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ABSTRACT: Immune-based metabolic reprogramming of arginine utiliza-

tion in the brain contributes to the neuronal pathology associated wit NOS

Alzheimés disease (AD). To enable our long-term goalsevédtiiation of W
AD mouse model genotypes, ages, and sexes based on activity of thisArg 44’0

pathway, we describe here the novel dosing (using uniformly labeled ‘0,2\

(Y3Cc™N,) arginine) and analysis methods using capillary electrophoresis
high-resolution accurate-mass mass spectrometry for isotope tracing of

metabolic products of arginine. We developed a pseudoprimed infusion- w
dosing regimen, using repeated injections, to achieve a steady state of CitA
uniformly labeled arginine in 1385 min post bolus dose. Incorporation-ef—— - : | ey

stable isotope labeled carbon and nitrogen from uniformly labeled arginine
into a host of downstream metabolites was measwiedin mice using serially sampled dried blood spots from the tail. In

addition to the dried blood spot time course samples, total isotope incorporation into arginine-related metabolites was measure

the whole brain and plasma after 285 min. Preliminary demonstration of the technigdalidestices isotope incorporation in
arginine metabolites between male and female mice in a mouse-model of sporadis dizb@smdAPOE4/huNOS2). The
technique described herein will permit arginine pathway actigntitaition between mouse genotypes, ages, sexes, or drug
treatments in order to elucidate the contribution of this pathway to Alshdisease.

INTRODUCTION which involve arginine-related aimmation. We chose to
The application of metaboliax analysis to study normal design a study to spemlly monitor arginine metabolism by

biochemical pathways in cells and tissue permits exploratiorfi@ing with uniformly labeled arginine and measuring stable
targeted pathways and provides comparisons of metabdf@tope incorporation in _the blood and the _bra|ns of the mice,
di erences between disease states. Flux analysis has WéEhthe goal of developing the dosing regimen and analytical
utilized for bothin vitroandin vivoapproaches in diverse tools required to investigate potential therapeutic targets of
applications ranging from nutritional studiescef,cerebral  this pathway or other alterations which megtahe activity
glutamate metabolisimalaria, and sickle cell disease researchf this pathway such as biological sex or genetierdies.

in humans and miée observing functions of neural stem Stable isotope tracing is performed by introducing a heavy
cells (NSCs) following transplantatiand metabolic tracing isotope enriched compound toimwitroor in vivobiological

in mice? '° Metabolic ux analysis is a powerful tool for system and observing the incorporation of heavy atoms into
tracing intermediary metabolites and uncovering how factagiswnstream metabolites of interest. The technique can provide
such as genotype, age, sex, disease, developmental staggfoffation on changes in metabolites that may occur when a
pharmacological treatments govern metabolism. The appliggetabolic pathway is altered. For example, Cerrada-Gimenez
tion of metabolic ux analysis to Alzheirisedisease (AD) et af'' used heavy-labeled polyamine precursors (arginine,

research is an important method for understanding the activifyshionine, and ornithine) to measure changes in polyamine
of pathways believed to be associated with the disease and

potentially will allow interrogation of metabolic activity _
di erences between normal individuals and those with Af¥eceived: February 10, 2021
Accumulation of stable isotope labeled atoms from uniformf§vised: April 22, 2021
labeled arginine into other metabolites over time and along th&cepted: May 11, 2021
pathways of interest will improve our knowledge of how

pathways are modulated in association with disease, and

provide a better understanding of AD disease mechanisms
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Figure 1.Carbon- and nitrogen-labeling pattern for key metabolites observed ilMBdsEope tracing experiments using univérgaljnd

5N-labeled argininéArg [+107). Arginine +7 can also be observed from recycled citrulline. As noted in the legend, any stable-isotope containin
atoms are half red. Oxygen and hydrogen are withheld for clarity, and nominal mass annotations are used for simplicity only; exact mas
utilized for data analysis. Detailed structures can be f@umplamentary Figure 1

ux after altering the enzymatic activity of spermidineand creates immune and oxidative stress responses in mice that
spermine-Nacetyltransferase (SSAT). These experiments abetter resemble human respoffs€sanges in immunity and
typically performed using mass spectrometry coupled to liquiddox balance are both key features of neurodegenerative
chromatography (LC) in order to increase sensitivity andiseases including A®° Arginine and its associated
specicity’® ** In some cases, limited amounts of availablgpathways have been targeted in human brain where levels of
specimen and the challenges imposed by the nature of thmithine and uréa and polyamines and acetylated poly-
target analytes (such as polarity) require more advancedhine¥” are positively correlated with AD. Using untargeted
techniques to ect accurate quantation of the target LC MS, Graham et al. discovered several polyamine and
compounds. One helpful approach is capillary electrophoreaiginine pathway components in human plasma which
(CE), which separates compounds based on their electrdistinguished the metabolic ges of individuals diagnosed
phoretic mobility determined by the size and charge of theith mild cognitive impairment who converted to AD from
molecule, and generally provides good separation performanoaconverters. This and other work led us to hypothesize
for polar compounds. Although QES has previously been that a disrupted arginine pathway initiates and/or contributes
exclusively applied to metabolomics, major practical improwe-the neurodegenerative disease state. If true, then arginine or
ments have been introduced that make it an appealingolecules in the associated metabolic pathways are potential
alternative to LCMS;*® *8it has also been applied to stable biomarkers or drug targets for the disease p%l%?é’ >
isotope incorporation experiméfitS.n this study, the 908 Identifying how these pathways change during the patho-
Devices ZipChip capillary electrophoresis coupled to genesis of AD and when those changes occur during the time
ThermoScientt Q Exactive HF was used for arginime course of the disease may lead to discoveries ik spases
analysis, which has a high resolving power per unit time anfl the disease aiding in earlier diagnoses and improved
uses a very simple sample preparation technique. The ZipCHigrapeutic interventions.
CE MS protocol has been utilized for proteomics approachesin this report, uniformly label&N -enriched arginine
in cells, using low sample volume and rapid an&l§dike was utilized as a metabolic probe to determine the relative
use of a HRAM mass spectrometerds the opportunity to  incorporation ofC and*™N in the downstream metabolites of
analyze the acquired data for many compounds in one or mamsginine.Figure 1summarizes the major metabolic fates of
pathways without additional sample consunigtiof** arginine, as well as molecular locatioR€dfed and black

We have developed multiple mouse models of AlZzieimecircle) and™N (red and blue circle) from uniformly labeled
disease, including the AppSwDI/mNbsZCVN) mouse  arginine.’®C¢!™N, arginine (arginine +10) form$C:'™N,
strain which faithfully recapitulates the salient features ofnithine (ornithine +7) via arginase (ARG), subsequently
Alzheimés disease pathology and the HUNOS2/mNos2 converting td°Cs'™N, citrulline (citrulline +7) via ornithine
(HN) mouse strain which parallels human responses toarbamoyltransferase (OTGJC*N; citrulline (citrulline
in ammatory stimuli rather than typical mouse repsfrides. +9) is also derived from arginine +10 directly via nitric oxide
CVN mice are characterized by increased Argl gene expressigmthase (NOS). With the fully labeled arginine +10 as a
at 12 24 weeks of age compared to control mice instarting molecule, it is therefore possible to independently
combination with decreased arginine bioavailability (argiuantify citrulline produced via NOS (citrulline +9) and
nine/(ornithine+citrulline)§° The HN mouse includes the citrulline produced via ARG and OTC (citrulline +7) and
human NOS2 gene as a replacement for the mouse Nos2 gernitically veries the ability of the method to elientiate
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activity of these pathways based on genotype or phendeos2 (mNos2) gene with the human NOS2 gene (huNOS2).
type?®*® #2In addition to citrulline, ornithine +7 converts to This genetic change allows this research to be more applicable
13CN proline (proline +6) through ornithine amino- to humans with disease and accounts for the laegendies
transferase (OAT) and glutamate 5-semialdehyde dehydrogbetween arginine utilization by mNos2 compared to the
ase and contributes to the polyamine pathway via ornithire@rresponding human protein. Targeted replacement APOE4
decarboxylase (ODC). Furthermdf€!®™N, creatine (crea- mice faithfully recapitulate tissue-spe@poE protein
tine +3) is formed directly from arginine +10 via glycineexpression, unlike wild-type rfifcand exhibit synaptic and
amidinotransferase (GATM) and guanidinoacHtatethyl- some cognitive deits (summarized in réf7) but do not
transferase (GAMT) andC!°N creatinine (creatinine +3) exhibit widespread neuropathofGgill currently available
from creatine +3 via creatine kinase (CK). Finally, argininAPOE mouse models are wild type for Nos2, which is
+10 is also metabolized’f€s glutamate (glutamate +5) by expressed at higher levels and is more active than the human
two mechanisms, either in the gut (astA/B/C/D/E) or via orthologue (reviewed in r&f8). To mimic the human
ornithine (OAT and X-pyrroline-5-carboxylate dehydrogen- condition more faithfully in APOE4 mice, we replaced Nos2
ase (P5CHD)). Glutamate +5 is then converted@g with the human orthologue in targeted replacement APOE4
glutamine (glutamine +5) via glutamine synthetaseAYgln mice (hereinafter E4HN for: Human Nitric Oxide/APOE4
(Figure ). Ultimately, using this approach to measuremice). To investigate arginine metabolic fate in mouse AD
incorporation levels in the whole blood, brain, and plasma felated models, we utilized NOS2/N6sZHN) mice, and
the HUNOS/mMNOS' mouse and other AD mouse models APOE4 targeted replacement mice that possess the HN
may yield important insights into the relative activity obackground (E4HN; Colton et al., manuscript in preparation).
arginine metabolism and ammation. We used both male and female APOE4 huNOS2 (E4HN)
In this paper, we describe the sample preparation and CHnice at 69 weeks of age=12, 6 male and 6 female).
MS protocols developed for the metabolites of interest in Arginine Kinetics Experimefour 16-week old CVN mice
plasma, dried blood spots, and whole brain tissue. Using bolusre dosed with a bolus intraperitoneal (IP) injection of 5 mg/
dosing, the half-lifet,,) of the °C,'Ng arginine was kg of *Cs; 99%; ™, 99% L-arginine:HCI (Cambridge
estimated in brain and blood. From this data, we optimizeldotope Laboratories, Inc., Andover, MA) prepared in
serial dosing levels and conditions for in vivo dosing of miggysiological saline. Plasma and brain samples were harvested
via repeated intraperitoneal (IP) injections as a surrogate fis'om individual animals &t= 15, 45, 90, and 180 min after
continuous infusion (which was deemed impractical in theosing. Mice were euthanized via exsanguination under lethal
animal model). The use of CE coupled to high-resolutiomnesthesia (ketamine/xgitee). Blood was immediately
accurate-mass mass spectrometry (HRAM-MS) allowed foollected for plasma analysis in sodium citrate tubes, and the
rapid analysis of the samples with reliable results and the abilitgins were immediately perfused with saline, deposited
to reanalyze the data as other metabolites in the pathweirectly into liquid nitrogen after removal from the skull, and
become apparent and interesting. Finally, we performed prosfered at 80 °C. This experiment was not utilized for an
of-concept tracing measurements in a mouse model relevanatssolute determinationtgf, and we therefore saced one
human AD research (APOE4 huNOS2 (E4HN), totall2 animal at each time point and performed two mass
animals and 108 samples). We demonstrate that met&bolic spectrometric measurements of each.
analysis using isotopically enriched arginine allows for tracingSteady-State Experimenior the steady-state exploratory
and analysis of compounds in vivo and may allow a deeme{periment, we used three male520week-old APOE3
understanding of how and when these pathways andrgeted replacement mice, which have intact Nos2 but human
metabolites are altered in the disease state and between m&E3 in place of the mouse ApdBlice were treated with

and female mice. a bolus IP injection of 0.37 1N, arginine aT = 0 min
(200 L of a 1.87 mg/mL solution) followed by injections of
EXPERIMENTAL SECTION 0.19 mg doses every 30 min fm 15 min toT = 255 min

Materials. 3Cs, 99%: *™N,, 99% L-arginine:HCl was (100 L of 1.87 mg/mL). Thirty minutes following the last
purchased from Cambridge Isotope Laboratories (Andovénjection I = 285 min) mice were euthanized as described
MA). All solvents used were of L\@S grade or better; above. Blood spots were collected from a tail Ship@t15,
acetonitrile, water, chloroform, methanol and formic acid weé®, 135, 195, 255, and 285 min, spotted directly onto
purchased from Fisher Scien{Pittsburgh, PA). Whatman 903 Proteinsaver cards, dried at room temperature

Animals and Dosing. All animal experiments were overnight, and stored at@ for DBS analysis; the plasma and
performed in accordance with protocols approved by thierains were collected as described above.

Institutional Animal Care and Use Committee (IACUC) at Sample Preparation. Dried blood spots (3 mm) were

Duke University Medical Center under the National Institutepunched out directly onto a 0.2& lIter (Millipore) in a

of Health Guide for the Utilization and Care of Vertebratgpolypropylene collection tube. A 1QGaliquot of metabolite
Animals Used in Testing, Research and Training. Mice usedsample diluent (908 Devices, Inc., Boston, MA) supplemented
the study were chosen to test the concept that genetic changéth 0.2 M ammonium acetate was added to the spots which
in key enzymes that determine metabolic pathways coulere then incubated with shaking using a Thermomixer (750
impact metabolite distribution. In this case, we test a wellpm) at room temperature for 30 min. Thter tubes were
known enzyme system that permits evaluation of the initial ugeen centrifuged for 5 min at5000 rcf, and approximately

of arginine by two derent but well-described pathways, that80 L of lItrate was collected and transferred to glass total
is, the competition for arginine by arginase (ARG1,2) antecovery auto sampler vials (Waters Corp., Milford, MA).
nitric oxide synthase 2 (NOS2)? To better apply this Twenty microliters of plasma was diluted with 146f

study to use in humans as well in mouse models of disease,methanol plus 40L of 0.5 M ammonium acetate. Samples
used mice that were genetically altered by replacing the mougere shaken at 3C for 10 min (750 rpm), cooled to°€
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Figure 2.(a) ZipChip device used for capillary electrophoresis and sample introduction (note real time electrospray view in top right corner). Ct
is made out of glass with an etched channel for sample transportation and separation. Voltage is applied to the chip, which directs positively ct
compounds toward the mass spectrometer and negatively charged and neutral compounds into the designated waste wells. (b) Electropherog
(1) ornithine, (2) creatinine, (3) arginine, (4) creatine, (5) proline, (6) glutamine, (7) glutamate, and (8) citrulline throughout a 2 min
electrophoretic separation time. (c) MS1 spectrum for endoddigbti} &rginine (/' z 175) and uniformly stable label&ge@vy) arginine

(m/z 185). (d f) Electrophoretic peaks ftight' and“heavy arginine, citrulline, and ornithine. Image in (a) provided by 908 Devices, Inc.

over dry ice, and spun at 20000 rcf for 10 min°’@t ©ne proline, glutamate, and glutamine, while the 240k method
hundred microliters of clear supernatant was transferred was utilized for citrulline in order to remove interferences that
glass total recovery autosampler vials (Waters Corp). cause quantiation di culties for citrulline +9 at lower
Brain samples were weighed into a Precellys CK14 Lysirgsolution. We uploaded the raw datavtov.panoramaweb.
Kit for soft tissue homogenizing (Bertin Corp. Montigny-le-orgunder the proje¢CE MS for Measuring in vivo Arginine
Bretonneux, France), and 1@0of 50/50 MeOH/H,O per Isotope Incorporation in Alzheirsdbisease Mouse Models
50 mg of brain tissue was added to each sample. Samiétps://panoramaweb.org/tczcoD)url
weights were between 0.394 and 0.518 g. The samples werEhe ZipChip includes an autosampler and a glass micro-
homogenized in a Precellys Evolution Homogenizer (Bertiruidic CE chip. This chip is coupled directly with the inlet of
Corp. Montigny-le-Bretonneux, France) for three cycles of 1afse Orbitrap via electrospray ionization, resulting in a zero-loss
at 10000 rpm at 4C with 60 s cooling time between cycles. interface between the separation and detection. The ZipChip
Samples were removed from the homogenizer, and la 100 contains several wells that are etched into the glass chip, one
aliquot of the primary homogenate was combined with.250 for sample injection, others for waste of neutral and negatively
of 3:1 MeOH/CHC}, in a new CK14 tube, and homoge- charged molecules, and BGE. A 10 cm long channel is used for
nization was repeated. Samples ofrtAehomogenate were electrophoretic separation of the metabolites. The ZipChip
centrifuged at 10000 rcf and@ for 10 min. Approximately was built to perform micraidics through capillary channels in
100 L of supernatant was removed and combined with 10 which compounds migrate and are separated based on their
of 2 M ammonium acetate in glass total recovery autosampéze and charge and are introduced into the mass spectrometer
vials (Waters Corp.). via electrospray ionization at the corner of the chip, which can
CE MS Analysis. Analysis was performed by capillary viewed in real time using the 908 Devices ZipChip software
electrophoresis mass spectrometry (0 utilizing a  (Figure 2).%>°
ZipChip CE system (908 Devices, Inc. Boston, MA) and a Data Processing. Calculating Incorporation.Data
Q Exactive HF mass spectrometer (ThermoFisher Waltha@npalysis in the form of peak area extraction of metabolites of
MA). Metabolite background electrolyte (Metabolite BGEjnterest was performed from theaw mass spectrometigs
908 Devices, Inc.) and an HS Chip were used for the CHsing Skyline Daily versions 4.1.1.18257, 4.2.1.19058, and
separation (908 Devices, Inc.). The separation was perform&@1.9.350. Skyline was provided with the molecular formula,
with 1000 V/cm and 8 nL injection volume. Total separatiorionization adduct ([M + H), and expected migration time of
time was 4 min, with pressure assist activated at 2 migach molecule of interest, along with instructions to extract
Electrospray ionization in positive mode was used fafata 120000 resolving powen 4 200). Following peak
introduction into the Q Exactive HF, and two massintegration in Skyline, incorporation ratios are reported as the
spectrometric analyses were performed per sample injectiggek area of the heavy isotope divided by the total peak area,
using MS1 scans at giient resolutions (Rs), 120k and 240k, where the total peak area is the sum of the peak area of
with 3e6 AGC target. A SIM scan frofz 180 190 was used  naturally occurring isotopes with relative abundance greater
for the collection of the 240k results, whereas a mass rangétein 0.1%, as well as the heavy isotope peak.
70 500 m/z was utilized for the 120k collection. For the ;
results shown below, the 120k data was used to calculate%incorporatiors peak area of heavy ISOtQ p1(:"00
incorporation for arginine, ornithine, creatine, creatinine, total peak area (1)
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Figure 3(a) Fractional isotope incorporatiotia* >N, arginine after single bolus dose in CVN mice performed to approximate arginine half-life
(n =1 per time point). Half-life(,) is measured as 32.1 and 66.7 min in plasma and brain, respectively. (b) Experimental design timeline fo
semicontinuous dosing *8€!°N, arginine, along with sample collection regimen; arrows represent do$iGg-Nitrarginine; red spots
represent collection of dried blood spots; brain and vial icons represent collection of brain and plasma. Two measurements were performed a
time point.

The total intensity for the native monoisotopic form (A) was RESULTS AND DISCUSSION
corrected to include the expected native contributit of CE MS for Isotope Incorporation. Capillary electro-

and'N to arginine (A+1, 8.25%; A+2, 0.71%), citrulline (A+1,phoresis coupled to high-resolution mass spectrometry (CE-
7.91%; A+2, 0.89%), ornithine (A+1, 6.4%; A+2, 0.59%HR MS) was used for the analysis and detection of the heavy
creatine (A+1, 6.0%; A+2, 0.56%), creatinine (A+1, 5.6%; AHabeled downstream metabolites of arginine. The migration
0.34%), proline (A+1, 5.7%; A+2, 0.54%), glutamate (A+Iimes of each of the metabolites ranged from 0.85 to 1.85 min
5.6%; A+2, 0.91%), and glutamine (A+1, 5.7%; A+2, 0.73%yith baseline separation between most of the analytes of
Skyline les for the pilot kinetics experiment, pilot APOE3iNterest. The elution order of the eight compounds we focused

experiment, and the E4HN mouse experiment have beé’ﬁ' in this analy5|s was ornithine, creatinine, arginine, creatine,

. proline, glutamine, glutamate, and citrulline, and width at half
ldz)loaded to Panoramaitips://panoramaweb.org/tczcoD. height was on average 0.012 min, demonstrating a chromato-

) , i ) . graphic peak capacity of 83 during @ s elution period of

~ Cumulative Incorporation Calculation®i erences in  these metabolite§ifure B). The partial mass spectrum of
isotope incorporation of the arginine derivatives duringndogenous arginine at the time of arginine elution (0.9 min)
continuous infusion make it @dult to t a curve to the is shown irFigure 2. Protonated arginine¥(z 175.1190)

DBS data. Some compounds may show high amounts afeluted with uniformly labeled arginingz( 185.1272)
enriched isotope incorporation within 15 min of the bolugluring CE separation. Electrophoretic peaks corresponding to

dose, whereas others that are further downstream frotae endogenous (light) protonated molecular ions of arginine,

arginine in the metabolic pathway may not have measuraﬁligul"ine ahnd ornithine (dc;(ttelcj(jlilrjes))\/vith thheir.colrre%p?nding
; : - : : oeluting heavy isotopes (solid lines) are shaviguire
incorporations until a later time point. Therefore, we chose t%nd demonstrate between 5 (arginine) and 9 (citrulline) MS

measure the total incorporation over time for each metaboli ta points across the chromatographic peak at 120,000 Rs
by calculating the area under % incorporation curve (AUC) iEetting on the Q Exactive HF. '

the DBS over the entire data collection window of 285 min Detecting |sotope |ncorp0rations into Mouse: De-

using GraphPad Prism 8.3.0. To correct for potentiadigning Dosing Regimen. Initial experiments were designed
di erences in downstream metabolites which resulted frotn maximize the capability to independently determine
variance in the available isotope-labeled arginine pool (frdapchemical isotope incorporation in the plasma and the
slight dosing derences), the percent incorporation of eachbrain and to estimate the half-liveg)(of the relevant
compound was normalized to the % incorporation of arginifg?MPounds in plasma and brain tissue by optimizing the
+10 and then we calculated the AUC (Sepplementary osing regimen, the extraction procedure, and CE/MS

. AN . onditions. The tissue-speciturnover of arginine was
Table ). We found that using the cumulative incorporation of; roximated using a pharmacokinetic-type experiment to

the heavy isotopes over time decreased between-anigatermine the dosing schedule required to achieve a pseudo-
variance, enabling more aatel comparisons between steady state of isotope enriched arginine incorporation. After a
individual animals, genp&g, sexes, and ages for eachbolus dose dfCs*N, arginine, the animals were euthanized

metabolite. at 15, 45, 90, and 180 min post dose, and plasma and brains
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Figure 4.Stable isotope enrichments in dried blood spots as a function of time. Male APOES Biaefe dosed IP witfCs'*N, arginine

(0.37 mg bolus dose and serial injections of 0.19 mg at the times indiGgted B). Percent incorporation shown for arginine, citrulline +9,
ornithine, citrulline +7, proline +6, creatine +3, creatinine +3, glutamine +5 and glutamate +5. Incorporation amounts and time to reach a ste
state of incorporation (if at all) vary for each metabolite. Creatinine and glutamate did not show a reliable incorporation into the blood.

were collected. The fractional incorporation$@N, were able to measure heavy isotope incorporation in arginine
arginine were calculated using the formulaqinl. We pathway metabolites including ornithine +7, citrulline +7,
obtained the approximaig in each of the matrices hying citrulline +9, proline +6, creatine +3, creatinine +3, glutamine

the fractional incorporations torat-order exponential decay +5, and glutamate +5. Overall, % incorporation for several of
curve Figure a). Thet,, of arginine+10 was calculated as the compounds reached a plateau (steady state) in blood at or
32.1 min in the plasma and 66.7 min in the brain. These resulisforeT = 285 min Figure 4.
are in agreement with published reports from other species, inncorporation ratios for all compounds are negligible for the
which the half-life of arginine in plasma and serum afteamples taken before administratidh=a0 min, providing a
intravenous infusions ranged from 45 min to 1 h in ewes, ratsgseline incorporation level (limit of detection); the average
pigs, and human&:® Using these results, an arginine dosingincorporation LOD across the compound§iiure 4was
schedule was developed to achieve a steady-state enrichme@ti#%. In general, the blood collected 15 min postbolus dose
heavy isotope labeled arginine in the treated mice as showraelready shows easily measurable levels of incorporation of the
Figure B. A bolus dose was administered followed by sevetatavy isotopes in a majority of the compounds, excluding
smaller doses at 30 min intervals. On the basis of the calculati#tdulline +9, creatine +3, creatinine +3 and glutamate +5.
ty» for plasma, dosing at these intervals should allow tHeormation of citrulline +9 is a measure of the NOS pathway
isotope-enriched arginine to reach a pseudo-steady stateanl is a secondary route to citrulline formation, bypassing
incorporation. formation from ornithine; by contrast, citrulline+7 is a
Detecting Isotope Incorporations into Mouse: Lon- surrogate measure for the ARG/OTC pathway. Creatine,
gitudinal Dosing Experiments Reaching Steady State. creatinine, and glutamate are further downstream from
Incorporation oF*C¢!*N, arginine in the arginine pool in DBS arginine than many of the other compounds, and this may
was monitored over the 4.5 h dosing regimen established dantribute to low incorporations in those compounds at the
Figure B in a group of three APOE3 mice. Importantly, thesearly collection points. Creatinine +3 and glutamate +5 should
animals express the mouse form(s) of nitric oxide synthades observable using arginine+10 dosing, they were not reliably
Nos, which many of our other AD model animals do not. Thisletected in APOE3 mice over the dosing period in this pilot
was necessary in order to demonstrate that if citrulline+9 wesgperiment, with incorporation levels <0.1%gee= 3.
being produced via nitric oxide synthase, we would be able tBlood levels of arginine reached a steady state (plateau) of
detect it. We calculated the percent incorporation relative ®.1% incorporation between 195 and 255 min following the
the native metabolitee ) for arginine +10 and arginine bolus dose. The isotope incorporation was 2.4% immediately
pathway metabolites (deigure ) at seven time points. We following the bolus injection and approached the steady state
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Table 1. Incorporation Percent of Stable Isotope for Arginine and Downstream Metabolites for Serially Sampled Dried Blood
Spots, Brain, and Plasma from Male APOE3 Mide=(3)

dried blood spots brain plasma
TO T15 T75 T135 T195 T255 T285 T285 T285

arginine+10 0.3% 0.05 2.4+ 065 2.7% 1.54 3.6% 052 4.6 0.29 4.9 0.87 4.64 054 234 0.08 5.2& 0.66
citrulline+7 0.0& 0.00 0.7& 0.3 125 079 18% 038 1.76¢ 037 25% 029 25033 123045 274 0.68
citrulline+9 0.04 0.038 0.0% 0.03 0.0% 0.02 0.12 0.09 0.3z 0.2 0.46- 0.02 0.34 0.06 152 0.09 0.6G 0.24
ornithine+7 0.12 004 132035 17136 288 044 364 031 428064 41 062 592751 523%05

creatine+3 0.04 0.01 0.0% 0.01 0.26- 0.08 0.3%# 0.14 0.6* 0.24 056 0.45 0.6% 0.32 0.0 0 0.81+ 0.54
proline+6 [0:340) 0.08+ 0 0.12+ 0.07 0.1%* 0.03 0.2k 0.07 0.2* 0.06 0.24 0.06 0.0& 0.03 0.2 0.05
creatinine+3  0.0¢ 0.03  0.0% 0.03 0.0z 0.01 0.0% 0.02 0.0& 0.03 0.06 0.06 0.04 0.03 0.02 0.01 0.2& 0.32
glutamine+5  0.08 0.00 0.0 0.01 0.0% 0.03 0.08& 0.02 0.0% 0.05 0.0% 0.05 0.1G 0.05 0.0% 0.00 0.1 0.03
glutamate+5 0.090.00 0.0 0.01 0.0% 0.04 0.0% 0.02 0.0% 0.03 0.0z 0.02 0.0& 0.03 0.0& 0.00 0.0 0.00

Figure 5.Terminal stable isotope enrichment in brain, plasma, and dried blood spot for arginine, citrulline +9, ornithine, citrulline +7, prolin
creatine, creatinine, glutamine, and glutamate from male APOE8 m&)e (

over the next 3 h of dosingigure ¥ Ornithine +7 and infusion of enriched arginff{é* The biological relevance of
citrulline +7 reached steady-state incorporation of 5.6% atite delay is under investigation. Incorporation into creatine +3
2.9% at 255 and 285 min, respectively, and the pattern ahd proline +6 reach steady states of about 0.8% and 0.2%,
incorporation (shapes of the incorporation curves) of theespectively, between 255 and 285 min.

heavy labels is similar to that of arginifigue 3 The Due to animal husbandry requirements, serial sampling from
isotope incorporation into citrulline +9 via NOS was delayedhole blood was the only option for obtaining time course
until ca. 135 minHigure 4and Table ), after which it  data for the current experiment. Dried blood spot (DBS)
increased rapidly and reached incorporatiod.4% between analysis ards the ability to use the same mouse for serial
255 and 285 min. Previous studies of NO production usingampling, permitting the measurement of circulating arginine
isotopic labeling claim about 1% of total arginine is convertedhile minimizing the required number of animals. This also
to citrulline and NO (citrulline +9 in our study) and reached alikely reduces the ects of animal-to-animal variation. In
steady state between 5 and 6 h with a primed continuowsldition, using intermediate dosing and DBS obviates the need
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to anesthetize the animals, which magtahe biological Table 2. Average Calculated Area under the Curve for 69
pathways. The disadvantage of this approach is that we are Waek Old Female E4HN (6) and Male E4HN % 6) Mice,
able to measure time course incorporation in the brain.  the Fold Change between them and & alue of the

To detect tissue-specidi erences in thenal steady-state Di erences between the Isotope-Enriched Metabolites
incorporations, we harvested plasma and brains from eaddbrmalized to Enriched Arginine Incorporation
mouse at the conclusion of the experiment 85 min).
Comparison of thenal fractional incorporations in each of the incorporations over time
matrices (DBS, plasma and brain) is showRigore 5
(average: standard deviation) and summarizedale 1 avg M69E4AHN  avg FE9E4HN C,ﬂ‘;{ﬂge pvalue
For each compound, the plasma and DBSincorporation

female E4HN 69 wks vs male E4HN 69 wks total

values are comparable within Bothes of blood specimen Orn/Arg 20032 14.16  207.43 13.20 1.04 0-389
For the majorit pof the com oun%ts analyzed Ia?sma and D L+7IArg 108.8% 590 127.5% 11.31 . 0.005
jority P yzed, p Fo/Arg 12.36: 1.76 15.1% 2.72 1.22 0.062

incorporation ratios are equivalent after the 285 min, with thgreatine/Arg 29.85 4.79 3818 4.63 128 0.012

plasma and DBS values falling within the standard deviations .../~ 1984 519 24.5% 4.46 124 0126
of each other for the compounds reported. This supports théarg T T ' '

hypothesis that serial DBS collection is a useful method t@u/arg 2.98t 0.33 4.38 0.49 1.47 0.0002
perform longitudinal sampling of metabolites and isotop&inarg 6.9% 0.50 9.7% 1.11 1.40 0.0002
incorporation in circulation, requiring fewer animals and lowegrg+7/arg 25.7% 3.05 34.92 2.56 1.35 0.0002

cost than saciding an animal at each time point. Moreover,
for most compounds thenal steady-state measurement in
plasma is sigrdantly dierent from brain tissue, validating
that we can distinguish brain-speaonetabolic eects from incorporation of citrulline +9 was not observed for these
whole body eects, which are rected in the blood/plasma genotypes of mice, because mouse NOS is replaced with the
samples. Thenal incorporation levels in the brain are human gene which has lower activity human and shifts the
generally lower than that of plasma or DBS, which is expectegtabolism away from citrulline®#9.

from the initial PK data showing brain turnover of arginine is

slower than measured in circulatieigifre a). Additionally, CONCLUSIONS

the blood-brain-barrier and brain spetiansporters likely — This report provides a framework for investigating in vivo

play roles in the brain turnover of arginine. stable isotope labeling in mice, spelty for tracing the
Detecting Isotope Incorporations in Mice: Compar- downstream metabolites of arginine in the blood, plasma, and

ison of Incorporations in Alzheimer’s Disease Mouse  brain tissue of mouse models of Alzh&irdisease. Based on
Models. We used the protocol validated in the previousthe calculated half-life of the isotope enricheg™N,
sections to begin analyzing the interrelationships betweearginine, a dosing scheme was developed to mimic primed
arginine metabolism and Alzheisgrathobiology. The infusion, and serial sampling via DBS allowed for monitoring of
APOE4 gene is the most sigant known genetic risk factor isotope incorporation into the metabolites over time. With the
for humans developing AD. For these experiments, wilization of DBS for time course analysis, less animals and
compared arginine metabolism in 69-week old E4HN micéme are used for studies and biologicatte are likely
between male and femate=( 6 each) animals to observe reduced when comparing the same exact animal over time.
potential sex dérences in pathway activity within this Although we were able to perform isotope tracing into the
genotype. We compared the total incorporation of eaciajority of canonical metabolic products of arginine, we are
metabolite over the time course, correcting for slight variabilifso interested in compounds even further downstream from
in the arginine+10 pool available within each animal, whidrginine including polyamines like putrescine, spermidine, and
was presumably due to smakrinces in dosing or uptake of spermine as well as their acetylated forms. With the current
the isotope from the IP injection. dosing regimen, we were unable to detect isotope enrichment
Sex DierencesWhen corrected to the initial arginine+10 of these compounds, and in future works erafit dosing
pool available incorporation in dried blood spots, we observedmpound such as methionine or ornithine may be utilized or
statistically sigrdant dierences in several arginine pathwaya longer time course may be needed in order to trace further
metabolitesTable 3. Signicantly higher incorporation of the downstream. Déerences in the incorporations over time are
isotope enrichment toward citrulline +7, and arginine +Teported between Alzheirsedisease related mouse models
(recycled from citrulline+7 via argino-succinate) as well ad sexes of mice. Sigant di erences are observed between
glutamate and glutamine in females compared to males of @& week-old E4HN female and male mice, with female mice
same age and genotype. Previous studies have reportednaorporating sigréantly more citrulline +7 and arginine +7
increase in arginase activity caused by testosterone, and B\@r the dosing time course compared to the male mice. Using
synthesis in urine tends to be higher in females comparedttos technique, changes in metabolism betweererti
males although no @irences in total levels of arterial arginine,genotypes, sexes, and ages can be revealed. This research
citrulline, or ornithine were obsert&4>> While only half of  provides method development techniques and tools for future
the measured metabolites pass statisticataigre between stable isotope incorporation experiments for Alztgeimer
male and female animasvalue <0.01), it is important to disease research.
note that metabolites further downstream from the dosed
isotope show more sigrant increase in females and more ~ ASSOCIATED CONTENT
demonstrative statistical cdence. This is highly suggestive * Supporting Information
of increased overall metabolic activity of the ARG/OTC/OATThe Supporting Information is available free of charge at
axis in female E4HN animals versus males. As we expecteths://pubs.acs.org/doi/10.1021/jasms.1c00055
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