 
the percentage of unchanged METH cleared, there was a trend towards a significant effect (p = 0.06). A significant correlation is marked as †.
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(Figure 3). Although high-dose DEX produced a prolonged and 
almost complete attenuation of METH-induced locomotor 
activity on day 1 (Figures 1B, 2E,F), the sedation was partially 
arousable throughout the trial (Figure 3). Low-dose DEX-KET, 
however, significantly reduced arousable sedation compared to 
even high-dose DEX at the 20-min post-injection time point. It 
also reduced arousability compared to low-dose DEX and SAL in 
the 20- and 60-min post-administration measures. Unlike low- 
or high-dose DEX monotherapy, low-dose DEX-KET facilitated 
the collection of blood and temperature measurements at these 
time points without restraint. The intense, early, low-dose DEX- 
KET-induced sedative effect is notable, given that METH- 
induced locomotor activity was most intense approximately 
20 min after SAL administration in the control group 
(Figure 1B). In a potential future clinical application of this 
intervention, clinicians could initially take advantage of the 
unique arousable sedation of DEX [18, 19] and then 
subsequently administer KET to deepen this sedation 
if necessary.

The same side effects occur to some extent with DEX-KET 
but they are just considerably “less severe” than with high dose 
DEX monotherapy. Aside from the emergence agitation [57] 
produced by the combination (Figure 1B), it also offered some 
safety advantage compared to low-dose DEX. While day 
2 post-treatment weight changes were similar in low-dose 
DEX ± KET-treated rats compared to those treated with 
SAL, high-dose DEX resulted in significant overnight weight 
loss of ~5%. The cause of this weight loss is unclear, as α2- 
agonists can sometimes increase [59–61] or maintain weight 
[25, 62] while at other times they result in weight loss [42, 63] 
with chronic administration. Therefore, we interpret the 
significant reduction in weight after high-dose DEX, but not 
after low-dose DEX-KET, as further evidence that the 
combination is more tolerable compared to high-dose DEX 
monotherapy.

Aggressive administration in the high-dose DEX group 
resulted in some minor but significant reductions in SpO2 
(Figure 4A). Low-dose DEX ± KET, however, did not produce 
any significant reductions in blood oxygenation. A subset of 
rats in the low-dose DEX-KET group had early and transient 
reductions in SpO2 20 min post-treatment (Figure 4A), 
which can also occur in humans with rapid intravenous 
KET administration [64]. Nevertheless, these minor effects 
on blood oxygenation are likely preventable through 
preoxygenation or oxygenation during administration [65].

As expected due to the sympatholytic effects of DEX [66], 
heart rate was significantly reduced compared to the SAL control 
group in all treatment groups (Figure 4B). High-dose DEX, 
however, produced a significantly greater maximal reduction 
in heart rate compared to low-dose DEX ± KET, and this effect 
persisted throughout the entire 4-h trial. Low-dose DEX-KET 
hastened the return to baseline heart rate, taking 120 min 
compared to 180 min for low-dose DEX alone. In addition, 

the bradycardia in the combination group was less severe, as 
heart rate was significantly higher than in the low-dose DEX 
monotherapy group during the 20- and 60-min post-treatment 
measurements. This improved cardiovascular safety profile 
compared to low-dose DEX alone is attributable to the 
sympathomimetic effects of KET [40], which oppose DEX- 
induced reductions in cardiac output. The incomplete 
attenuation of DEX-induced cardiosuppression may provide a 
therapeutic benefit in attenuating METH-induced hypertension 
and tachycardia [7].

All three treatments resulted in both significant and 
substantial elevations in blood glucose levels. These levels 
largely recovered by the conclusion of the 4-h trial in the low- 
dose DEX ± KET groups, while they remained highly elevated 
after high-dose DEX treatment (i.e., only one rat out of eight 
had a blood glucose level lower than 200 mg/dL 4 h after high- 
dose DEX treatment, Figure 4C). While DEX-induced 
hyperglycaemia may not be observed in humans during 
surgery due to the attenuative effects of DEX on stress- 
induced hyperglycaemia [67], this effect has been observed 
in accidental exposure [68] and in non-surgical clinical use 
[69]. Considering these clinical observations outside of 
surgery, our experimental findings, and the general ease of 
monitoring this parameter, blood glucose should be 
monitored upon DEX ± KET administration in any future 
clinical trials of this novel intervention.

In the current study, there were significant reductions in 
temperature in all three treatment groups (Figure 4D). The 
hypothermic effect was maximal 60 min after treatment 
administration in the low-dose DEX ± KET groups and fully 
recovered at the conclusion of the 4 h trial. In the high-dose DEX 
group, temperatures continued to drop for up to 120 min post- 
administration to produce more intense hypothermia, which did 
not recover during the study period. In humans, DEX-induced 
hypothermia is also a common occurrence [70–73]. Considering 
the potential for DEX-induced thermal dysregulation, 
temperature should be monitored in any future clinical trials 
of this intervention.

As expected, the current study found that DEX dose- 
dependently and significantly increased urine production 
(Figure 5A) but unexpectedly resulted in a significant 
reduction in pH (Figure 5B). It should be noted that more 
acidic urine can result in the ion trapping of METH and 
related compounds in the renal tubule, thereby enhancing 
renal elimination [49, 50, 74]. While we observed a significant 
DEX-induced increase in the percentage of unchanged METH 
excreted in the urine in a small preliminary study, we only 
observed a trend (p = 0.06) towards this effect in the current 
study (Figure 5C). We suspect that this lesser effect was at least 
partially due to DEX polyuria-induced loss of urine during 
transport from the diuresis cages to testing sites at early post- 
treatment time points. This only occurred in 2/8 control rats but 
happened more frequently in 6/8 low-dose DEX-treated rats, 4/ 
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8 low-dose DEX-KET-treated rats, and 7/8 high-dose DEX- 
treated rats. To measure the effects of DEX-KET during the 
most intense METH-induced locomotor activity (Figure 2B), the 
first experimental time point in the preliminary study was moved 
from 5 to 20 min in the current study. Urine loss was less 
common in the preliminary study, as the first measurement was 
taken before the onset of intense DEX-induced polyuria. 
Nevertheless, the secondary analysis showed increasing 
volume (Figure 5D) and decreasing pH (Figure 5E) to have a 
moderate, significant correlation with the percentage of 
unchanged METH eliminated in the urine. Future evaluation 
of this potential effect will employ a dedicated pharmacokinetic 
study to avoid urine loss, alongside serum measurements to 
evaluate any potential beneficial effects on systemic 
METH exposure.

These data provide encouraging initial preclinical proof-of- 
concept for the safety and efficacy of using DEX-KET to produce 
deeper sedation than DEX alone in METH-induced agitation. 
Prior to the clinical development of this novel intervention, 
however, it is critical to conduct a more rigorous preclinical 
safety test in the context of opioid-stimulant co-exposure. Also, a 
preclinical comparison study with the benzodiazepine standard 
of care [7] is needed to demonstrate superiority for this 
indication. In addition, sex comparisons are important for 
further development, as female rats, similar to female humans, 
are more sensitive to the stimulant effects of METH [43, 75] and 
the sedative effects of DEX [76, 77] than males of each species. 
Unfortunately, the relevant sex/species effects of KET are less 
consistent, understood, and established. For example, female rats 
are more sensitive to KET-induced sedation than male rats [76], 
but an FDA Adverse Event Reporting System data 
pharmacovigilance study (limited by voluntary reporting bias, 
missing exposure denominator, and inclusion of data from both 
sedative and antidepressant indications) has suggested that 
sedation may occur more frequently in human males than 
females [78]. Should this effect in humans be verified in the 
future, it could be explained by higher systemic exposure to 
KET and its active metabolite norketamine in female rats 
compared to male rats [79] and in male compared to female 
humans [80, 81].

In this study, we showed that the combination of adjunctive 
KET and low-dose DEX can reduce the most intense period of 
METH-induced locomotor activity (i.e., the rat model of METH- 
induced agitation [22–24]), in a manner similar to that of high- 
dose DEX. In addition to the low-dose DEX-KET-induced 
sedation during this period being deeper than that induced by 
high-dose DEX, the adverse effects profile was also superior, with 
reduced bradycardia compared to low-dose DEX alone. Overall, 
these data on adverse effects based on clinically relevant 
endpoints may be useful in guiding the design of future 
clinical trials of this novel intervention. Fortunately, some 
DEX side effects may be beneficial in treating the common 
clinical features of severe METH intoxication, including 

tachycardia, hypertension, and hyperthermia, when not 
excessive [7]. The effectiveness of low-dose DEX in 
attenuating ongoing METH-induced locomotor activity also 
demonstrates the proof-of-concept of DEX administration 
after naloxone unmasking of opioid-induced sedation. This 
clinically relevant design was facilitated by a research team 
comprising individuals with expertise in clinical and 
preclinical research, pharmacy, veterinary medicine, and 
clinical toxicology, and is representative of our group’s 
strategy of designing clinically guided preclinical research to 
inform future clinical studies.

Data availability statement

The raw data supporting the conclusions of this article 
will be made available by the authors, without undue 
reservation.

Ethics statement

The animal study was approved by Marshall University 
Institutional Animal Care and Use Committee. The study was 
conducted in accordance with the local legislation and 
institutional requirements.

Author contributions

MDH and THD designed the study. CM, JY, KB, MB, MDH, 
and THD developed methods used to complete this study. CM, 
JY, KB, MBS, MB, MDH, and SK performed experiments. CM, 
KB, MB, MDH, and TDH analyzed and interpreted collected 
data. CM, KB, MB, MDH, SK, and THD drafted the manuscript, 
and all authors contributed edits. All authors contributed to and 
approved of the submitted manuscript.

Funding

The author(s) declared that financial support was received for 
this work and/or its publication. The Marshall University School 
of Pharmacy Faculty Research Support Program funded the 
research described in this article, and the Marshall University 
School of Pharmacy Faculty Development Fund provided the 
open-access fees.

Conflict of interest

The author(s) declared that this work was conducted 
in the absence of any commercial or financial 

Journal of Pharmacy & Pharmaceutical Sciences 
Published by Frontiers 

Canadian Society for Pharmaceutical Sciences 13

Budamkayala et al. 10.3389/jpps.2026.16294

https://doi.org/10.3389/jpps.2026.16294


relationships that could be construed as a potential conflict 
of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 

artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever 
possible. If you identify any issues, please contact us.

Supplementary material

The Supplementary Material for this article can be found 
online at: https://www.frontierspartnerships.org/articles/10.3389/ 
jpps.2026.16294/full#supplementary-material

References

1. Cowan E, Perrone J, Dziura J, Edelman EJ, Hawk K, Herring A, et al. Urine 
toxicology profiles of emergency department patients with untreated opioid use 
disorder: a multi-site view. J Emerg Med (2023) 65(4):e357–e65. doi:10.1016/j. 
jemermed.2023.06.007

2. Palamar JJ, Cottler LB, Goldberger BA, Severtson SG, Grundy DJ, Iwanicki JL, 
et al. Trends in characteristics of fentanyl-related poisonings in the United States, 
2015-2021. Am J Drug Alcohol Abuse (2022) 48(4):471–80. doi:10.1080/00952990. 
2022.2081923

3. Daniulaityte R, Ruhter L, Juhascik M, Silverstein S. Attitudes and experiences 
with fentanyl contamination of methamphetamine: exploring self-reports and urine 
toxicology among persons who use methamphetamine and other drugs. Harm 
Reduct J (2023) 20(1):54. doi:10.1186/s12954-023-00782-1

4. Wagner KD, Fiuty P, Page K, Tracy EC, Nocera M, Miller CW, et al. Prevalence 
of fentanyl in methamphetamine and cocaine samples collected by community- 
based drug checking services. Drug Alcohol Depend (2023) 252:110985. doi:10.1016/ 
j.drugalcdep.2023.110985

5. Ondocsin J, Holm N, Mars SG, Ciccarone D. The motives and methods of 
methamphetamine and ’heroin’ co-use in West Virginia. Harm Reduct J (2023) 
20(1):88. doi:10.1186/s12954-023-00816-8

6. Palmer A, Scott N, Dietze P, Higgs P. Motivations for crystal 
methamphetamine-opioid co-injection/co-use amongst community-recruited 
people who inject drugs: a qualitative study. Harm Reduct J (2020) 17(1):14. 
doi:10.1186/s12954-020-00360-9

7. UpToDate.com. Methamphetamine: acute intoxication (2025).

8. fentanyl [package insert] Berkeley Heights NJ. Hikma Pharmaceuticals USA Inc 
(2020).

9. midazolam [package insert]. hospira. Lake Forest, IL: Hospira Inc. (2023).

10. Glidden E, Suen K, Mustaquim D, Vivolo-Kantor A, Brent J, Wax P, et al. 
Characterization of nonfatal opioid, cocaine, methamphetamine, and polydrug 
exposure and clinical presentations reported to the toxicology investigators 
consortium core registry, January 2010-December 2021. J Med Toxicol (2023) 
19(2):180–9. doi:10.1007/s13181-022-00924-0

11. Capper SJ, Loo S, Geue JP, Upton RN, Ong J, Macintyre PE, et al. 
Pharmacokinetics of fentanyl after subcutaneous administration in 
volunteers. Eur J Anaesthesiol (2010) 27(3):241–6. doi:10.1097/EJA. 
0b013e328331a361

12. Rook EJ, Huitema AD, van den Brink W, van Ree JM, Beijnen JH. 
Pharmacokinetics and pharmacokinetic variability of heroin and its metabolites: 
review of the literature. Curr Clin Pharmacol (2006) 1(1):109–18. doi:10.2174/ 
157488406775268219

13. Precedex (dexmedetomidine) [package insert]. Lake Forest, IL: Hospira. Inc. (2022).

14. Igalmi (dexmedetomidine) [package insert]. BioXcel therapeutics. New Haven, 
CT: Inc. (2022).

15. Lam RPK, Yip WL, Wan CK, Tsui MSH. Dexmedetomidine use in the ED for 
control of methamphetamine-induced agitation. Am J Emerg Med (2017) 35(4): 
665–e1-.e4. doi:10.1016/j.ajem.2016.11.004

16. Akingbola OA, Singh D. Dexmedetomidine to treat lisdexamfetamine 
overdose and serotonin toxidrome in a 6-year-old girl. Am J Crit Care (2012) 
21(6):456–9. doi:10.4037/ajcc2012768

17. Bagdure DN, Bhoite GR, Reiter PD, Dobyns EL. Dexmedetomidine in a child 
with methylphenidate intoxication. Indian J Pediatr (2013) 80(4):343–4. doi:10. 
1007/s12098-012-0757-1

18. Lee S. Dexmedetomidine: present and future directions. Korean J Anesthesiol 
(2019) 72(4):323–30. doi:10.4097/kja.19259

19. Venn RM, Hell J, Grounds RM. Respiratory effects of dexmedetomidine in the 
surgical patient requiring intensive care. Crit Care (2000) 4(5):302–8. doi:10.1186/ 
cc712

20. Park S, Choi SL, Nahm FS, Ryu JH, Do SH. Dexmedetomidine-remifentanil vs 
propofol-remifentanil for monitored anesthesia care during hysteroscopy: 
randomized, single-blind, controlled trial. Medicine (Baltimore) (2020) 99(43): 
e22712. doi:10.1097/MD.0000000000022712

21. Wang L, Zhang T, Huang L, Peng W. Comparison between 
dexmedetomidine and Midazolam for sedation in patients with intubation 
after oral and maxillofacial surgery. Biomed Res Int (2020) 2020:7082597. 
doi:10.1155/2020/7082597

22. Coenen AM, Drinkenburg WH, Hoenderken R, van Luijtelaar EL. 
Carbon dioxide euthanasia in rats: oxygen supplementation minimizes 
signs of agitation and asphyxia. Lab Anim (1995) 29(3):262–8. doi:10.1258/ 
002367795781088289

23. Masini CV, Holmes PV, Freeman KG, Maki AC, Edwards GL. Dopamine 
overflow is increased in olfactory bulbectomized rats: an in vivo microdialysis study. 
Physiol Behav (2004) 81(1):111–9. doi:10.1016/j.physbeh.2004.01.003

24. Powell CM, Miyakawa T. Schizophrenia-relevant behavioral testing in rodent 
models: a uniquely human disorder? Biol Psychiatry (2006) 59(12):1198–207. doi:10. 
1016/j.biopsych.2006.05.008

25. Tackett WR, Yalakala J, Hambuchen MD. Co-administration of naloxone and 
dexmedetomidine to simultaneously reverse acute effects of fentanyl and 
methamphetamine in rats. Drug Alcohol Depend (2024) 259:111301. doi:10.1016/ 
j.drugalcdep.2024.111301

26. George BP, Vakkalanka JP, Harland KK, Faine B, Rewitzer S, Zepeski A, et al. 
Sedation depth is associated with increased hospital length of stay in mechanically 
ventilated air medical transport patients: a cohort study. Prehosp Emerg Care (2020) 
24(6):783–92. doi:10.1080/10903127.2019.1705948

27. Ebert TJ, Hall JE, Barney JA, Uhrich TD, Colinco MD. The effects of increasing 
plasma concentrations of dexmedetomidine in humans. Anesthesiology (2000) 
93(2):382–94. doi:10.1097/00000542-200008000-00016

28. Fagerholm V, Haaparanta M, Scheinin M. α2-adrenoceptor regulation of 
blood glucose homeostasis. Basic Clin Pharmacol Toxicol (2011) 108(6):365–70. 
doi:10.1111/j.1742-7843.2011.00699.x

29. Talke P, Tayefeh F, Sessler DI, Jeffrey R, Noursalehi M, Richardson C. 
Dexmedetomidine does not alter the sweating threshold, but comparably and 
linearly decreases the vasoconstriction and shivering thresholds. Anesthesiology 
(1997) 87(4):835–41. doi:10.1097/00000542-199710000-00017

30. Rosenbaum SB, Gupta V, Patel P, Palacios JL. Ketamine. StatPearls. Treasure 
Island (FL): Statpearls Publishing Copyright © 2025. Treasure Island, FL: : StatPearls 
Publishing LLC. (2025).

31. Wellington D, Mikaelian I, Singer L. Comparison of ketamine-xylazine and 
ketamine-dexmedetomidine anesthesia and intraperitoneal tolerance in rats. J Am 
Assoc Lab Anim Sci (2013) 52(4):481–7.

32. Oh SS, Narver HL. Mouse and rat anesthesia and analgesia. Curr Protoc (2024) 
4(2):e995. doi:10.1002/cpz1.995

33. Selmi AL, Mendes GM, Lins BT, Figueiredo JP, Barbudo-Selmi GR. Evaluation 
of the sedative and cardiorespiratory effects of dexmedetomidine, 
dexmedetomidine-butorphanol, and dexmedetomidine-ketamine in cats. J Am 
Vet Med Assoc (2003) 222(1):37–41. doi:10.2460/javma.2003.222.37

Journal of Pharmacy & Pharmaceutical Sciences 
Published by Frontiers 

Canadian Society for Pharmaceutical Sciences 14

Budamkayala et al. 10.3389/jpps.2026.16294

https://www.frontierspartnerships.org/articles/10.3389/jpps.2026.16294/full#supplementary-material
https://www.frontierspartnerships.org/articles/10.3389/jpps.2026.16294/full#supplementary-material
https://doi.org/10.1016/j.jemermed.2023.06.007
https://doi.org/10.1016/j.jemermed.2023.06.007
https://doi.org/10.1080/00952990.2022.2081923
https://doi.org/10.1080/00952990.2022.2081923
https://doi.org/10.1186/s12954-023-00782-1
https://doi.org/10.1016/j.drugalcdep.2023.110985
https://doi.org/10.1016/j.drugalcdep.2023.110985
https://doi.org/10.1186/s12954-023-00816-8
https://doi.org/10.1186/s12954-020-00360-9
https://doi.org/10.1007/s13181-022-00924-0
https://doi.org/10.1097/EJA.0b013e328331a361
https://doi.org/10.1097/EJA.0b013e328331a361
https://doi.org/10.2174/157488406775268219
https://doi.org/10.2174/157488406775268219
https://doi.org/10.1016/j.ajem.2016.11.004
https://doi.org/10.4037/ajcc2012768
https://doi.org/10.1007/s12098-012-0757-1
https://doi.org/10.1007/s12098-012-0757-1
https://doi.org/10.4097/kja.19259
https://doi.org/10.1186/cc712
https://doi.org/10.1186/cc712
https://doi.org/10.1097/MD.0000000000022712
https://doi.org/10.1155/2020/7082597
https://doi.org/10.1258/002367795781088289
https://doi.org/10.1258/002367795781088289
https://doi.org/10.1016/j.physbeh.2004.01.003
https://doi.org/10.1016/j.biopsych.2006.05.008
https://doi.org/10.1016/j.biopsych.2006.05.008
https://doi.org/10.1016/j.drugalcdep.2024.111301
https://doi.org/10.1016/j.drugalcdep.2024.111301
https://doi.org/10.1080/10903127.2019.1705948
https://doi.org/10.1097/00000542-200008000-00016
https://doi.org/10.1111/j.1742-7843.2011.00699.x
https://doi.org/10.1097/00000542-199710000-00017
https://doi.org/10.1002/cpz1.995
https://doi.org/10.2460/javma.2003.222.37
https://doi.org/10.3389/jpps.2026.16294


34. Barletta M, Austin BR, Ko JC, Payton ME, Weil AB, Inoue T. Evaluation of 
dexmedetomidine and ketamine in combination with opioids as injectable 
anesthesia for castration in dogs. J Am Vet Med Assoc (2011) 238(9):1159–67. 
doi:10.2460/javma.238.9.1159

35. El-Rouby SH, Y OC, A ME, N AW, El-Tekeya MM. The effect of 
dexmedetomidine-ketamine combination versus dexmedetomidine on behavior 
of uncooperative pediatric dental patients: a randomized controlled clinical trial. 
J Appl Oral Sci (2024) 32:e20240057. doi:10.1590/1678-7757-2024-0057

36. Zhu YJ, Ying YY, Liu HY, Qian L, Liu H, Ji FH, et al. Opioid-free anaesthesia to 
reduce postoperative nausea and vomiting after lower extremity wound surgery: a 
randomised double-blind crossover trial. Ann Med (2025) 57(1):2517819. doi:10. 
1080/07853890.2025.2517819

37. Dagher C, Mattar R, Aoun M, Tohme J, Naccache N, Jabbour H. Opioid-free 
anesthesia in bariatric surgery: a prospective randomized controlled trial. Eur J Med 
Res (2025) 30(1):320. doi:10.1186/s40001-025-02565-9

38. Zhang Y, Xian X, Wang F, Zhou B, Wang Y, Wang P, et al. Opioid-free 
anesthesia improved the quality of recovery after thyroidectomy through pre- 
emptive and preventive analgesia: a randomized controlled trial. Drug Des Devel 
Ther (2025) 19:5243–54. doi:10.2147/DDDT.S520856

39. Jonkman K, van Rijnsoever E, Olofsen E, Aarts L, Sarton E, van Velzen M, et al. 
Esketamine counters opioid-induced respiratory depression. Br J Anaesth (2018) 
120(5):1117–27. doi:10.1016/j.bja.2018.02.021

40. Mihaljević S, Pavlović M, Reiner K, Ćaćić M. Therapeutic mechanisms of 
ketamine. Psychiatr Danub (2020) 32(3-4):325–33. doi:10.24869/psyd.2020.325

41. McDonald R, Lorch U, Woodward J, Bosse B, Dooner H, Mundin G, et al. 
Pharmacokinetics of concentrated naloxone nasal spray for opioid overdose 
reversal: phase I healthy volunteer study. Addiction (2018) 113(3):484–93. doi:10. 
1111/add.14033

42. Yalakala J, Tackett WR, Varney ME, Davies TH, Hambuchen MD. Co- 
administration of naloxone and atipamezole to simultaneously reverse the acute 
effects of fentanyl and xylazine in rats. J Translational Res (2025) 2(1):2493044. 
doi:10.1080/29947448.2025.2493044

43. Milesi-Hallé A, Hendrickson HP, Laurenzana EM, Gentry WB, Owens SM. 
Sex- and dose-dependency in the pharmacokinetics and pharmacodynamics of 
(+)-methamphetamine and its metabolite (+)-amphetamine in rats. Toxicol Appl 
Pharmacol (2005) 209(3):203–13. doi:10.1016/j.taap.2005.04.007

44. Cook CE, Jeffcoat AR, Hill JM, Pugh DE, Patetta PK, Sadler BM, et al. 
Pharmacokinetics of methamphetamine self-administered to human subjects by 
smoking S-(+)-methamphetamine hydrochloride. Drug Metab Dispos (1993) 21(4): 
717–23.

45. Chen Z, Chen T, Ye H, Chen J, Lu B. Intraoperative dexmedetomidine- 
induced polyuria from a loading dose: a case report. J Int Med Res (2020) 48(4): 
300060520910643. doi:10.1177/0300060520910643

46. Uddin MM, Sebastian J, Usama M, Raziq FI, Saydain G, Rossi NF. 
Dexmedetomidine induced polyuria in the intensive care unit. Case Rep Crit 
Care (2021) 2021:8850116. doi:10.1155/2021/8850116

47. Villela NR, do Nascimento Júnior P, de Carvalho LR, Teixeira A. Effects of 
dexmedetomidine on renal system and on vasopressin plasma levels. Experimental 
study in dogs. Rev Bras Anestesiol (2005) 55(4):429–40. doi:10.1590/s0034- 
70942005000400007

48. Yang W, Li H, Cheng Z, Lu Y, Li W, Feng J, et al. Dex modulates the balance of 
water-electrolyte metabolism by depressing the expression of AVP in PVN. Front 
Pharmacol (2022) 13:919032. doi:10.3389/fphar.2022.919032

49. Beckett AH, Rowland M. Urinary excretion kinetics of amphetamine in 
man. J Pharm Pharmacol (1965) 17(10):628–39. doi:10.1111/j.2042-7158. 
1965.tb07575.x

50. Wilkinson GR, Beckett AH. Absorption metabolism and excretion of the 
ephedrines in man. I. The influence of urinary pH and urine volume output. 
J Pharmacol Exp Ther (1968) 162(1):139–47.

51. Karinen R, Øiestad EL, Andresen W, Smith-Kielland A, Christophersen A. 
Comparison of the stability of stock solutions of drugs of abuse and other drugs 
stored in a freezer, refrigerator, and at ambient temperature for up to one year. 
J Anal Toxicol (2011) 35(8):583–90. doi:10.1093/anatox/35.8.583

52. Gentry WB, Ghafoor AU, Wessinger WD, Laurenzana EM, Hendrickson HP, 
Owens SM. (+)-Methamphetamine-induced spontaneous behavior in rats depends 
on route of (+)METH administration. Pharmacol Biochem Behav (2004) 79(4): 
751–60. doi:10.1016/j.pbb.2004.10.006

53. Trissel. Y-site compatibility of dexmedetomidine hydrochloride with 
ketamine hydrochloride. Trissel’s 2 IV Compatibility Database 20252025.

54. Pais-Roldán P, Edlow BL, Jiang Y, Stelzer J, Zou M, Yu X. Multimodal 
assessment of recovery from coma in a rat model of diffuse brainstem tegmentum 
injury. Neuroimage (2019) 189:615–630. doi:10.1016/j.neuroimage.2019.01.060

55. Aroke EN, Crawford SL, Dungan JR. Pharmacogenetics of ketamine-induced 
emergence phenomena: a pilot study. Nurs Res (2017) 66(2):105–14. doi:10.1097/ 
NNR.0000000000000197

56. Kumar A, Bajaj A, Sarkar P, Grover VK. The effect of music on ketamine 
induced emergence phenomena. Anaesthesia (1992) 47(5):438–9. doi:10.1111/j. 
1365-2044.1992.tb02230.x

57. Strayer RJ, Nelson LS. Adverse events associated with ketamine for procedural 
sedation in adults. Am J Emerg Med (2008) 26(9):985–1028. doi:10.1016/j.ajem. 
2007.12.005

58. Strickley T, Smith K, Ericksen AM. Dexmedetomidine - an alternative to 
midazolam in the treatment of ketamine-induced emergence delirium: a 
systematic review. J Perianesth Nurs (2024) 39(2):311–8. doi:10.1016/j. 
jopan.2023.08.003

59. Schlemmer RF, Casper RC, Elder JK, Davis JM. Hyperphagia and 
weight gain in monkeys treated with clonidine. Prog Clin Biol Res (1981) 71: 
197–210.

60. Schlemmer RF, Elder JK, Casper RC, Davis JM. Clonidine-induced 
hyperphagia in monkeys: evidence for alpha 2-noradrenergic receptor 
mediation. Psychopharmacology (Berl). (1981) 73(1):99–100. doi:10.1007/ 
BF00431113

61. Siddiqi SU, Giordano BP, Dedlow ER. Excessive weight gain with guanfacine: 
16.1 kilograms in 12 months. Clin Pediatr (Phila) (2015) 54(8):793–5. doi:10.1177/ 
0009922814548840

62. Haney M, Hart CL, Vosburg SK, Comer SD, Reed SC, Foltin RW. Effects of 
THC and lofexidine in a human laboratory model of marijuana withdrawal and 
relapse. Psychopharmacology (Berl). (2008) 197(1):157–68. doi:10.1007/s00213-007- 
1020-8

63. Sadek SM, Khatri SN, Kipp Z, Dunn KE, Beckmann JS, Stoops WW, et al. 
Impacts of xylazine on fentanyl demand, body weight, and acute withdrawal in rats: 
a comparison to lofexidine. Neuropharmacology (2024) 245:109816. doi:10.1016/j. 
neuropharm.2023.109816

64. Green SM, Roback MG, Kennedy RM, Krauss B. Clinical practice 
guideline for emergency department ketamine dissociative sedation: 
2011 update. Ann Emerg Med (2011) 57(5):449–61. doi:10.1016/j. 
annemergmed.2010.11.030

65. Nimmagadda U, Salem MR, Crystal GJ. Preoxygenation: Physiologic basis, 
benefits, and potential risks. Anesth Analg (2017) 124(2):507–17. doi:10.1213/ANE. 
0000000000001589

66. Weerink MAS, Struys M, Hannivoort LN, Barends CRM, Absalom AR, 
Colin P. Clinical pharmacokinetics and pharmacodynamics of 
dexmedetomidine. Clin Pharmacokinet (2017) 56(8):893–913. doi:10.1007/ 
s40262-017-0507-7

67. Panidapu N, Babu S, Gadhinglajkar SV, Thomas D, Aspari AM, Sen B. Effects 
of dexmedetomidine on perioperative glycemic control in adult diabetic patients 
undergoing cardiac surgery. Ann Card Anaesth (2024) 27(3):228–34. doi:10.4103/ 
aca.aca_209_23

68. Paviotti G, D’Agostini M, Mauro I, Bortolotti F, Gottardo R, Pittini C. 
Accidental dexmedetomidine overdose in preterm newborns: a report of 3 cases. 
Ital J Pediatr (2025) 51(1):211. doi:10.1186/s13052-025-02060-1

69. Riker RR, Shehabi Y, Bokesch PM, Ceraso D, Wisemandle W, Koura F, et al. 
Dexmedetomidine vs midazolam for sedation of critically ill patients: a randomized 
trial. Jama (2009) 301(5):489–99. doi:10.1001/jama.2009.56

70. Kim SH, Sul Y, Ye JB, Lee JY, Lee JS. Dexmedetomidine-associated 
hypothermia in critical trauma: a case report and literature analysis. Medicine 
(Baltimore) (2025) 104(3):e41349. doi:10.1097/MD.0000000000041349

71. Arends J, Tobias JD. Hypothermia following spinal anesthesia in an infant: 
potential impact of intravenous dexmedetomidine and intrathecal clonidine. J Med 
Cases (2019) 10(11):319–22. doi:10.14740/jmc3391

72. Cruz F, Falcao L, Amaral J, Silva H. Evaluation of dexmedetomidine 
anesthesia-related temperature changes: preliminary retrospective 
observational study. Braz J Anesthesiol (2022) 72(2):232–40. doi:10.1016/j. 
bjane.2021.02.062

73. Chang M, Cho SA, Lee SJ, Sung TY, Cho CK, Jee YS. Comparison of the effects 
of dexmedetomidine and propofol on hypothermia in patients under spinal 
anesthesia: a prospective, randomized, and controlled trial. Int J Med Sci (2022) 
19(5):909–15. doi:10.7150/ijms.72754

74. Beckett AH, Rowland M. Urinary excretion of methylamphetamine in man. 
Nature (1965) 206(990):1260–1. doi:10.1038/2061260a0

75. Mayo LM, Paul E, DeArcangelis J, Van Hedger K, de Wit H. Gender 
differences in the behavioral and subjective effects of methamphetamine in 
healthy humans. Psychopharmacology (Berl) (2019) 236(8):2413–23. doi:10.1007/ 
s00213-019-05276-2

Journal of Pharmacy & Pharmaceutical Sciences 
Published by Frontiers 

Canadian Society for Pharmaceutical Sciences 15

Budamkayala et al. 10.3389/jpps.2026.16294

https://doi.org/10.2460/javma.238.9.1159
https://doi.org/10.1590/1678-7757-2024-0057
https://doi.org/10.1080/07853890.2025.2517819
https://doi.org/10.1080/07853890.2025.2517819
https://doi.org/10.1186/s40001-025-02565-9
https://doi.org/10.2147/DDDT.S520856
https://doi.org/10.1016/j.bja.2018.02.021
https://doi.org/10.24869/psyd.2020.325
https://doi.org/10.1111/add.14033
https://doi.org/10.1111/add.14033
https://doi.org/10.1080/29947448.2025.2493044
https://doi.org/10.1016/j.taap.2005.04.007
https://doi.org/10.1177/0300060520910643
https://doi.org/10.1155/2021/8850116
https://doi.org/10.1590/s0034-70942005000400007
https://doi.org/10.1590/s0034-70942005000400007
https://doi.org/10.3389/fphar.2022.919032
https://doi.org/10.1111/j.2042-7158.1965.tb07575.x
https://doi.org/10.1111/j.2042-7158.1965.tb07575.x
https://doi.org/10.1093/anatox/35.8.583
https://doi.org/10.1016/j.pbb.2004.10.006
https://doi.org/10.1016/j.neuroimage.2019.01.060
https://doi.org/10.1097/NNR.0000000000000197
https://doi.org/10.1097/NNR.0000000000000197
https://doi.org/10.1111/j.1365-2044.1992.tb02230.x
https://doi.org/10.1111/j.1365-2044.1992.tb02230.x
https://doi.org/10.1016/j.ajem.2007.12.005
https://doi.org/10.1016/j.ajem.2007.12.005
https://doi.org/10.1016/j.jopan.2023.08.003
https://doi.org/10.1016/j.jopan.2023.08.003
https://doi.org/10.1007/BF00431113
https://doi.org/10.1007/BF00431113
https://doi.org/10.1177/0009922814548840
https://doi.org/10.1177/0009922814548840
https://doi.org/10.1007/s00213-007-1020-8
https://doi.org/10.1007/s00213-007-1020-8
https://doi.org/10.1016/j.neuropharm.2023.109816
https://doi.org/10.1016/j.neuropharm.2023.109816
https://doi.org/10.1016/j.annemergmed.2010.11.030
https://doi.org/10.1016/j.annemergmed.2010.11.030
https://doi.org/10.1213/ANE.0000000000001589
https://doi.org/10.1213/ANE.0000000000001589
https://doi.org/10.1007/s40262-017-0507-7
https://doi.org/10.1007/s40262-017-0507-7
https://doi.org/10.4103/aca.aca_209_23
https://doi.org/10.4103/aca.aca_209_23
https://doi.org/10.1186/s13052-025-02060-1
https://doi.org/10.1001/jama.2009.56
https://doi.org/10.1097/MD.0000000000041349
https://doi.org/10.14740/jmc3391
https://doi.org/10.1016/j.bjane.2021.02.062
https://doi.org/10.1016/j.bjane.2021.02.062
https://doi.org/10.7150/ijms.72754
https://doi.org/10.1038/2061260a0
https://doi.org/10.1007/s00213-019-05276-2
https://doi.org/10.1007/s00213-019-05276-2
https://doi.org/10.3389/jpps.2026.16294


76. Kato R, Zhang ER, Mallari OG, Moody OA, Vincent KF, Melonakos ED, 
et al. D-Amphetamine rapidly reverses Dexmedetomidine-Induced 
unconsciousness in rats. Front Pharmacol (2021) 12:668285. doi:10.3389/ 
fphar.2021.668285

77. Xiong M, Zheng Z, Hu ZR, He J, Madubuko U, Grech D, et al. Propofol-sparing 
effect of different concentrations of dexmedetomidine: comparison of gender 
differences. Anaesthesist (2019) 68(1):15–21. doi:10.1007/s00101-018-0506-6

78. Zhang J, Guo Q, Zhang R, Wei M, Nie Z. Gender differences in adverse events 
of ketamine drugs: a real-world study based on FAERS. J Clin Pharm Ther (2024) 
2024(1):4898082. doi:10.1155/2024/4898082

79. Saland SK, Kabbaj M. Sex differences in the pharmacokinetics of low-dose 
ketamine in plasma and brain of Male and female rats. J Pharmacol Exp Ther (2018) 
367(3):393–404. doi:10.1124/jpet.118.251652

80. Highland JN, Farmer CA, Zanos P, Lovett J, Zarate CA, Moaddel R, et al. Sex- 
dependent metabolism of ketamine and (2R,6R)-hydroxynorketamine in mice and 
humans. J Psychopharmacol (2022) 36(2):170–82. doi:10.1177/02698811211064922

81. Sigtermans M, Dahan A, Mooren R, Bauer M, Kest B, Sarton E, et al. S(+)- 
ketamine effect on experimental pain and cardiac output: a population 
pharmacokinetic-pharmacodynamic modeling study in healthy volunteers. 
Anesthesiology (2009) 111(4):892–903. doi:10.1097/ALN.0b013e3181b437b1

Journal of Pharmacy & Pharmaceutical Sciences 
Published by Frontiers 

Canadian Society for Pharmaceutical Sciences 16

Budamkayala et al. 10.3389/jpps.2026.16294

https://doi.org/10.3389/fphar.2021.668285
https://doi.org/10.3389/fphar.2021.668285
https://doi.org/10.1007/s00101-018-0506-6
https://doi.org/10.1155/2024/4898082
https://doi.org/10.1124/jpet.118.251652
https://doi.org/10.1177/02698811211064922
https://doi.org/10.1097/ALN.0b013e3181b437b1
https://doi.org/10.3389/jpps.2026.16294

	Ketamine enhancement of dexmedetomidine attenuation of methamphetamine-induced agitation in rats
	Introduction
	Materials and methods
	Drugs
	Animals
	Overall design
	Locomotor activity
	Arousable sedation
	SpO2 and heart rate
	Blood glucose
	Temperature
	Urine collection and analysis
	Statistical analysis

	Results
	METH-induced locomotor activity (days 0 and 1)
	Post-treatment weight (day 2)
	Sedation arousability (day 7 or 8)
	Side effects (day 7 or 8)
	Renal pharmacokinetics (Day 7 or 8)

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Supplementary material
	References


