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ABSTRACT

Agmatine, an endogenous polyamine, has been shown to re-
duce chronic pain behaviors in animal models and in patients.
This reduction is due to inhibition of the GIuN2B subunit of the
N-methyl-D-aspartate receptor (NMDAR) in the central nervous
system (CNS). The mechanism of action requires central activ-
ity, but the extent to which agmatine crosses biologic barriers
such as the blood-brain barrier (BBB) and intestinal epithelium
is incompletely understood. Determination of agmatine distri-
bution is limited by analytical protocols with low sensitivity and/
or inefficient preparation. This study validated a novel bioana-
lytical protocol using high-performance liquid chromatography
tandem mass spectrometry (HPLC-MS/MS) for quantification
of agmatine in rat biologic matrices. These protocols were then
used to determine the plasma pharmacokinetics of agmatine
and the extent of distribution to the CNS. Precision and accu-
racy of the protocol met US Food and Drug Administration
(FDA) standards in surrogate matrix as well as in corrected con-
centrations in appropriate matrices. The protocol also ade-
quately withstood stability and dilution conditions. Upon
application of this protocol to pharmacokinetic study, intrave-
nous agmatine showed a half-life in plasma ranging between

18.9 and 14.9 minutes. Oral administration led to a prolonged
plasma half-life (74.4-117 minutes), suggesting flip-flop kinet-
ics, with bioavailability determined to be 29%-35%. Intrave-
nous administration led to a rapid increase in agmatine
concentration in brain but a delayed distribution and lower
concentrations in spinal cord. However, half-life of agmatine in
both tissues is substantially longer than in plasma. These data
suggest that agmatine adequately crosses biologic barriers in
rat and that brain and spinal cord pharmacokinetics can be
functionally distinct.

SIGNIFICANCE STATEMENT

Agmatine has been shown to be an effective nonopioid therapy
for chronic pain, a significantly unmet medical necessity.
Here, using a novel bioanalytical protocol for quantification of
agmatine, we present the plasma pharmacokinetics and the
first report of agmatine oral bioavailability as well as variable
pharmacokinetics across different central nervous system tis-
sues. These data provide a distributional rationale for the
pharmacological effects of agmatine as well as new evidence
for kinetic differences between brain and spinal cord.

Introduction

Chronic pain remains a major disability in the United
States, affecting 20.4% of the adult population in 2016 and
leading to severely decreased quality of life (Dahlhamer et al.,
2018; Zelaya et al., 2020). Current pharmacotherapies rely
heavily on opioids, which can lead to the development of
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hyperalgesia, tolerance, constipation, and in some cases opioid
use disorder and respiratory depression (Baldini et al., 2012).
Agmatine, an endogenous amine, has been shown to behave
as a neurotransmitter as it is synthesized in neurons (Wang
et al., 2014), released from nerve terminals in brain and spinal
cord after stimulation (Reis and Regunathan, 1998; Goracke-
Postle et al., 2006, 2007a), and inactivated by uptake into syn-
aptosomes (Gibson et al., 2002). Furthermore, exogenous ad-
ministration of agmatine has been shown to reduce chronic
pain behaviors (Fairbanks et al., 2000; Courteix et al., 2007;
Donertas et al.,, 2018), opioid tolerance (Kolesnikov et al.,
1996), and opioid self-administration (Morgan et al., 2002;
Wade et al., 2008; Su et al., 2009). Clinical studies have shown

ABBREVIATIONS: AUC, area under the curve; BBB, blood-brain barrier; BSA, bovine serum albumin; BSCB, blood-spinal cord barrier; CL,
clearance; CNS, central nervous system; F, bioavailability; FDA, US Food and Drug Administration; HPLC-MS/MS, high-performance liquid
chromatography tandem mass spectrometry; Kp 1, tissue-to-plasma concentration ratio at a defined time point; LLOQ, lower limit of quantifica-
tion; NBD-F, 4-fluoro-7-nitrobenzofurazan; NMDAR, N-methyl-D-aspartate receptor; OCT2, organic cation transporter 2; P-gp, P-glycoprotein;
QC, quality control sample; RSD, relative standard of deviation; t1/», terminal half-life; t,,ax, time to reach Cp..x; ULOQ, upper limit of quantification;

V, volume of distribution.
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that agmatine can reduce neuropathic pain after oral adminis-
tration in patients with peripheral neuropathy and lumbar
disc-associated radiculopathy (Keynan et al., 2010; Rosenberg
et al., 2020). These actions are mediated by the inhibition of
the N-methyl-D-aspartate receptor (NMDAR) at the GluN2B
subunit by agmatine, which elicits reduced pain behaviors in
preclinical models without the side effects seen with nonspe-
cific antagonists (Waataja et al., 2019; Peterson et al., 2021).

In accordance with its proposed central mechanism of ac-
tion, agmatine is known to cross the blood-brain barrier (BBB)
(Piletz et al., 2003). Agmatine is also absorbed from the gastro-
intestinal tract after oral administration (Molderings et al.,
2003). However, these studies quantify agmatine at a singular
time point, preventing the determination of total exposure and
bioavailability. Changes in agmatine concentration over time
in both plasma and central nervous system (CNS) have only
been determined after intrathecal administration (Roberts
et al., 2005). In this work, the plasma elimination half-life is
short (9 minutes in mouse). The CNS elimination, however, is
much slower, with a half-life greater than 12 hours in mouse
spinal cord. This prolonged exposure in the CNS serves to ex-
plain the pronounced reduction in tactile hypersensitivity after
injury in mouse seen after intrathecal administration every
other day for 8 days (Fairbanks et al., 2000). As the rate of
elimination in the spinal cord was determined after intrathe-
cal administration, however, the rate and extent of absorption
over time of agmatine from central circulation is incompletely
defined. Additionally, the extent of absorption from the gut
over time and the absolute oral bioavailability of agmatine is
unknown.

Quantification of agmatine after systemic administration
has been severely limited by quantification methods. As agma-
tine is rapidly eliminated and does not distribute readily across
biologic barriers via passive diffusion, an analytical method
must have a small lower limit of quantification (LLOQ). With-
out an appropriate LLOQ, quantification is possible in neither
plasma at later time points nor tissues with low distribution.
Current methods of agmatine quantification are limited by in-
complete cleanup for complex biologic matrices, inadequate
LLOQ for later time points in plasma, or inefficient chromato-
graphic protocols, preventing larger pharmacokinetic studies
(Zhao et al., 2002; Roberts et al., 2005; Dalluge et al., 2015).
To refine these methods, we use aspects of the derivatization
and chromatographic procedures to develop a novel high-
performance liquid chromatography tandem mass spectrometry
(HPLC-MS/MS) protocol for agmatine quantification. We then
validated this assay in accordance with US Food and Drug Ad-
ministration (FDA) bioanalytical method standards (https:/
www.fda.gov/media/70858/download). Finally, we performed
pharmacokinetic analysis of agmatine after intravenous and
oral administration, including determining the distribution
to both brain and spinal cord in rat.

Methods and Materials

Chemicals and Reagents. Agmatine sulfate (purity =97%), bo-
ric acid, sodium hydroxide, bovine serum albumin, methanol, and 4-flu-
oro-7-nitrobenzofurazan (NBD-F) were purchased from MilliporeSigma
(St. Louis, MO). *Cs-agmatine sulfate was synthesized by Cambridge
Isotope Laboratories (purity =98%) (Tewksbury, MA). Ethyl acetate
was purchased from Honeywell (Charlotte, NC). Liquid chromatogra-
phy—mass spectrometry (LC-MS)-grade water, acetonitrile, isopropanol,
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and formic acid were purchased from Fisher Scientific (Waltham, MA).
Blank pooled rat plasma was purchased from Innovative Research, Inc.
(Novi, MI).

Animals. For plasma pharmacokinetic studies, Sprague-Dawley
rats of both sexes with surgically implanted indwelling jugular cathe-
ters (Envigo, Indianapolis, IN) were used (200400 g). For CNS distri-
bution studies, Sprague-Dawley rats of both sexes (Envigo) were used
(200-300 g). Rats were socially housed with two animals per cage and
maintained on a 12-hour light/dark cycle with access to food and water
ad libitum. All experiments were performed within the light phase of
the cycle. Rats were housed in the Research Animal Resources facility
in the Academic Health Center of the University of Minnesota. Proto-
cols for all animal experiments received approval by the University of
Minnesota Institutional Animal Care and Use Committee and were
performed in accordance with the Guide for the Care and Use of
Laboratory Animals.

Preparation of Calibration and Quality Control Standards.
Compounds undergoing analysis were initially dissolved in dimethyl
sulfoxide (DMSO) to create a 1-mg/ml stock solution. This solution
was then aliquoted and diluted in methanol to generate stock solu-
tions at 1000, 100, 10, and 1 ng/ml (internal standard solutions were
made at 1000 ng/ml only). Appropriate volumes of each of these stocks
were taken to generate various concentrations when dried and finally
diluted to 100 ul, forming the calibration curve and quality control
standards. Stock solutions were stored at —20°C between uses.

Sample Preparation. Agmatine matrix was prepared by dissolv-
ing 5% bovine serum albumin (BSA) (w/v) in phosphate-buffered sa-
line (pH = 7.5). CNS homogenate was generated by sonication on ice
of brain in 5% BSA in PBS (w/v).

For agmatine analysis, calibration stock or quality control stock
was added to microcentrifuge tubes alongside isotopically labeled °C,
-agmatine sulfate as an internal standard and dried under nitrogen.
One hundred microliters of matrix was added to the tubes, which then
underwent protein precipitation. Briefly, 200 ul of ice-cold isopropanol
was added to each tube to precipitate soluble protein. Each tube was vor-
texed at 1500 rpm for 10 minutes and centrifuged at 16.1 g for 10 mi-
nutes to remove precipitated protein. Two hundred fifty microliters
of supernatant was collected and added to Amicon MC-GV 0.22-um cen-
trifuge filters (Millipore), which were centrifuged at 16.1 g for 20 mi-
nutes. Filtrate was dried completely under vacuum. After protein
precipitation, agmatine was derivatized with NBD-F. One hundred mi-
croliters of borate buffer (pH 9.5) was added to each tube, which was
vortexed at 1500 rpm for 10 minutes. To each tube 60 ul of NBD-F
solution in acetonitrile (10 mM) was added, and the tubes were
briefly vortexed for 10 seconds and placed on a heating block at 60°C
for 10 minutes. Within 2 minutes of removal from the heating block,
the reaction was ended by addition of ice-cold 40 ul of 0.3% formic acid
in water and placement of samples on ice. After 30 minutes on ice, sam-
ples underwent liquid-liquid extraction. One milliliter of ethyl acetate
was added, and samples were vortexed at 1500 rpm for 10 minutes
and centrifuged at 16.1 g for 10 minutes. Nine hundred microliters of or-
ganic phase was added to a clean tube and completely dried under ni-
trogen. NBD-F-agmatine was then reconstituted in mobile phase
(97% H50, 3% acetonitrile, 0.1% formic acid).

Instrumentation. Analysis was performed using reverse-phase
liquid chromatography on an Agilent 1200 Series HPLC coupled to a
TSQ Quantum Classic mass spectrometer in positive ion mode. The
method used a Waters ACQUITY UPLC HSS T3 column (1.8 um,
2.1 x 50 mm), which was held at 35°C during separation. These
instruments belonged to and were maintained by the Clinical Pharmacology
Analytical Services Laboratory of the College of Pharmacy of the University
of Minnesota.

For agmatine, a gradient elution with an aqueous mobile phase
(deionized water with 0.1% formic acid) and an organic mobile
phase (acetonitrile with 0.1% formic acid) was used as follows:
starting at 97% aqueous and 3% organic, the proportion of organic
phase was increased to 48% linearly over 2 minutes (0 minutes —
2 minutes). This ratio of 52% aqueous and 48% organic was held
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for 1 minute (2 minutes — 3 minutes), after which the proportion
of organic phase was increased to 97% over 2 minutes (3 minutes
— 5 minutes). The 3% aqueous and 97% organic ratio was held for
0.5 minutes (5 minutes — 5.5 minutes). For an additional 30 sec-
onds, the ratio was linearly returned to the starting proportion of
97% aqueous and 3% organic (5.5 minutes — 6 minutes), which
was held until the end of the runtime of 10 minutes (6 minutes —
10 minutes). A gradient elution was used to expedite analysis by
reducing assay length as opposed to isocratic methods. Columns
were reequilibrated for 1 minute between each analysis with 97%
aqueous and 3% organic phases.

The mass-to-charge (m/z) transitions and collision voltages (V)
were as follows: agmatine 294.2 — 235 (20) and 3C-agmatine
298.2 — 239 (20).

Method Validation. Bioanalytical method validations were per-
formed in accordance with the FDA bioanalytical method validation
guidelines (https:/www.fda.gov/media/70858/download).

Calibration curves consisted of a minimum of 13 standards between
the lower limit of quantification (LLOQ) and upper limit of quantifica-
tion (ULOQ). LLOQ was defined as the lowest concentration that pro-
duced a signal-to-noise ratio =20:1, with accuracy and precision
within a limit of 20%. Quality control concentrations and ULOQ were
kept within accuracy and precision of 15%. Carryover between sam-
ples was deemed acceptable if, after analysis of the ULOQ, blank re-
sponse was below 20% of the LLOQ.

Precision and accuracy of the methods were determined by calculat-
ing the percent relative standard deviation (% RSD) and percent bias
(% Bias), respectively. Quality controls were prepared with parallel
samples per concentration, comparing among five samples for both
precision and accuracy, and analyzed both within and between days,
covering 3 days.

As endogenous agmatine limits accurate quantification using blank
plasma or CNS, 5% BSA was used as a substitute matrix for these
matrices. To assess the adequacy of the substitute matrix, accuracy
and precision were tested in blank plasma and CNS by calculating
concentration of solutions with known agmatine mass added, cor-
rected for determined endogenous concentration in pooled plasma or
CNS and recovery determined.

Stability was assessed by comparing freshly prepared samples to
samples from environments appropriate to potential experimental
conditions. Long-term stability was tested by storing set concentra-
tions in matrix at —80°C for 28 days. Freeze-thaw stability was tested
by storing at —80°C in matrix, bringing to room temperature, and re-
freezing thrice prior to analysis. Stability of processed samples was
tested by storing at 4°C for 3 days or room temperature for 24 hours.

Dilution integrity was assessed by determining accuracy and preci-
sion of quantification using % RSD and % Bias, respectively. For ag-
matine, 50,000- and 5000-ng/ml working solutions were diluted at a
ratio of 1:100 and 1:10, respectively, to a final concentration of 500 ng/
ml. This concentration was chosen as it falls within the analytical
range. For each dilution, precision and accuracy were determined by
comparing five independent samples.

Application to Pharmacokinetic Studies in Rat. For plasma
pharmacokinetics studies, agmatine solutions were administered either
intravenously via jugular catheter or orally via oral gavage. Dosing sol-
utions for intravenous administration were prepared by dissolving ag-
matine sulfate to appropriate concentration in vehicle to provide the
appropriate dose at 1 ml/kg administration volume in 0.9% sterile-fil-
tered saline. The jugular vein was accessed via indwelling catheter.
Drug solution delivery and blood samples extraction were completed by
connection of the catheter and syringe using PinPort injectors (Instech,
Philadelphia, PA) to provide aseptic repeat access. At assigned time
points, 200 pl of blood was drawn, with a maximum of six extractions
per 24 hours. From this blood 100 ul of plasma was obtained. After
each intravenous bolus and blood draw, 200 ul of 0.9% sterile saline
was used to flush the catheter, which was then locked using 110 ul of
500 units/ml heparin: glycerol. For 3 and 30 mg/kg agmatine sulfate, 10
and 9 rats were used, respectively.

For oral administration, agmatine sulfate was dissolved to the ap-
propriate concentration in water to provide the appropriate dose at 1
ml/kg administration volume. Oral gavage was performed by restrain-
ing the rat by placing the index and middle fingers along the side of
the head, with the other fingers holding the torso around the rib cage,
keeping the catheter port in between the middle and index fingers to
prevent damage. Drug solution was given by placement of a gavage
needle (20G x 38 mm) in the esophagus and rapid administration.
Blood draw was performed in accordance with intravenous pharmacoki-
netic studies. For 100 and 300 mg/kg agmatine sulfate, six and eight
rats were used, respectively.

For agmatine CNS distribution studies, agmatine was adminis-
tered intravenously via tail vein injection at 100 mg/kg in 0.9% ster-
ile-filtered saline. At predetermined time points between 15 minutes
and 12 hours, animals were sacrificed via isoflurane overdose and de-
capitated (n = 6 per time point). Trunk blood was collected in hepa-
rinized tubes, obtaining an estimated 1 ml to obtain a minimum of
300 ul plasma. Brain was extracted manually, and spinal cord was
extracted using hydraulic extrusion as described previously (Roberts
et al., 2005). Briefly, after decapitation, the caudal end of the spinal
column was exposed, and a blunt-tipped needle filled with 0.9% ster-
ile-filtered saline was inserted. The plunger was depressed to place
pressure on the spinal cord, which is extruded intact from the rostral
end of the column. Brain was isolated via gross dissection. The brain
and spinal cord were heat stabilized using a Stabilizer system (Dena-
tor AB, Uppsala Park, Sweden) to prevent endogenous metabolism of
agmatine in extracted CNS tissues.

After collection, blood was immediately placed in heparinized tubes
(Greiner Bio-One). Plasma was separated by centrifugation at 5 g for 10
minutes at 4°C. Plasma, heat-treated brain, and heat-treated spinal cord
were stored at —80°C until analyzed via HPLC-MS/MS. Prior to analy-
sis, brain and spinal cord were homogenized via sonication in 2x (w/v)
5% BSA and stored at —80°C until analysis.

Data Analysis. Plasma, brain, and spinal cord concentration-time
profiles were analyzed using Phoenix WinNonlin version 8.3 (Certara
USA Inc., Princeton, NJ). Pharmacokinetic parameters were deter-
mined using noncompartmental analysis. Areas under the curve
(AUCs) for concentration-time profiles were determined by linear trap-
ezoidal integration, with AUC to the last time point (AUCy,) calcu-
lated directly from the concentration-time profile, and AUC to infinity
(AUCq_..) was extrapolated from the final time point to infinity by di-
viding the final time point by the terminal elimination rate constant
(2z).

Clearance (CL/F), terminal half-life (t1/2), and volume of distri-
bution (V/F) for plasma kinetics were calculated using noncom-
partmental analysis by the following equations, respectively:

Dose
CL/F = AUC, (1)
tl/g = ln(2)/)\z (2)
Dose
V/F B ATJC(),OC * }\Z (3)

Additionally, terminal half-life was determined for brain and spinal
cord using eq. 2. For intravenous delivery, clearance and volume of
distribution are reported as CL and V, respectively, as bioavailability
(F) is considered to be equal to 1.

The brain-plasma and spinal cord—plasma partition coefficients
(Kp Brain and Kp gpinal cora) Were calculated as a ratio of AUCs of con-
centration-time profiles as defined in egs. 4 and 5, respectively:

AUCO—oc, Brain
AUCO—cx;, Plasma

KP, Brain —

4)
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AUCO—oo, Spinal Cord
AUCO—oc, Plasma

To assess the extent of distribution over time, eq. 6 describes the
tissue-to-plasma concentration ratio at time t (Kp):

)]

Kp, spinal Cora =

Concentrationyiggue
Concentrationpjagma

Kp = (6)

Sex differences were tested using Student’s ¢ test. All graphical rep-
resentation and statistical analysis were done in GraphPad Prism 7
(GraphPad Software, La Jolla, CA). Data are presented as mean +
S.E.M. when applicable. Sample numbers are reported in figure
legends.

Results

Agmatine Detection and Quantitative Method Vali-
dation. All quantification of agmatine was performed using
an Agilent 1200 Series HPLC coupled to a TSQ Quantum
Classic mass spectrometer in positive ion mode. The HPLC-
MS/MS protocol was successfully validated for linearity, accu-
racy, precision, stability, and dilution integrity.

Standard curves were modeled using linear regression with
a 1/x weighting factor. Owing to the endogenous nature of ag-
matine, a surrogate matrix of 5% BSA was used for generation
of standard curves and quality control samples (QCs) to accu-
rately quantify total concentration in both plasma and CNS
tissues. To determine selectivity in this surrogate matrix, the
signal-to-noise ratios of the LLOQ sample and blank matrix
(5% BSA in PBS) were compared. A minimum difference of 5
times signal was considered adequately sensitive, which was
achieved. Representative spectra are shown in Fig. 1.

Accuracy and precision were determined by assessing five
sets of QCs in 5% BSA over 3 days. All QCs, including LLOQ
(5 ng/ml) and ULOQ (1000 ng/ml), were within acceptable
limits of £15% of nominal concentration or +20% for LLOQ
(Table 1). To confirm the validity of the use of 5% BSA as a
surrogate matrix, pooled rat plasma and rat CN'S homogenate
were spiked with known concentrations of agmatine and final
concentrations were quantified. These final concentrations
were corrected for calculated endogenous levels, and accuracy,
precision, and recovery were determined. At all concentrations
in both matrices, the validation criteria were met (Table 2).
The final analytical range was defined at 5-1000 ng/ml. Car-
ryover between samples was within appropriate ranges,
with less than 20% of LLOQ in blank mobile phase after a
run of ULOQ and less than 5% of internal standard (data
not shown).

Stability of agmatine was assessed in the conditions ex-
pected to occur during storage and sample preparation (Table 3).
Agmatine was stable in 5% BSA at —80°C for 28 days, with
or without three freeze-thaw cycles. Additionally, after deriv-
atization by NBD-F, agmatine was stable at 4°C for 3 days
and at room temperature for 24 hours.

As pharmacokinetic studies show concentrations in plasma
beyond the analytical range, the dilution integrity of agmatine
in pooled rat plasma was tested. A known concentration of
500 ng/ml in 5% BSA was diluted by one (1:10) or two (1:100)
orders of magnitude. Precision and accuracy at both dilution
factors were within the validation criteria of +15% (Table 4).
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A

Relative Abundance

Time (min)

Fig. 1. Chromatograms of agmatine and '*C,-agmatine in various ma-
trices. Peaks of (A) agmatine at LLOQ (5 ng/ml) in 5% BSA; (B) agma-
tine at LLOQ in rat plasma; (C) agmatine at LLOQ in rat CNS
homogenate; (D) blank 5% BSA; (E) blank rat plasma; (F) blank rat
CNS homogenate; (G) *C,-agmatine in 5% BSA; (H) *C4-agmatine in
rat plasma; (I) **C-agmatine in rat CNS homogenate; and (J) blank
mobile phase (97% Hy0, 3% acetonitrile, 0.1% formic acid). AA, auto-
matic area; AH, automatic height; RT, retention time; SN, signal to
noise.
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TABLE 1

Intra- and interday precision and accuracy of agmatine analytical method in 5% BSA

% BSA in PBS

Intraday Interday
Concentration Measured Concentration Precision Accuracy Measured Concentration Precision Accuracy
(ng/ml) (Mean + S.D.; ng/ml) (% RSD) (% Bias) (Mean + S.D.; ng/ml) (% RSD) (% Bias)
5 5.15 + 0.40 7.81 3.08 4.78 + 0.69 14.5 —4.48
8 8.26 + 0.23 2.73 3.27 8.33 + 1.02 12.2 411
80 78.3 £ 0.97 1.23 —2.18 79.3 £ 1.67 2.10 -0.83
800 785 + 14.7 1.87 —1.84 789 + 23.9 3.03 —-1.33
1000 967 + 15.6 1.62 —-3.34 980 + 33.9 3.46 —2.05

Plasma Pharmacokinetics of Agmatine after Intra-
venous and Oral Administration. After validation of the
bioanalytical method for agmatine quantification, the HPLC-
MS/MS protocol was applied to pharmacokinetic studies in
rats after both intravenous and oral administration. Cathe-
terized Sprague-Dawley rats received intravenous or oral ag-
matine, and blood was taken serially at preassigned time
points, allowing determination of individual pharmacokinetic
parameters for each animal. Intravenous agmatine exhibited
a biexponential decline after both doses tested, with all time
points assessed above the lower limit of quantification (Fig. 2A).
The elimination half-life was comparable between doses (18.9 +
1.25 minutes at 3 mg/kg, 14.9 + 1.84 minutes at 30 mg/kg),
as was seen with clearance and volume of distribution
(Table 5).

Oral agmatine showed an initial absorption phase followed
by a biphasic decline in plasma (Fig. 2B). The ty, was greater
after oral administration of 300 mg/kg than after intravenous
administration, although 100 mg/kg oral lacked a significant
difference from the elimination half-lives of both intravenous
doses (Table 5). Furthermore, oral bioavailability for agma-
tine was calculated as 29.0% and 35.0% at 100 and 300 mg/
kg, respectively.

CNS Distribution and Pharmacokinetics. Previous
studies have assessed agmatine distribution to the CNS from
the systemic circulation, but the extent of exposure over a
time course consistent with the pharmacological duration of
action of systemically administered agmatine has not been
fully characterized. Therefore, after intravenous administra-
tion of agmatine, concentrations in plasma and brain were
measured over time using the developed HPLC-MS/MS meth-
ods. Concentration-time profiles in plasma, spinal cord, and
brain were generated from 15 to 720 minutes (Fig. 3A). To
compare with endogenous levels, tissues from rats naive to ex-
ogenous agmatine were collected and analyzed. Plasma levels
of agmatine exhibited a biexponential decline. Distribution to

TABLE 2

the brain was rapid, with time to reach C,,. (tmax) Occurring
at 15 minutes, but distribution to the spinal cord was delayed
(tmax = 120 minutes). Concentration in spinal cord tissue was
lower than brain at time points between administration and
spinal cord ta.x (15-60 minutes). In addition, concentrations
were lower in spinal cord than brain at all further time
points, although only significant at 240 minutes.

Compared with serial sampling studies (Fig. 2A), elimina-
tion half-life in terminal sampling studies was extended
(104 minutes), allowing for detection at 12 hours postdose
(Table 6). This distinction between both studies is further
shown by an increased volume of distribution and a decreased
clearance. Even with this slowed decline, elimination half-life in
CNS tissues was greater than in plasma, between 8.5 (brain)
and 14.3 (spinal cord) hours. The tissue-to-plasma concentra-
tion ratio at a defined time point (Kp 1) represents differences
in distribution between systemic circulation and the CNS. En-
dogenous agmatine levels are generally greater within the CNS
compared with plasma, generating an initial Kp greater than
one, which quickly drops upon exogenous agmatine administra-
tion as plasma concentration increases (Fig. 3B). As the rate of
elimination is slow in CNS, the Kpr continues to increase over
time, surpassing 1 over 240 minutes. Similar to the differences
in tissue concentrations, tissue-to-plasma ratio in spinal cord is
lower than in brain at all time points after agmatine adminis-
tration, with significance at all time points except 720 minutes.
To interpret the extent of distribution over the entire time
course assessed, the AUCy_,, of plasma and CNS tissues were
compared (Table 6). These Kp values were below one for all
tissues.

Sex Difference Analysis. To meet contemporary stand-
ards of scientific rigor as well as to account for known dif-
ferences in clinical representations of pain (Osborne and
Davis, 2022), animal sex was assessed as a biologic variable
in all applicable studies. All studies directly compared both
concentrations and individual pharmacokinetic parameters

Precision and accuracy of agmatine analytical method in plasma and CNS

Plasma

CNS

Corrected Measured

Corrected Measured

Concentration Concentration Precision Accuracy Concentration Precision Accuracy
(ng/ml) (Mean + S.D.; ng/ml) Recovery (%) (% RSD) (% Bias) (Mean + S.D.; ng/ml) Recovery (%) (% RSD) (% Bias)
5 4.28 + 0.66 85.6 + 13.2 15.5 —14.5 5.51 + 0.27 85.6 + 13.2 4.87 10.24
8 9.00 = 0.29 113 + 36.3 3.23 12.6 8.44 + 0.96 113 + 36.3 114 5.54
80 84.9 + 0.19 106 + 0.24 0.23 6.18 79.5 £ 224 106 + 0.24 2.81 —0.68
800 815 + 0.06 102 + 0.01 0.01 1.87 764 + 22.6 102 + 0.01 2.95 —4.48
1000 1047 + 0.03 105 + 0.00 0.00 4.68 993 + 22.8 105 + 0.00 2.30 -0.71




TABLE 3
Stability of agmatine in 5% BSA under various conditions

Concentration (ng/ml)

Stability Conditions Predicted Actual % RSD % Bias
Room 8 8.57 + 0.95 11.1 7.10
temperature
(24 hours)
80 88.1 + 2.31 2.63 10.1
800 843 + 20.9 2.48 5.41
4°C (3 days) 8 7.46 + 0.90 12.1 —6.74
80 84.7 + 3.28 3.88 5.92
800 795 + 15.5 1.95 —0.65
Long-term 8 8.44 + 0.86 10.2 5.54
stability
(—80°C for
28 days)
80 79.5 + 2.00 2.52 —0.68
800 794 + 20.2 2.64 —4.48
Freeze-thaw 8 7.93 + 0.54 6.82 -0.87
(3 cycles)
80 78.2 + 1.31 1.67 —2.24
800 781 + 16.6 2.12 -2.39

of males relative to females using Student’s ¢ test. In cathe-
terized animals, both doses of intravenous agmatine and
one dose of oral agmatine showed a sex difference in plasma
agmatine concentration at one time point, but these differ-
ences were not consistent within the studies nor were any
differences seen in average pharmacokinetic parameters. In
terminal studies, female rats exhibited greater plasma and
brain agmatine concentrations at 60 minutes, but this dif-
ference was not present at any other time points. Of note,
naive plasma agmatine concentrations were higher in fe-
male rats. This difference may be representative of known
sex differences in polyamine synthetic pathways (Ferioli
et al., 1999; Barron et al., 2008), although the significance
was not seen in other studies in our laboratory that in-
cluded naive samples (data not shown).

Discussion

Agmatine has been extensively shown to reduce chronic
pain behaviors (Horvath et al., 1999; Fairbanks et al., 2000;
Courteix et al., 2007; Donertas et al., 2018; Rosenberg et al.,
2020) and opioid self-administration in preclinical models
(Morgan et al., 2002; Wade et al., 2008; Su et al., 2009). As
these actions of agmatine are believed to occur via the
NMDAR within the CNS (Waataja et al., 2019; Peterson et al.,
2021), central availability of the drug is required after sys-
temic delivery. Agmatine has been confirmed to cross the BBB
(Piletz et al., 2003) and be orally bioavailable (Molderings
et al., 2003), although the extent to which these processes oc-
cur is incompletely understood. Limits to this understanding
are due in part to difficulty in agmatine quantification in

TABLE 4
Dilution integrity of agmatine in 5% BSA

Concentration (ng/ml)

Dilution
Factor Predicted Actual % RSD % Bias
Agmatine 1:10 500 467 + 6.37 1.37 —5.88
(plasma)
1:100 500 479 + 22.3 4.64 —4.73
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Fig. 2. Plasma pharmacokinetics of agmatine after intravenous and oral
administration in Sprague-Dawley rat. (A) Plasma concentration-time
profiles after a single i.v. dose via jugular catheter of 3 or 30 mg/kg ag-
matine sulfate in Sprague-Dawley rat (n = 10 and 9, respectively). (B)
Plasma concentration-time profiles after a single oral dose via oral ga-
vage of 100 or 300 mg/kg agmatine sulfate in Sprague-Dawley rat (n = 6
and 8, respectively). Data are presented as mean + S.E.M.

complex biologic matrices. Previous methods, although effec-
tive in their contexts, led to incomplete sample cleanup and/or
inadequate lower limits of quantification for determination of
plasma and CNS concentration-time profiles (Zhao et al.,
2002; Roberts et al., 2005; Dalluge et al., 2015). Therefore, we
developed a novel HPLC-MS/MS protocol for quantification of
agmatine in rat plasma, spinal cord, and brain, which we then
applied to determine the plasma pharmacokinetics, oral bio-
availability, and CNS distribution of agmatine in rat. The sen-
sitivity, linearity, carryover, accuracy, precision, and stability
of agmatine in matrix were within FDA-described ranges at
all concentrations defined (https:/www.fda.gov/media/70858/
download). Due to the endogenous presence of agmatine in
plasma and CNS, the method could not use blank tissue as a
matrix for validation or quantification. Therefore, 5% BSA in
saline was used as a surrogate matrix. The quantification of
agmatine in plasma and CNS using this surrogate matrix was
shown to be accurate and precise, supporting its use in the
pharmacokinetic studies. Adequate detection required protein
precipitation prior to derivatization using NBD-F, but as re-
agents involved in derivatization are not compatible with the
HPLC-MS/MS system, an additional liquid-liquid extraction
step was required. Due to this additional step and the deriva-
tization requirement, extraction efficiency and matrix effects
were not able to be determined. Nonetheless, accuracy and
precision of quantification were confirmed, supporting the use
of this assay.

Using these validated bioanalytical methods, the systemic
pharmacokinetics of agmatine were assessed via serial sampling


https://www.fda.gov/media/70858/download
https://www.fda.gov/media/70858/download
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TABLE 5

Summary of pharmacokinetic parameters of agmatine after intravenous and oral administration
Summary of pharmacokinetics parameters of agmatine after intravenous or oral administration in Sprague-Dawley rat. An ordinary one-way
ANOVA with Tukey’s multiple comparison test was performed comparing t,, between doses and administration type. Results are presented as

mean or mean = S.E.M.

Intravenous Oral
Dose (mg/kg) 3 30 100 300
t1/2 (min) 189 + 1.25 149 + 1.84 744 £ 11.1 117 + 32.8%°
Cimax (ng/ml) 335 + 130 23,930 + 825 4730 + 563 14,494 + 7806
tmax (Min) 10 5 23.6 + 2.81 45 + 4.59
AUC,_., (ng/ml/min) 35,075 + 4510 421,956 + 21,095 336,452 + 34,544 122,2925 + 347,552
CL (ml/min/kg) 98.6 + 10.7 72.4 = 3.29 — —
CL/F (ml/min/kg) — —_ 317 + 32.2 375 + 179
V (Vkg) 2.66 + 0.296 1.507 + 0.135 — —
V/F (I/kg) — — 32.2 + 3.33 52.1 +13.8
F (%) — — 29.0 35.0

Dashes represent pharmacokinetic parameters not applicable to the defined treatment condition.

“P < 0.05 from intravenous low dose.
P < 0.05 from intravenous high dose.

after administration. After intravenous administration in rat,
agmatine exhibited a distributional phase followed by an elimi-
nation phase, as supported by previous kinetics performed in
mice (Roberts et al., 2005). No dose dependence in intravenous
pharmacokinetics was observed, with the elimination half-life
values determined to be within 15 and 20 minutes. These values
are greater than the half-lives previously reported in plasma
(Raasch et al., 2002; Nguyen et al., 2003; Piletz et al.,
2003; Roberts et al., 2005). This variability is likely due to
differences both between mice and rats and between rat strains.
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Fig. 3. Distribution of agmatine to CNS regions after intravenous ad-
ministration. (A) Concentration-time profiles after a single i.v. dose of
100 mg/kg agmatine sulfate via tail-vein injection in Sprague-Dawley
rat (n = 6). (B) Tissue-to-plasma concentration ratio over time in spi-
nal cord and brain. Data are presented as mean + S.E.M.

In addition, the HPLC-UV/Vis (UV-visible spectroscopy) proto-
cols used may have sensitivity limits preventing accurate quanti-
fication at later time points. This inability to detect at later time
points may also drive the monoexponential decline seen in these
previous studies compared with the biexponential decline repli-
cated here.

After oral administration of agmatine at 100 and 300 mg/kg,
bioavailability in rat is 29% and 35%, respectively. Previous re-
ports have demonstrated oral absorption of agmatine as well as
BBB penetration of orally administered agmatine (Molderings
et al., 2003; Bergin et al., 2019). However, these studies did not
interpret the extent of absorption over time, preventing com-
plete quantification of oral bioavailability. As seen after intrave-
nous administration, agmatine exhibits biphasic decline but
with a much greater elimination half-life. This increase may
suggest that the rate of agmatine elimination after oral ad-
ministration is limited by the rate of absorption. This change
in rate limitation is a characteristic of “flip-flop” kinetics, in
which the rate of elimination seen in concentration-time pro-
files better represents the rate of absorption. Numerous fac-
tors can drive this “flip-flop,” including high P-glycoprotein
(P-gp) substrate activity, fast elimination in plasma, and lim-
ited permeability across biologic membranes. Agmatine re-
mains positively charged at physiologic pH, limiting passive
transport as a major absorption mechanism. Furthermore,
studies of other cationic drugs suggest that there may be neg-
ligible expression of cation transporters at the basolateral
membrane of the intestinal epithelium, limiting active transport

TABLE 6

Summary of pharmacokinetic parameters of agmatine in brain and
spinal cord

Summary of pharmacokinetics parameters of agmatine intravenous ad-
ministration in Sprague-Dawley rat plasma, spinal cord, and brain. Re-
sults are presented as pharmacokinetic parameters determined via
sparse sampling.

Plasma Spinal Cord Brain
t1/2 (min) 104 857 510
CL (ml/min/kg) 26.2 — —
V (UVkg) 3.92 — —
tmax (min) 15 120 15
Cmax (ng/ml or g) 59,278 814 3138
AUCq_,, (ng*hour/ml or g) 63,658 18,718 25,246
Kp — 0.291 0.397




in the gut (Proctor et al., 2016). Although elimination half-life,
clearance, and volume of distribution increased upon oral
administration, clearance is similar on correction for bio-
availability. This similarity is dependent on clearance cal-
culation relying on AUCy_... In contrast, parameters that
were dependent on the rate of disappearance, such as half-
life and volume of distribution, maintained their difference,
further supporting the hypothesized “flip-flop” kinetics.
Agmatine is known to cross the BBB (Piletz et al., 2003), but
the extent of absorption over time as well as variation between
brain and spinal cord are incompletely understood. In this
study, we determined a concentration-time profile for agmatine
in plasma, brain, and spinal cord in rat after intravenous ad-
ministration using a terminal sampling method. In plasma,
elimination half-life was greater and clearance was lower than
these parameters compared with the serial sampling systemic
studies. This change may be due to an increase in intravenous
dose (100 mg/kg for terminal sampling, 30 mg/kg for serial
sampling), potentially saturating elimination and distribution
mechanisms, but no prior dose-dependence has been observed.
Another source of variability is the age and weight of the ani-
mals studied. Catheterized animals for serial sampling were
consistently older and heavier than the animals used for termi-
nal sampling. Sprague-Dawley rats have been shown to have
altered levels of agmatine and arginine metabolic pathways in
the brain at various ages (Liu et al., 2008; Gupta et al., 2012;
Jing et al., 2016). In addition, age- and weight-related changes
in fat content and renal function may further alter the phar-
macokinetic parameters. Furthermore, absolute concentra-
tions may vary due to differences in collection via jugular
vein (serial sampling) and trunk blood (terminal sampling).
After 100 mg/kg i.v. agmatine sulfate administration, brain
distribution of agmatine is rapid (t,.x = 15 minutes). How-
ever, spinal cord distribution is delayed (t,,.x = 120 minutes).
In addition, brain concentrations were significantly greater
than spinal cord concentrations from 15 to 240 minutes. These
results were surprising, as the BBB is considered to be more
exclusive than the blood—spinal cord barrier (BSCB) (Wilhelm
et al., 2016). However, some drugs, such as peposertib, have
shown a similar lower distribution to the spinal cord (Talele
et al., 2022). These reductions may be due to variability in
transporter expression or different free fraction within the tis-
sue. Prior evidence supports the involvement of multidrug and
toxin extrusion protein 1 (MATE1) and organic cation trans-
porter 2 (OCT2) in the uptake mechanism of agmatine (Winter
et al., 2011), but differences in expression between spinal cord
and brain are unknown. OCT2 has been shown to be ex-
pressed in cultured brain microvessel endothelial cells (Lin
et al., 2010), and both OCT2 and MATE1 show high expres-
sion in the leptomeninges of rats (Huttunen et al., 2022). This
expression allows for possible distribution from the CSF to the
spinal or brain tissue, but the density of CNS parenchyma se-
verely limits the depth to which drugs can diffuse (Pardridge,
2011). The efflux transporters P-gp and breast cancer resis-
tance protein (BCRP), critical components to maintain BBB
and BSCB integrity, are shown to have lower expression in
spinal cord capillaries compared with cortical capillaries, al-
though studies in P-gp—null mice suggest equivalent function
across these tissues (Campos et al., 2012; Uchida et al., 2020).
Additionally, although variability in tissue binding may ex-
plain differences in partition coefficients between brain and
spinal cord, this factor will have no impact on the rate of
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distribution. Therefore, the active transport mechanism of ag-
matine across the BBB and BSCB may be fundamentally dis-
tinct, potentially due to different extent of involvement of the
known or unknown transporters.

Once distribution of agmatine to the CNS occurred, the rate
of elimination was much slower than seen in plasma. The
elimination half-lives were 8.5 hours (brain) and 14.3 hours
(spinal cord) compared with 104 minutes (plasma). The elimi-
nation half-life in CNS is similar to that reported for spinal
cord in mouse (Roberts et al., 2005). This shorter half-life in
plasma leads to greater CNS concentrations over plasma con-
centrations at 12 hours postdose, represented by a shift in par-
tition coefficient to be greater than one. Notably, this CNS
distribution persists long past acute activity of agmatine in
pain-related behavioral assays in rat (Horvath et al., 1999;
Karadag et al., 2003; Onal et al., 2003). Agmatine is known to
be taken up into spinal nerve terminals, suggesting that se-
questration may prevent prolonged activity (Goracke-Postle
et al., 2007b).

To completely characterize the action of agmatine, both as a
pharmacological agent and an endogenous neuromodulator,
characterization of its distribution within the CNS is critical.
The analytical method presented here has allowed deeper in-
sight into the distributional patterns of agmatine across sev-
eral biologic barriers. Furthermore, these results suggest that
agmatine experiences different conditions when accessing ei-
ther brain or spinal cord. This distinction has not been exten-
sively detailed and could serve as a functional explanation for
variability across spinal and cerebral responses.
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