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ABSTRACT ARTICLE HISTORY
Intravenous alpha-2-adrenergic receptor agonists reduce energy expenditure and lower the Received 12 February 2024
temperature when shivering begins in humans, allowing a decrease in core body temperature. Revised 2 April 2024

Because there are few data about similar effects from oral drugs, we tested whether single Accepted 2 April 2024
oral doses of the §edqtiye dexmedetomidine (1 ug/lfg subli'ngual or4 pg/kg swallowed) or the KEYWORDS
muscle relaxant tizanidine (8 mg or 16 mg), combined with surface cooling, reduce energy Hypothermia;

expenditure and core body temperature in humans. A total of 26 healthy participants com- energy expenditure;
pleted 41 one-day laboratory studies measuring core body temperature using an ingested dexmedetomidine;
telemetry capsule and measuring energy expenditure using indirect calorimetry for up to 6 tizanidine;

hours after drug ingestion. Dexmedetomidine induced a median 13% - 19% peak reduction  alpha-2-adrenergic drugs
and tizanidine induced a median 15% — 22% peak reduction in energy expenditure relative to
baseline. Core body temperature decreased a median of 0.5°C - 0.6°C and 0.5°C - 0.7°C
respectively. Decreases in temperature occurred after peak reductions in energy expenditure.
Energy expenditure increased with a decrease in core temperature in control participants but
did not occur after 4 ug/kg dexmedetomidine or 16 mg tizanidine. Plasma levels of dexmede-
tomidine but not tizanidine were related to mean temperature change. Decreases in heart
rate, blood pressure, respiratory rate, cardiac stroke volume index, and cardiac index were
associated with the change in metabolic rate after higher drug doses. We conclude that both
oral dexmedetomidine and oral tizanidine reduce energy expenditure and allow decrease in
core temperature in humans.
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Introduction : . . . :
metabolic rate is an adaptation during environ-

The metabolic rate of an animal can be measured  mental stress for many animals. Some animals
by the interrelated rates at which it uses fuel exploit daily periods of low activity during
(energy expenditure), utilizes oxygen, and  which metabolic rate and temperature decrease
excretes carbon dioxide. Reducing resting below normal [1]. Hibernating animals create
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longer lasting reductions of metabolic rate and
temperature. For example, bears during winter
reduce their resting energy expenditure by 50-
75% and their body temperature to 30-34°C for
months [2]. Ground squirrels can reduce their
oxygen consumption by more than 95%, asso-
ciated with a reduction of body temperature to
near freezing for days to weeks [3]. These strate-
gies may improve survival in locations with large
fluctuations in weather or food supply [4]. Under
normal conditions, animals increase metabolic
rate in response to cold in order to maintain
core body temperature [5], and this increase is
called cold-induced thermogenesis [6]. Cold-
induced thermogenesis may include shivering,
increased brown-fat metabolism, or other beha-
viors that vary between species. Hibernating ani-
mals may begin hibernation with a reduction in
energy expenditure that is independent of tem-
perature [2]. This temperature-independent
reduction in resting energy expenditure is accom-
panied by inhibition of cold-induced thermogen-
esis, which allows core body temperature to
decline [5,7]. Because metabolic rate also
decreases at lower temperatures [5,8], declining
body temperatures create a further temperature-
dependent reduction in the metabolic rate of
hibernating animals. The contribution of tem-
perature-dependent and temperature-independent
reductions of metabolic rate during torpor and
hibernation varies between species [1,7].

Deliberately reducing metabolic rate in humans
would prolong the duration of survival in resource-
limited or extreme undertakings. For example,
anesthesia and hypothermia are used to reduce meta-
bolic rate in order to protect the brain and other
organs during surgical procedures where blood flow
needs to be interrupted for a short time [9]. Inducing
a low metabolic rate state in non-anesthetized
humans would make other applications possible. For
example, astronauts might exploit drug-induced
reduction in metabolism during long-duration space
flight to conserve consumables, thereby reducing pay-
load [10]. Similarly, reduced metabolic rate in the
heart or brain when blood supply is reduced during
a myocardial infarction or stroke could reduce organ
damage while waiting for a reperfusion procedure
[11,12]. Reduced oxygen utilization might also be
beneficial in shock or lung injury [13]
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Humans do not routinely exhibit hibernation,
but artificial strategies including drugs can reduce
metabolic rate. Humans also have robust cold-
induced thermogenesis that increases metabolic
rate when body temperature declines, with shiver-
ing being the most visible and energetic compo-
nent. The temperature at which cold-induced
thermogenesis is triggered can decrease in response
to physiological states or after drugs [6]. Previously,
we observed that titrated intravenous dexmedeto-
midine, an alpha-2-adrenergic receptor (A2AR)
agonist, reduces oxygen utilization, induces sleep-
like sedation, and facilitates induction of hypother-
mia by inhibiting shivering in healthy humans [14-
17]. In order to develop a practical regimen for
inducing a prolonged drug-induced metabolic
reduction in humans, we tested whether drugs
that could be self-administered by noninvasive
routes also can reduce metabolic rate and inhibit
cold-induced thermogenesis. We used indirect
calorimetry to calculate energy expenditure as an
index of metabolic rate. We hypothesized that
A2AR agonists and surface cooling would reduce
energy expenditure and core body temperature rela-
tive to baseline in healthy humans. This study mea-
sured the magnitude and duration of decreases in
whole-body energy expenditure and temperature in
healthy humans induced by single oral or sublin-
gual doses of two A2AR agonists, the sedative dex-
medetomidine and the muscle relaxant tizanidine,
combined with surface cooling.

Materials and methods
Study design

The University of Pittsburgh Human Research
Protection Office reviewed and approved the pro-
tocol. The study comprised five independent
experiments. In each experiment, we assessed
drug effect over time for each participant by com-
paring physiological measures collected for up to
6 hours after drug administration to baseline mea-
sures collected for 1 hour prior to drug adminis-
tration. The baseline served as a within-participant
control, and each participant had surface cooling
device after drug administration. Each experiment
tested a different drug or drug dose: (1) a control
group who received no drug had physiological
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measures for 1 hour of baseline with no surface
cooling followed by 4 hours with external surface
cooling, (2) sublingual dexmedetomidine 1 ug/kg,
(3) oral dexmedetomidine 4 pg/kg, (4) tizanidine 8
mg, and (5) tizanidine 16 mg.

Study protocol

On arrival at the laboratory, participants ingested
core temperature pills and the study team placed
an intravenous catheter for blood draws. The study
team placed all monitors. We recorded baseline
metabolic rate and physiological measures for 60
minutes, after which the participants took the
study medication. We recorded continuous meta-
bolic rate and physiological measures for at least 4
hours after medication administration.
Participants were allowed to eat and drink during
the protocol. The study team assisted the partici-
pant to the toilet if needed during the protocol.
Every 2 hours, participants were awakened if sleep-
ing to answer questions and check on comfort.
During these breaks, we removed the canopy.

A physician investigator allowed participants to
leave when the participant felt that they were no
longer experiencing any subjective effects of the
drug and when their physiological measures were
returning to normal. Thus, complete data collec-
tion was 4 hours for sublingual dexmedetomidine
and control, and 5.5-6 hours for oral dexmedeto-
midine and tizanidine. The team removed the
intravenous catheter and monitors. We confirmed
well-being of participants by phone on the day
after the protocol.

Setting

We conducted experiments between 8 am and 6 pm in
a laboratory with constant light (350-400 Lux) and
ambient noise (55 dB). To minimize circadian varia-
tion between experiments, all participants received
drugs between 10 am and 11 am. Participants were
allowed to eat prior to arrival at the laboratory but
were instructed to avoid caffeine the day of experi-
ments. Ambient air temperature was mean 21.8 (SD
1.2) °C and humidity varied from 26% to 63% (mean
51%, SD 10%). During study interventions, partici-
pants reclined on a stretcher with their head elevated

to their comfort. Participants dressed in athletic
clothes for all activities.

Participants

We recruited healthy volunteers through adver-
tisements posted in and around the University
and via the University’s human research website
(Pitt+Me). All volunteers provided written
informed consent prior to screening for participa-
tion. Participants were required to be 18-55 years
old, nonsmokers without sleep disorders or
chronic health problems that would interfere
with resting in the laboratory during a day-long
protocol. We excluded volunteers who had aller-
gies to study medications, who were taking medi-
cations that would interact with study
medications, or who had claustrophobia that
would prevent them from resting while being
monitored.

On a screening visit, we confirmed that physi-
cal characteristics were in the target range: mass
(>55kg), body mass index (18.5 - 30kg/m2),
heart rate (50-100 beats/minute), and blood pres-
sure (diastolic 60-90 mmHg, systolic 100-150
mmHg). We obtained a 12-lead electrocardio-
gram (ECG) and excluded volunteers with signs
of atrioventricular conduction delay or resting
dysrhythmias. ~ Volunteers = completed the
Epworth Sleepiness Scale (ESS). We excluded
volunteers who had excessive daytime sleepiness
(ESS > 11) [18]. To assess fitness, participants
demonstrated their grip strength using a Jamar
dynamometer (Chicago, IL). We measured max-
imum rate of oxygen consumption (VO,) by hav-
ing volunteers complete a treadmill Bruce
Protocol while breathing through a facemask
into the Parvo TrueOne 2400 metabolic cart
(Parvo Medics, Salt Lake City, UT). We excluded
volunteers whose maximum VO, was<l SD
below the mean or>2 SD above the mean for
their age and sex [19], and also excluded volun-
teers whose maximum grip strength was not
within 2 SD of the mean for their age and
sex [20].

Volunteers who passed all of the screening eva-
luations were allowed to participate in the experi-
mental protocol. Participants capable of becoming
pregnant provided a negative urine HCG test on



the day of participation. We allowed participants
to test multiple drugs if visits were separated by a
minimum of 2 weeks.

Temper ature measurement

To measure core temperature, participants swal-
lowed a radiotelemetry thermometer capsule (HQI
Inc., Palmetto, FL) or (eCelsius in research mode,
BodyCap, Hérouville Saint-Claire, France) that
relayed deep gastric or enteral temperature to an
external receiver every 15-20 seconds.

Metabolic rate

Energy expenditure represents the amount of
metabolic fuel consumed per unit time. We calcu-
lated the predicted resting energy expenditure
(pPREE) for each participant based on height,
mass, age, and sex [21].

For females: pREE = 9.99 x mass + 6.25 x height -
4.92 x age - 161

For males: pREE = 9.99 x mass + 6.25 x height -
492 xage +5

We measured O, consumption (VO,) and CO,
excretion (VCO,) using the metabolic cart to
provide indirect calorimetry estimates of total
energy expenditure. Participants laid under a
clear canopy during experiments. The canopy
had one air inlet and one outlet through which
room air was drawn at a constant rate (15-25
Ipm) by a fan on the metabolic cart.
Concentrations of O, and CO, in the sampled
air and in room air, along with air flow rate,
were measured continuously and means
recorded every minute. We calibrated the meta-
bolic cart at the beginning of each experiment
with gas standards (AirGas USA,
Plumsteadville, PA). VO,, VCO,, resting energy
expenditure, and respiratory exchange ratio
(RER) were calculated from these measures
using the formulas of Weir and assuming a
tixed contribution of protein to energy expen-
diture of 12.5% [22].

VO, = ([OZ]inspired B [OZ]expired> x flow rate
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VCO, = ([COZ]inspired - [COZ]expired> x flow rate

Energy Expenditure = (3.941x VO, + 1.106 x VCO;)
/(1 4 0.082x0.125)

RER = VCO,/VO,

Physiological measures

We recorded continuous ECG rhythm using chest
surface electrodes. A finger probe was used to
record continuous pulse oximetry saturation
(SpO,) and pulse plethysmography. We recorded
respirations using a circumferential chest strap just
below the nipple line. We calculated heart rate
from each beat-to-beat interval on continuous
ECG or plethysmography data. These continuous
measures were converted to digital recordings at
1000 samples/second with an analog to digital
converter (AD Instruments, Sydney, Australia).
We measured and recorded blood pressure
every 15 minutes using an automated sphygmo-
manometer (Edan Instruments Inc, Shenzhen, PR
China). We measured cardiac stroke volume and
calculated cardiac output using the bioreactance
method (Noninvasive Cardiac Output Monitor,
NICOM, Cheetah Medical, Newton Center, MA),
which has been described in detail and which has
good correlation to themodilution or Fick meth-
ods in patients who are not in cardiogenic shock
[23,24]. These data were expressed as stroke
volume index (SVI) and cardiac index (CI).

Shivering

Observers rated the Bedside Shivering Assessment
Scale (BSAS) every 15 minutes. This scale ranges
from 0 (no shivering) to 3 (uncontrolled shivering
in all extremities) [25].

Surface cooling

We placed a commercial gel-adhesive pad (Arctic Sun,
Franklin Lakes, NJ) on the back of each subject. Each
pad has a surface area of 0.17 m” and we used one or
two pads for each participant depending on the size of
their torso (8%-15% of total body surface area), in
order to cover the entire back. A control console
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circulated water through the pad so that water was in
close proximity to skin. We adjusted temperature of the
water during the experiment as low as possible as
allowed by participant comfort. Initial water tempera-
ture was set to 15°C below torso skin temperature. We
then decreased water temperature by 5°C every 10-20
minutes until the water temperature was 4°C or until
the participant reported that the pad was too cold or
had any signs of shivering. When participants reported
that pads were too cool, we increased water temperature
by 5°C every 10-20 minutes.

Drug administration

We used the intravenous liquid formulation of
dexmedetomidine (Par Pharmaceuticals, Chestnut
Ridge, NY; Lots 30,609, 49329, and 55,121) and the
tablet form for tizanidine (Apotex Corp, Weston
FL, Lot TH1991). Because we administered these
drugs by routes or doses that differ from their
approved labeling, a physician was present during
the experiments. Laboratory safety equipment
included emergency life support drugs and equip-
ment. Continuous respiratory and physiological
monitoring were part of the protocol. A research
team member escorted each participant whenever
they stood lest they have orthostatic symptoms.

Sublingual dexmedetomidine

We dripped 1 mcg/kg dexmedetomidine (100 pg/ml)
from a syringe onto the participant’s oral mucosa under
the tongue. Participants were instructed to hold this
liquid under the tongue until it was absorbed and not to
swallow the liquid. All participants reported that they
felt the liquid had disappeared within 2 minutes of
administration.

Oral dexmedetomidine

We dripped 4 mcg/kg dexmedetomidine (100 p/
ml) from a syringe into the participant’s mouth.
Participants were instructed to swallow this liquid
followed by a rinse and swallow of water.

Oral tizanidine
Participants swallowed two or four 4 mg tablets of
Tizanidine.

Plasma drug levels

To determine plasma drug levels during the experi-
ment, we drew 4 ml of blood into EDTA tubes from
the intravenous catheter at various time points. For
tizanidine and oral dexmedetomidine, we sampled
blood at baseline, 30, 60, 90, 120, 180, 240 and 300
minutes. For sublingual dexmedetomidine, we
expected absorption to be more rapid and therefore
sampled blood at baseline, 15, 30, 45, 60, 90, 120, 180
and 240 minutes. We immediately centrifuged blood
samples at 3000 x g for 20 minutes and aliquoted
plasma into cryotubes. Plasma was stored at —40°C
until assay.

Previously, we developed a LC-MS/MS assay
and validated it according to the FDA Bio-analy-
tical Method Validation Guidance for Industry for
the quantification of dexmedetomidine in human
plasma [26,27]. Briefly, 100 pL of plasma was pro-
tein precipitated using 500 uL of acetonitrile con-
taining internal standard. The samples were
centrifuged at 12,000 x g for 8 minutes. The super-
natant was transferred and dried down at 38°C
under nitrogen before being reconstituted in 75
uL of 95:5 (A:B, 0.15% formic acid: acetonitrile).
Samples were then centrifuged again under the
previously mentioned settings. Supernatant was
then transferred to HPLC vials for analysis. A
gradient elution was used to separate the analytes
with a total runtime of 10 minutes. This assay
showed excellent inter- and intra-day linearity,
accuracy, and precision for dexmedetomidine.

In addition, the dexmedetomidine LC-MS/MS
assay was used as a template and expanded for the
quantification of tizanidine in human plasma. The
sample preparation, LC parameters, columns, and
gradient were the same for tizanidine and dexmede-
tomidine, however there were a few key differences.
A LC-MS/MS system consisting of a Waters Acquity
I-class UPLC and Thermo Scientific TSQ Quantis
Plus that was equipped with a heated ESI (HESI)
source was used for tizanidine, and the SRM transi-
tions used for quantitation were m/z 254.1 — 44.0
for tizanidine and m/z 258.1— 48.0 for d4-tizani-
dine. The concentration range for dexmedetomidine
was 0.05-7.5 ng/mL while the concentration range
for tizanidine was 0.2-100 ng/m. This assay showed
excellent inter- and intra-day linearity (R* = 0.9972),
accuracy (>6.8%), and precision (>6.9%) [27].



Data management

We collated the raw values for all recorded variables in
1-minute epochs. For measurements that were col-
lected at higher sampling rates (e.g. heart rate), we
recorded the arithmetic mean of values within the
minute. We replaced artifactual data points and data
points resulting from the monitor being disconnected
with missing values using the following rules: Heart
rate <30 or >120 (these values occurred when beat-to-
beat interval was calculated from ECG artifact rather
than R-R intervals); Respiratory rate <3 or >30 (these
values occurred only when subjects were talking);
Oxygen saturation <80% (this occurred only when
blood pressure cuff inflated above the sensor or
when the sensor was removed from the finger); Core
temperature <35°C (this level of hypothermia never
occurred during this study, and lower values reflected
loss of telemetry signal); Metabolic measurements
when FECO, <0.5 (this low FECO, occurs only
when the canopy is removed from the participant).
For analysis, we collected data into time epochs by
averaging all of the baseline measurements into one
epoch and averaging values after drug administration
into sequential 30-minute epochs.

Statistical analysis

Time-course of drug effect

For each experiment, we tested if drug affected energy
expenditure and other variables, by analyzing changes
in variables over time epochs after drug administra-
tion. We determined the main effect of time for meta-
bolic rate, temperature, heart rate, systolic blood
pressure and diastolic blood pressure using
MANOVA. To determine which time epochs were
different from baseline, we contrasted the mean and
95% confidence intervals for each variable within a
time epoch with the mean for that variable during
baseline. We graphed the mean and 95% confidence
intervals of variables over time.

Comparisons between drugs

As a secondary analysis, we compared changes in
variables between drugs and doses by calculating
the maximum decrease from baseline and the
mean deviation from baseline from 0 to 4 hours
(area under the curve, AUC) for each physiological
variable. We compared the maximal and the mean
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deviation in physiological variables between drug
groups using one-way ANOVA. If there was a
significant effect of drug group, we calculated
pair-wise comparisons of means with Bonferroni
correction for multiple comparisons to determine
which drug group differed from the control group.

Association of energy expenditure with change in
core temperature

In order to test whether there was evidence of cold-
induced thermogenesis under each drug condition,
we examined associations between change in energy
expenditure with change in core temperature using
ordinary least-squares regression. We also explored
associations between temperature, energy expendi-
ture, and other physiological variables.

Association of physiological changes with plasma
drug concentrations

We examined associations between individual drug
levels and changes in physiological variables using
linear regression. Drug levels were expressed as AUC
for plasma concentrations. We examined AUC for
time intervals corresponding to the maximum dura-
tion of clinical sedation for each drug (0-2 hours for
sublingual dexmedetomidine, 0-4 hours for 8 mg
tizanidine, 0-5 hours for 16 mg tizanidine and 0-6
hours for oral dexmedetomidine) and also for a fixed
time interval from 0 to 4 hours. Because results were
similar for each comparison, we present only the
latter. We compared this AUC to the mean deviation
from baseline for each physiological variable for the
same time interval.

We used complete data for analysis and did not
impute or interpolate any missing values. Original
sample size calculations selected 8 subjects per drug
dose to have 90% power to detect a 18% change or
larger in metabolic rate. We defined an alpha-error
rate of 0.05 for significance. We performed all sta-
tistical analyzes using STATA SE 16.1 (College
Station, TX), and prepared graphs using PRISM 9
(GraphPad Software, San Diego, CA).

Results

We screened 32 volunteers, of whom 26 participated
in 41 protocol days (19 participants tested one, 5
participants tested two, and 3 participants tested
four drugs or doses). Characteristics of the
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participants are listed in Table 1. Groups were simi-
lar. We excluded six volunteers from participation:
five whose maximum VO, was>2 SD below the
mean for age and sex and one whose ESS suggested
excessive daytime sleepiness.

During baseline data collection, participants
remained still with eyes closed. Energy expenditure
and temperature changed little during this baseline.
The measured energy expenditure during baseline for
each study (Table 2) correlated well with the pREE
(Table 1) (r=0.709, p < 0.001).

External cooling

We observed overt shivering (BSAS > 0) for 1 or 2
minutes on single occasions in 2 participants after 8
mg tizanidine, 2 participants after 16 mg tizanidine, 2
participants after sublingual dexmedetomidine and 1
participant after oral dexmedetomidine. Shivering
immediately stopped when we raised cooling pad
temperatures. Energy expenditure increased transi-
ently during the minutes when shivering was
recorded but was similar to the mean of the epoch
during the minutes prior to and after shivering.
During the active cooling, mean water temperature
in cooling pads was for 11 (SD 7)°C sublingual dex-
medetomidine, 17 (SD 7)°C for oral dexmedetomi-
dine, 12 (SD 8)°C for tizanidine 8 mg, 15 (SD 6)°C for

Time-course of drug effect

After drug administration, participants reported feel-
ing tired and sleeping for most of the monitoring
period. We could easily awaken participants by voice.
MANOVA detected changes over time in energy
expenditure and core body temperature after every
drug dose (each p <0.0001). In the control group,
energy expenditure was not different from baseline at
any time point, and core body temperature increased
relative to baseline from 30 to 240 minutes (Figure 1
(a-b)).

Changes in energy expenditure and temperature
after dexmedetomidine are shown in Figure 1(c-f)
and Table 2. Energy expenditure decreased after
both sublingual (60-120 minutes) and oral dexme-
detomidine (90-270 minutes). Core body tempera-
ture decreased after both sublingual (after 120
minutes) and oral dexmedetomidine (150-300 min-
utes). The maximum and mean change from base-
line for other physiological variables is shown in
Tables 2 and 3. Dexmedetomidine administration
was associated with a decrease in VO,, RER, heart
rate, blood pressure, cardiac stroke volume index
and calculated cardiac index for both doses.

Changes in energy expenditure and temperature
after tizanidine are shown in Figure 1(g—j) and Table
2. Energy expenditure decreased after both 8 mg
tizanidine (90-120 and 180-210 minutes) and 16

tizanidine 16 mg, and 15 (SD 2)°C for control. mg tizanidine (60-270 minutes). Core body
Table 1. Characteristics of participants.

1 pg/kg Sublingual 4 pg/kg Oral Tizanidine  Tizanidine
Variable Control Dexmedetomidine Dexmedetomidine 8 mg 16 mg
N 8 9 8 8
Age (years) 24 (3) 24 (4) 27 (10) 24 (3) 25 (4)
Female (%) 3 (38%) 2 (25%) 5 (56%) 1 (13%) 2 (25%)
Asian 3 0 4 1
Black 1 3 1 2
White 4 5 2 4
Multiple/Other 0 1 1 1
Mass (kg) 78.8 (11.8) 75.4 (14.6) 72.5 (13.6) 77.7 (14.1) 746 (15.7)
Height (cm) 172 (9.2) 175 (8.6) 172 (8.0) 176 (8.2) 173 (8.8)
BSA (m?) 1.92 (0.18) 1.90 (0.21) 1.85 (0.20) 1.94 (0.21) 1.88 (0.22)
% Body Fat 20.1 (6.8) 16.1 (6.7) 18.8 (4.0) 14.4 (5.2) 16.2 (9.3)
VO, max (ml/kg/min) 38.6 (4.9) 40.1 (12.0) 36.7 (3.6) 42.1 (6.8) 40.4 (6.5)
Predicted Basal Metabolic Rate (kcal/24 1688 (217) 1691 (230) 1582 (224) 1744 (206) 1606 (243)

hours)

Grip Strength (kg) 35.8 (7.0) 40.7 (11.7) 37 .0 (9.4) 39.1 (6.5) 33.9 (2.9)
Epworth Sleepiness Scale 55(3-7) 7(5-7) 3(2-5) 35(1.5-55) 3(1.5-6)

Values are n (%), mean (SD) or median (IQR).



Table 2. Maximum and mean drug-induced change in metabolic rate and temperature.
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Mean Deviation from

Maximum Deviation Baseline
Baseline Value Lowest Value (Lowest — Baseline) % (0-4 hours) %
Energy Expenditure (kcal/24 hours)
Control 1818 (1477 — 2184) 1493 (1308 - 1826) —180 (—298 to —124) -9% =15 (-62 - 77) -0.7%
Sublingual (1 ug/kg) 1704 (1602 - 1864) 1320 (1275 to —305 (—494 to —206) -19%  —205 (-341 - 62) -12%
Dexmedetomidine 1488)
Oral (4 pg/kg) 1471 (1337 - 1695) 1238 (1220 - 1281) —218 (—250 to - 118) -13% -108 (-138 to - 42) —5%
Dexmedetomidine
Tizanidine 8 mg 1597 (1475 — 1794) 1434 (1229 - 1611) —227 (—256 to —214) —-15% —129 (—147 to -82) —8%
Tizanidine 16 mg 1743 (1489 — 1984) 1239 (1194 - 1547) —342 (-557 to —249) —-22% —192 (—287 to —120) —13%
VO, (METS)
Control 0.88 (0.81 - 1.04) 0.79 (0.71 - 0.94) —0.08 (—0.16 to —0.05) —-8%  0.00 (—0.03 to 0.04) —0.5%
Sublingual (1 ug/kg) 0.88 (0.81 — 1.00) 0.77 (0.61 - 0.82) —0.18 (-0.22 to —0.11) -18% —0.10 (=0.16 to 0.05) —11%
Dexmedetomidine
Oral (4 pg/kg) 0.85 (0.81 - 0.97)  0.79 (0.75 - 0.82) —0.11 (-0.13 to —0.06) -12% -0.05 (—0.08 to —0.02) —5%
Dexmedetomidine
Tizanidine 8 mg 0.84 (0.82 - 0.96) 0.77 (0.70 - 0.83) —0.13 (-0.14 to —-0.11) -14% -0.07 (—0.08 to —0.04) —8%
Tizanidine 16 mg 0.96 (0.90 - 1.01)  0.79 (0.70 - 0.92) —0.18 (-0.21 to —0.09) -19% -0.09 (—0.12 to —0.02) —9%
Respiratory Exchange Ratio
Control 0.84 (0.81 - 0.87) 0.79 (0.75 - 0.81) —0.06 (—0.07 to —0.05) - —0.01 (—0.04 to —0.01) -
Sublingual (1 ug/kg) 0.82 (0.80 — 0.86)  0.77 (0.61 - 0.82) —0.07 (-0.09 to —0.04) - —0.03 (-0.05 to 0.01) -
Dexmedetomidine
Oral (4 pg/kg) 0.79 (0.76 — 0.82)  0.67 (0.64 — 0.82) —0.05 (-0.06 to —0.05) - —0.02 (-0.04 to —0.02) -
Dexmedetomidine
Tizanidine 8 mg 0.78 (0.77 - 0.79)  0.64 (0.62 — 0.69) —0.03 (-0.07 to —0.03) - —0.01 (-0.03 to 0.01) -
Tizanidine 16 mg 0.80 (0.74 - 0.86)  0.61 (0.57 — 0.71) —0.06 (—0.08 to —0.05) - —0.03 (-0.05 to —0.01) -
Core Temperature (°C)
Control 36.9 (26.6 — 36.9)  36.5 (36.3 - 36.9) —0.0 (0.4 - 0.00) - 0.1 (0.1 t0 0.2) -
Sublingual (1 pg/kg) 37.1 (36.8 - 37.2) 36.2 (36.0 — 36.8) —0.6 (-1.0 to —0.4) - -0.2 (-0.5 to —0.1)* -
Dexmedetomidine
Oral (4 pg/kg) 36.7 (36.7 — 37.0) 36.4 (36.3 — 36.6) —-0.5 (-0.8 to —0.3) - —0.2 (-0.3 to 0.0)* -
Dexmedetomidine
Tizanidine 8 mg 36.7 (36.6 — 36.9) 36.1 (35.9 - 36.2) —-0.7 (1.0 to —0.4) - —-0.0 (-0.1 to 0.1) -
Tizanidine 16 mg 36.9 (36.7 - 37.1)  36.4 (36.2 - 36.8) —-0.5 (-0.6 to —0.2) - —-0.2 (-0.3 to 0.1) -

Per-subject median (IQR) values for baseline, minima and change in the 30-minute averages for each physiological variable. Maximum deviation is
zero when the baseline value was the lowest recorded value. % Change is the median maximum absolute decrease in real variables. A symbol

(*) indicates p < 0.05 for comparison of drug group relative to control.

temperature decreased after both 8 mg tizanidine
(after 270 minutes) and 16 mg tizanidine (after 240
minutes). The maximum and mean change from
baseline for other physiological variables is shown
in Tables 2 and 3. Tizanidine administration was
associated with a decrease in VO,, RER, heart rate,
blood pressure, cardiac stroke volume index and
calculated cardiac index for both doses.

Comparison between drug groups

We detected drug group effects on maximum
decrease in systolic blood pressure (F439=9.97;

p < 0.0001), diastolic blood pressure (F439=5.22; p
=0.0021), stroke volume index (F,39=3.22;
p = 0.0236) and calculated cardiac index
(Fy30 = 4.51; p=0.0048). We detected drug group
effects on mean deviation in core body temperature
(F430=5.27; p=0.0019), systolic blood pressure
(F430=11.06; p<0.0001) and diastolic blood pres-
sure (Fy 39 =5.95; p = 0.0009).

The maximum decrease in systolic blood pressure
(p <0.001), diastolic blood pressure (p = 0.019), car-
diac stroke volume index (p = 0.019), and calculated
cardiac index (p = 0.009) differed from control after
oral dexmedetomidine. The mean change from
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Figure 1. Change from baseline for energy expenditure and core temperature. Mean changes from baseline with 95% confidence
intervals are plotted for energy expenditure (a, ¢, e and g) and core temperature (b, d, f, and h) for control (a and a), 1 pg/kg
sublingual dexmedetomidine (c and d), 4 ug/kg oral dexmedetomidine (e and f), 8 mg tizanidine (g and h), and 16 mg tizanidine
(i and j). Points that differ from baseline (p < 0.05) are indicated by a symbol (*).
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Table 3. Maximum and mean drug-induced change in other physiological variables.

Mean Deviation from

Maximum Deviation Baseline
Baseline Value Lowest Value (Lowest — Baseline) % (0-4 hours) %

Heart Rate (beats/min)

Control 64 (59 to 72) 56 (50 to 60) —9.3 (-14 to -5.7) —14% —4 (-4 t0 0) -5%

Sublingual (1 ug/kg) 56 (52 to 62) 48 (40 to 50) —11 (=14 to -8.5) —20% -5 (-8 to —4) -9%
Dexmedetomidine

Oral (4 pg/kg) 65 (63 to 69) 53 (46 to 56) =11 (=17 to —-9.6) -17% -5 (-8 to —4) -10%
Dexmedetomidine

Tizanidine 8 mg 59 (57 to 62) 47 (44 to 52) —11 (=15 to -7.6) —18% —6 (-8 to —3) -10%

Tizanidine 16 mg 65 (61 to 70) 53 (49 to 59) -12 (=17 to —9.3) -20% —6 (-8 to -5) -11%

Respiratory Rate (breaths/min)

Control 14 (14 to 16) 13 (11 to 13) -2 (-3to 1) -15% 0.2 (-0.2 to 0.7) 2%

Sublingual (1 pg/kg) 14 (13 to 15) 11 (10 to 12) —4 (-6 to —2) —22% -1.2 (-3 to -0.1) —8%
Dexmedetomidine

Oral (4 pg/kg) 15 (14 to 16) 14 (13 to 15) -1 (-3 to —0.4) -5% 0.3 (0.0 to 0.4) 2%
Dexmedetomidine

Tizanidine 8 mg 15 (14 to 16) 12 (11 to 13) -3 (-5t0 -2) -18%  —0.6 (-1.7 to —0.3) —4%

Tizanidine 16 mg 14 (12 to 15) 12 (9 to 15) -2 (-3 to -0.2) -13% -0.2 (-1.2t0 0.7) —2%

Systolic Blood Pressure (mmHg)

Control 114 (109 to 121) 109 (101 to 113) -9 (=11 to -2) —7% -3(-6to1) —-3%

Sublingual (1 pg/kg) 115 (111 to 123) 102 (98 to 114) -13 (=21 to —11) -12% -8 (-13t0 1) -5%
Dexmedetomidine

Oral (4 pg/kg) 131 (127 to 135) 98 (95 to 103) —33 (-36 to —30)* —24%  -27 (-28 to —23)* -20%
Dexmedetomidine

Tizanidine 8 mg 111 (108 to 117) 98 (93 to 104) -14 (=16 to —12) -12% -9 (=10 to -7) —8%

Tizanidine 16 mg 120 (106 to 127) 96 (92 to 98) —23 (—34 to —13)* —20% -9 (=29 to -7)* —8%

Diastolic Blood Pressure (mmHg)

Control 63 (60 to 77) 59 (55 to 64) -8 (12 to -3) -11% -3 (-6 to 3) —5%

Sublingual (1 pg/kg) 70 (69 to 78) 66 (56 to 70) -8 (=13 to —6) -10% -3 (-7 to -1) —4%
Dexmedetomidine

Oral (4 pg/kg) 77 (71 to 83) 57 (56 to 58) —21 (24 to —15)* -26%  —11 (=20 to —-11)* -17%
Dexmedetomidine

Tizanidine 8 mg 70 (65 to 73) 55 (51 to 59) —14 (-16 to —8) —20% -7 (=10 to —4) -10%

Tizanidine 16 mg 79 (65 to 87) 54 (50 to 56) —22 (=37 to —11)* -31% —12 (=30 to —5)* -17%

SVI (ml/min/m?)

Control 33 (30 to 46) 31 (25 to 45) -2 (-4 t00) —7% 1(-1to 4) 2%

Sublingual (1 pg/kg) 56 (43 to 65) 48 (39 to 55) -8 (13 to —4) -16% 2(-2to5) 4%
Dexmedetomidine

Oral (4 pg/kg) 56 (44 to 63) 41 (35 to 49) =12 (-19 to —8)* -24% —4 (-4 to -1) —6%
Dexmedetomidine

Tizanidine 8 mg 59 (54 to 70) 50 (48 to 55) -9 (=16 to -3) -14% 3(1t09) 5%

Tizanidine 16 mg 51 (44 to 62) 40 (32 to 51) -11 (=13 to -7) —-22% 0 (-2 to 8) 0%

1 (I/min/m?)

Control 2.4 (1.8 to 3.1) 1.9 (1.5 to 3.0) —-0.2 (-0.4 to —-0.1) -12% -0.1 (0.2 t0 0.2) —-5%

Sublingual (1 ug/kg) 35(3.0t038) 24(22to03.1) —0.9 (-1.0 to —0.5) -22%  —0.4 (-0.6 to —0.1) —8%
Dexmedetomidine

Oral (4 pg/kg) 37(291t039) 24(22to027) -1.0 (-1.2 to —0.6)* -28%  —-05(-0.7to -0.3) —-14%
Dexmedetomidine

Tizanidine 8 mg 3.5 (3.1 to 4.1) 2.8 (2.7 t0 2.9) —-0.6 (-1.3 to —0.3) -18% —0.2 (0.4 to 0.1) —5%

Tizanidine 16 mg 34(291t039) 24(22t028) -1.1 (-1.2 to —-0.9)* -29% —0.5 (0.6 to 0.0) -13%

Per-subject median (IQR) values for baseline, minima and change in the 30-minute averages for each physiological variable. Maximum deviation is
zero when the baseline value was the lowest recorded value. % Change is the median maximum absolute decrease in real variables. A symbol (¥)
indicates p < 0.05 for comparison of drug group relative to control.
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baseline for core body temperature differed from con-
trol after sublingual (p =0.001) and oral dexmedeto-
midine (p=0.026). Mean change from baseline in
systolic (p < 0.001) and diastolic blood pressure (p =
0.01) differed from  control after oral
dexmedetomidine.

The maximum decrease in systolic blood pres-

(p = 0.007) differed from control after 16 mg
tizanidine. Mean change from baseline in systo-
lic (p 0.005) and diastolic blood pressure
(p = 0.008) differed from control after 16 mg
tizanidine.

Associations between physiological changes and

sure (p=0.013), diastolic blood pressure  core temperature
(p = 0.017), and calculated cardiac index
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Figure 2. Associations between change in energy expenditure (EE) and change in core temperature. Values for each 30-minute epoch are
plotted with ordinary linear regression lines. Reduction in core temperature were associated with smaller decreases in EE in (a) control
conditions (n =8, 5 male: 3 female) (a) and after (b) sublingual (SL) dexmedetomidine (n =8, 6 male: 2 female) and (d) 8 mg tizanidine
(n =8, 7 male: 1 female), but not after (c) oral dexmedetomidine (n =9, 4 male: 5 female) or (€) 16 mg tizanidine (n = 8, 6 male: 2 female).



Associations between change in energy expendi-
ture and change in core temperature are shown for
control and for each drug in Figure 2. The negative
slope of regression lines in Figure 2(a,b) and (d)
indicates that change in energy expenditure
decreased as change in temperature increased
under control conditions and after sublingual dex-
medetomidine or 8 mg oral tizanidine. The flat
slope of regression lines in Figure 2(c) and (e)
indicates that there was no detectable increase in
energy expenditure with decrease in temperature
after oral dexmedetomidine or 16 mg tizanidine.
The association of changes in other physiological
variables with changes in energy expenditure or core
temperature are shown in Table 4. Changes in all
variables except respiratory rate were proportional to
changes in energy expenditure after 16 mg tizani-
dine. Change in respiratory rate, blood pressure,
stroke volume index, and cardiac index were related
to energy expenditure after oral dexmedetomidine.
Changes in all variables except stroke volume index
were related to changes in temperature after oral
dexmedetomidine. Blood pressure was negatively
correlated with temperature after tizanidine.

Comparison of physiological changes with drug
concentrations

Plasma drug AUC within experiment was not
associated with mean change in energy

Table 4. Association between changes in physiological variables.
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expenditure for sublingual dexmedetomidine, oral
dexmedetomidine, 8 mg tizanidine or 16 mg tiza-
nidine (r*=0.26, 0.01, 0.03, 0.001 respectively)
(Figure 3). Plasma drug level was not associated
with mean change in temperature for sublingual
dexmedetomidine, 8 mg tizanidine or 16 mg tiza-
nidine, (r*=0.00, 0.12, 0.38 respectively), but was
associated with change in temperature for oral
dexmedetomidine (r*=0.61, p=0.03). Three par-
ticipants had particularly low peak and AUC for
plasma drug levels after oral dexmedetomidine.
These participants were all female, but this may
be a chance association with such small numbers.

Discussion

This study found that single oral doses of both
dexmedetomidine and tizanidine reduced energy
expenditure relative to the baseline resting energy
expenditure even in the setting of external cooling.
Control group energy expenditure did not decline
during sessions without drug administration
(Figure 1), perhaps because experiments began in
the late morning when human energy expenditure
rates are increasing [28,29]. This drug-induced
reduction in energy expenditure is in excess of
the decrease attributable to resting quietly, because
all participants had similar quiet rest and reported
light sleep during baseline. The change in energy

Control Sublingual (1 ug/kg) Dexmedetomidine  Oral (4 ug/kg) Dexmedetomidine  Tizanidine 8 mg  Tizanidine 16 mg

R p-value R p-value R p-value R p-value R p-value
Change in Energy Expenditure
AHR  0.551  <0.0001 —-0.311 0.007 0.0143 0.88 0419 <0.0001 0502 <0.0001
ARR  -0.102 038 0.142 0.23 0.265 0.004 0.102 0.31 —0.443  0.0002
ASBP  —0.022 0.85 0.522 <0.0001 0.138 0.14 0.564 <0.0001 0.503 <0.0001
ADBP  0.144 0.21 0.277 0.026 0.345 0.0001 0.650 <0.0001 0413  0.0001
ASVI  —0.096 043 0.067 0.57 0.483 <0.0001 -0.075 046 0495  <0.0001
ACl 0.093 0.44 0.155 0.19 0.418 <0.0001 0.196 0.052 0.579  <0.0001
Change in Temperature
AHR  0.088 0.44 —-0.150 0.21 0.234 0.01 0.382  0.0001  0.089 0.41
ARR 0.130 0.25 0.359 0.002 —0.208 0.023 0.046 0.65 0.277 0.022
ASBP  —-0.037  0.75 0.202 0.13 0.237 0.0096 —0.482 <0.0001 -0.427 <0.0001
ADBP —0.110 0.34 0.290 0.03 0.366 <0.0001 -0.475 <0.0001 -0.482 <0.0001
ASVI  —0.098  0.41 0.156 0.19 —0.002 0.98 0.123 023  -0.170 0.11
ACl —-0.221 0.06 0.433 0.002 0.199 0.044 0399 <0.0001 0.025 0.82

Correlation coefficients (R) from simple linear regression of change in energy expenditure or temperature versus change in heart rate (AHR),
respiratory rate (ARR), systolic blood pressure (ASBP), diastolic blood pressure (ADBP), stroke volume index (ASVI), and cardiac index (ACI). P-values

are uncorrected.
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Figure 3. Time course of plasma concentrations for each drug in individual participants. Samples could not be obtained due to
difficulties drawing from the intravenous catheter for 2 participants after sublingual dexmedetomidine, for 1 participant after oral

dexmedetomidine, and for 1 participant after 16 mg tizanidine.

expenditure over time shows an onset and offset
consistent with drug action (Figures 2(b,f)) and
3(b,f), even though participants were lying quietly
during the entire session. Furthermore, the mini-
mum energy expenditure after dexmedetomidine
or tizanidine (Table 2) was below the pREE pre-
dicted by age, sex, height, and mass (Table 1),
which is also consistent with a drug effect. These
data confirm previous studies that used intrave-
nous dexmedetomidine to facilitate induction of
hypothermia by inhibiting the shivering response
[14-17,30,31]. These changes are similar to the
effects of oral clonidine, another A2AR agonist
that produces peak sedation about 2 hours after
ingestion [32] and that reduces energy expenditure
for at least 180 minutes [33].

The oral drugs at the doses used in this study
did not completely eliminate shivering in
response to the strong stimulus from the external
cooling device, although only a few participants
in each group exhibited overt shivering on the
clinical scale. Because we immediately adjusted

the cooling device when shivering appeared, we
cannot make comparisons of shivering intensity
or frequency with a constant stimulus. Prior
experiments have demonstrated that shivering
during forced cooling can be suppressed with
intravenous drugs [14,15,34] and that shivering
increases metabolic rate [34-36]. In fact, increas-
ing energy expenditure is probably a more sensi-
tive and direct measure than the clinical scale for
detecting the thermoregulatory response to cool-
ing [6,25].

In this study, the negative slope of the regres-
sion line in (Figure 2(b,d)) shows that the increase
in energy expenditure with declining temperature
was present after 1 ug/kg sublingual dexmedetomi-
dine and 8 mg of oral tizanidine. However, the flat
regression line in (Figure 2(c,e)) suggests that this
cooling-induced increase was inhibited after 4 pg/
kg oral dexmedetomidine and 16 mg of oral tiza-
nidine. Thus, the higher doses of these drugs may
be more useful to control shivering and cold-
induced thermogenesis.



Both dexmedetomidine and tizanidine affected
other physiological variables. Heart rate, blood pres-
sure, respiratory rate, cardiac stroke volume index,
and cardiac index declined. These decreases were
associated with the change in metabolic rate after
higher drug doses (Table 4). Blood pressure declined
with declining temperature after dexmedetomidine,
but this relationship was reversed for tizanidine. This
is consistent with reports that that dexmedetomidine
suppresses a cold-pressor reflex [37] and suggests
that tizanidine does not share this effect.
Respiratory rate changes were not clinically signifi-
cant, and participants had no hypoxemia. While the
monitoring system did not permit end-tidal CO,
measurement in these experiments, previous studies
found no clinically significant impairment of resting
ventilation after intravenous dexmedetomidine [37-
41]. The reduction of heart rate and cardiac index
are consistent with drug-induced sympatholysis,
which also reduces systemic resistance and myocar-
dial demand [42].

The plasma drug levels provide information
about using these novel routes for dexmedetomi-
dine and these higher doses of tizanidine.
Sublingual dexmedetomidine resulted in much
more consistent plasma concentrations than oral
dexmedetomidine (Figure 3). In fact, peak and
AUC drug levels for three participants after oral
dexmedetomidine were less than peak and AUC
levels for any participant receiving sublingual
drug, perhaps indicating enteral breakdown of
drug or prolonged enteral absorption for some
individuals. Our participants achieved peak plasma
levels that were just at the minimum levels asso-
ciated with sedation in prior studies (0.2 to 0.3 ng/
ml) and well below levels associated with deep
sedation (>1.9 ng/ml) [37]. Consistent with more
protracted absorption, peak levels were much
lower than reported or expected with intravenous
bolus of similar doses [14,43,44]. These data sug-
gest that a sublingual or mucosal route for dexme-
detomidine might provide reliable bolus delivery
with less risk for high-dose toxicity than intrave-
nous bolus. These pharmacokinetic data about
dexemedetomidine may inform other uses for
this drug, such as anesthetic premedication or
treatment of agitation [45,46].

Plasma tizanidine levels were similar to those
after 16 mg oral doses in other studies that were
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reported to reliably produce a side-effect of drow-
siness (10-20 ng/ml) [47]. The peak and AUC
tizanidine plasma levels varied between indivi-
duals, particularly after the higher dose. The
longer time to peak levels and the more sustained
levels of tizanidine relative to dexmedetomidine
(Figure 3) may make this drug useful for long-
term treatment but more difficult to titrate in
short-term experiments. The drug levels measured
in these experiments only examined the absorp-
tion and peak levels for each drug. We did not
attempt to collect delayed blood samples as would
be required to estimate clearance, which has been
studied extensively in prior studies [37,47].

Most physiological effects of the drugs were
short-lived relative to plasma drug levels, and
plasma drug levels were weakly correlated with
physiological  effects  within  experiments.
Participants also reported recovery from the sub-
jective sedative effects of the drug by the end of
monitoring, although plasma levels were still
detectable. This may reflect that drug effects are
more related to levels in the central nervous
system, which we did not measure, rather than
levels in plasma. Alternatively, participants may
develop some tachyphylaxis to drug effects.
Selection of drug doses and design of dosing
regimens for longer duration manipulation of
metabolic rate and temperature will need to
empirically test drug doses or titrate dosing to
observed effect.

The reduction of temperature after drug
administration in this study appears to be a con-
sequence of reduced energy expenditure rather
than a cause of reduced energy expenditure.
Core temperature declined in participants during
the study period beginning 60-120 minutes after
peak reduction of energy expenditure (Figure 1).
This time lag suggests that reduced metabolic rate
facilitated cooling. In many participants, the lar-
gest temperature reductions occurred near the
end of observation when energy expenditure was
returning to baseline. The negative slopes of
regression lines for energy expenditure versus
temperature in Figure 2(a,b) and (d) are also
consistent with participants having cold-induced
thermogenesis in control conditions and after the
lower doses of dexmedetomidine and tizanidine.
Cold-induced increase in energy expenditure may
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offset any drug-induced reduction in energy
expenditure.

These results inform strategies for developing a
protocol for long-duration metabolic reduction.
Our results indicate that the lower doses of dexme-
detomidine and tizanidine did not reduce the cri-
tical temperature for triggering cold-induced
thermogenesis as much as intravenous dexmedeto-
midine in prior studies [14,17,30,31]. However, the
consistent reduction of energy expenditure even
when temperature decreased after higher dose of
dexmedetomidine and tizanidine (Figure 2) sug-
gests that these drug doses did blunt cold-induced
thermogenesis. Sustained plasma drug levels similar
to or higher than those achieved here may be useful
for prolonged reduction of energy expenditure in
humans. If drug-induced and hypothermia-
induced reduction in energy expenditure [17] are
additive, larger reductions may be possible if drug
levels are prolonged long enough to achieve signifi-
cant reduction of temperature without cold-
induced thermogenesis.

Reducing energy expenditure in humans has
several potential applications. For example, these
drugs might reduce the total food consumption,
oxygen consumption and carbon dioxide removal
required during long-duration spaceflight [10].
Such a reduction would reduce payload and pro-
long possible mission duration. Concomitant
sedation would also reduce psychological distress
from prolonged confinement. Energy expenditure
reduction and resource conservation also could
serve as a strategy to prolong survival time during
rescues from confined spaces such as a submar-
ine, cave or even a disabled spacecraft. Other
applications of metabolic rate reduction include
protection of organs from ischemia, hypoperfu-
sion, hypoxemia [11-13] or radiation [48].
Temperature control or even reduced tempera-
ture is potentially beneficial for acquired brain
injury, sepsis or other critical illnesses [13,49].
These data and the prior literature suggest that
A2AR agonist drugs can be useful to inhibit shi-
vering or lower energy expenditure in these cri-
tical care settings. However, the effects of these
drugs on multiple physiological parameters will
require that each be carefully tested in each clin-
ical setting. For example, in head injured patients,
intravenous clonidine reduced perfusion pressure

and had variable effects on cerebral oxygen
extraction [50]. Developing methods to manipu-
late metabolic rate in spontaneously breathing
people will allow study of more applications.

Preclinical studies have explored the mechanism
of action for dexmedetomidine and tizanidine.
Both dexmedetomidine and tizanidine bind to
and activate A2ARs but have negligible affinity or
activity at beta-adrenergic receptors [51] and
orders of magnitude lower affinity and activity at
alpha-1 receptors [52]. A2ARs in the central ner-
vous system include both autoreceptors that
reduce norepinephrine release from noradrenergic
neurons and heteroreceptors that reduce other
neurotransmitter release from non-adrenergic
neurons [53]. Studies with transgenic mice suggest
that both alpha-2 autoreceptors and heterorecep-
tors are involved with sedation, but that alpha-2
heteroreceptors are most important for effects on
temperature regulation [54]. Sedative effects of
dexmedetomidine in animals are related to activity
in brain regions including the locus coeruleus,
tuberomammillary nucleus and ventrolateral pre-
optic nucleus of the hypothalamus [55]. Lesion
studies and direct drug injection studies implicate
noradrenergic innervation of the medial preoptic
area of brain with temperature regulation [56].
A2AR agonists reduced metabolic rate, and the
A2AR antagonist idazoxan increased metabolic
rate in cattle [57]. Both tizanidine and dexmede-
tomidine can reduce plasma catecholamine levels
[37,58]. This effect could reduce thermogenesis
and energy expenditure mediated by circulating
catecholamines [59].

These drugs also may influence energy con-
sumption and shivering by reducing skeletal
muscle activity. Tizanidine affects the activity
of spinal motoneurons and muscle activity both
through A2AR effects and also through actions
on imidazoline receptors [60]. For example, tiza-
nidine inhibition of spinal reflexes in rats is
blocked more by the combined A2AR and imi-
dazole receptor-binding drug idazoxan than by
the A2AR antagonist yohimbine [61]. Tizanidine
also inhibits spinal reflexes when injected
directly into the brain and is dependent on
both brain catecholamines and imidazole recep-
tors [62]. This suggests that tizanidine inhibition
of reflexes may be mediated by reduction in



noradrenergic facilitation of spinal motoneuron
activity.

Limitations of this study included the small
proportion of female participants, lack of blind-
ing and absence of a placebo in the control
group. Given the small numbers of women, this
study lacks statistical power to compare variables
between sexes. However, the inclusion of both
sexes does increase the generalizability of results.
We did not blind participants or investigators as
a safety measure in this study of off-label drug
use. This decision was also based on the fact that
our outcome measures were all physiological
variables collected by automated monitors.
Subjective bias is less likely to influence these
observed outcomes compared to participant-
reported measures. Participants took dexmedeto-
midine by mouth in less than 4ml of saline
vehicle and took tizanidine by tablets which
contained only inert solids in addition to drug.
Therefore, it is implausible that addition of a
placebo to the control group would have added
any nonspecific physiological effects.

Another limitation of this study is that the
magnitude of temperature change achieved in
this study may have been too small to detect
temperature-related reductions in energy expen-
diture. An 8-10% reduction in VO, per 1°C
reduction in temperature is often cited and
may occur during reduction of fever with shiver-
ing [13,63]. About 6% per 1°C reduction in
cerebral oxygen utilization in anesthetized, non-
shivering adults occurs with cooling from 37°C
to 30°C [8]. In a previous study using continu-
ous intravenous infusions of dexmedetomidine
during induction of hypothermia to prevent shi-
vering, we found a temperature-dependent
reduction of VO, of 5.6%/°C in the range from
37°C to 33°C [17]. Because most participants in
this study had <1°C temperature change, the
observed 13% to 22% peak decrease in energy
expenditure is too large to attribute to tempera-
ture-dependent changes (Table 2). The changes
in temperature in the present study are also too
small to determine if drug-induced reduction in
energy expenditure and temperature-dependent
reduction in energy expenditure are additive.

The magnitude and rate of temperature
reduction after drug ingestion may be specific
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to the laboratory conditions. We placed a surface
cooling device that covered 8-15% of total body
surface area on the back of each participant to
ensure there was opportunity for net heat loss
during the experiment. We think this device was
necessary to observe decreases in core tempera-
ture because the canopy and coverings for meta-
bolic measurements create a blanket insulating
the anterior part of the body. Core temperature
may not change as much if participants had less
active heat removal or were in warmer environ-
ments that maintained neutral heat balance [6].
Likewise, temperature changes might be greater
if cooling pads were covering a larger proportion
of body surface area or if ambient temperature
was lower. Future studies should monitor heat
flux in various body regions to provide better
understanding of the balance between heat pro-
duction and loss.

Finally, our primary analysis is a within-subject
statistical comparison of baseline versus post-drug
epochs rather than contrast with control. This
approach maximized statistical power while redu-
cing participant burden. Although this study
lacked statistical power to compare marginal
effects across drugs and doses, we were able to
detect group differences in the maximal change
in blood pressure and cardiac indices, as well as
in the mean change in temperature and blood
pressure. Though statistically weak, the absolute
values of physiological effects also increased with
drug dose (Tables 2 and 3, Figure 3), further
supporting that these are real drug effects.

In summary, we confirmed that oral dexme-
detomidine and tizanidine reduce energy expen-
diture during external cooling for several hours
in healthy humans. This reduction is associated
with mild sedation from which it is easy to
arouse participants and is independent of reduc-
tions in core body temperature that begin about
60-120 minutes after peak reduction of energy
expenditure. Higher doses of oral dexmedetomi-
dine and oral tizanidine suppress cold-induced
thermogenesis, which can facilitate induced
cooling. Dosing regimens that provide sustained
levels of these drugs in the range observed after
the higher doses in this study, may allow induc-
tion of metabolic suppression and hypothermia
in humans.



296 e C. W. CALLAWAY ET AL.

Abbreviations
A2AR alpha-2-adrenergic receptor
ANOVA  analysis of variance
AUC area under the curve
AV atrioventricular
BSAS bedside shivering assessment scale
CI cardiac index
EDTA ethylenediaminetetraacetic acid
E energy expenditure
ESI electrospray ionization
ESS Epworth Sleepiness Scale
FDA Food and Drug Administration
FECO, fraction expired carbon dioxide
HCG human chorionic gonadotropin
HPLC high-performance
liquid chromatography
LC-MS/MS  liquid chromatography-mass spectro-
metry/mass spectrometry
m/z mass to charge ratio
MANOVA multiple variable analysis of variance
PREE predicted resting energy expenditure
RER respiratory exchange ratio
SD standard deviation
SpO, Saturation of oxygen by pulse oximetry
SRM selected reaction monitoring
SVI stroke volume index
UPLC ultra-performance
liquid chromatography
VO, Rate of oxygen consumption
VCO, Rate of carbon dioxide production
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