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ABSTRACT: Docosahexaenoic acid [22:6(n-3), DHA], a poly-
unsaturated fatty acid, has an important role in regulating neuronal
functions and in normal brain development. Dysregulated brain
DHA uptake and metabolism are found in individuals carrying the
APOE4 allele, which increases the genetic risk for Alzheimer’s
disease (AD), and are implicated in the progression of several
neurodegenerative disorders. However, there are limited tools to
assess brain DHA kinetics in vivo that can be translated to humans.
Here, we report the synthesis of an ω-radiofluorinated PET probe
of DHA, 22-[18F]fluorodocosahexaenoic acid (22-[18F]FDHA), for
imaging the uptake of DHA into the brain. Using the non-
radiolabeled 22-FDHA, we confirmed that fluorination of DHA at the ω-position does not significantly alter the anti-inflammatory
effect of DHA in microglial cells. Through dynamic PET-MR studies using mice, we observed the accumulation of 22-[18F]FDHA in
the brain over time and estimated DHA’s incorporation coefficient (K*) using an image-derived input function. Finally, DHA brain
K* was validated using intravenous administration of 15 mg/kg arecoline, a natural product known to increase the DHA K* in
rodents. 22-[18F]FDHA is a promising PET probe that can reveal altered lipid metabolism in APOE4 carriers, AD, and other
neurologic disorders. This new probe, once translated into humans, would enable noninvasive and longitudinal studies of brain DHA
dynamics by guiding both pharmacological and nonpharmacological interventions for neurodegenerative diseases.
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■ INTRODUCTION
Docosahexaenoic acid [22:6(n-3), DHA] is the most abundant
polyunsaturated fatty acid (PUFA) in the brain1 where it
regulates several important processes and serves as a precursor
to bioactive mediators to resolve inflammation in neurons,
microglia, and endothelial cells.2,3 However, the capacity of the
brain to synthesize DHA locally is low, and the uptake of DHA
from circulating lipid pools is arguably essential to maintaining
homeostatic levels.2,4−6 Brain DHA uptake and metabolism are
affected by various factors that are implicated in the
progression of neurodegenerative disorders such as Alzheimer’s
disease (AD).7,8 One factor that influences the metabolism and
the production of bioactive lipid mediators in the brain is the
apolipoprotein E4 (APOE4) allele, a major genetic risk factor
for AD;9 APOE4 affects the catabolism, transport, and
esterification of DHA in the brain, leading to changes in
arachidonic acid (AA) and DHA signaling cascades across the

lifespan.10−14 These changes are associated with increased
brain inflammation and amyloid deposition with APOE4
disrupting the associations of serum or plasma with brain DHA
levels.15−17

In AD dementia, higher plasma DHA levels are associated
with lower amyloid burden in individuals without APOE4 but
not in those with APOE4.15 The relationship between plasma
and cerebrospinal fluid (CSF) DHA in individuals was found
to be weaker in cognitively normal APOE4 carriers compared
to noncarriers.18 These findings suggest that APOE4 impairs

Received: October 22, 2023
Revised: November 5, 2023
Accepted: November 10, 2023
Published: December 4, 2023

Research Articlepubs.acs.org/chemneuro

© 2023 The Authors. Published by
American Chemical Society

4409
https://doi.org/10.1021/acschemneuro.3c00681

ACS Chem. Neurosci. 2023, 14, 4409−4418

This article is licensed under CC-BY 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marlon+Vincent+V.+Duro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juno+Van+Valkenburgh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diana+E.+Ingles"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jenny+Tran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiheng+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brandon+Ebright"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brandon+Ebright"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaowei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bilal+E.+Kerman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jasmin+Galvan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sung+Hee+Hwang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naomi+S.+Sta+Maria"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Zanderigo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Zanderigo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Etienne+Croteau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+C.+Cunnane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stanley+I.+Rapoport"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stan+G.+Louie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Russell+E.+Jacobs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Russell+E.+Jacobs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hussein+N.+Yassine"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acschemneuro.3c00681&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acncdm/14/24?ref=pdf
https://pubs.acs.org/toc/acncdm/14/24?ref=pdf
https://pubs.acs.org/toc/acncdm/14/24?ref=pdf
https://pubs.acs.org/toc/acncdm/14/24?ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acschemneuro.3c00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/chemneuro?ref=pdf
https://pubs.acs.org/chemneuro?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


the transport of DHA to the brain. The optimal dosage of
DHA supplementation for AD prevention is still unclear. Some
studies suggest that high doses (>2 g/day) of DHA may be
needed for adequate brain bioavailability and that APOE4
carriers may have reduced response to supplementation
compared to noncarriers.18−21 There is evidence suggesting
that APOE4 status attenuates brain delivery and effects of
supplemental DHA by downregulating the expression of DHA
transporters10,11 or activating catabolic enzymes such as the
calcium-dependent phospholipase A2.22 However, further
research is needed to elucidate brain DHA transport.

Several methods have been employed to assess the uptake
and turnover of DHA in the brain, the earliest example of
which was the use of radiolabeled (3H or 14C) DHA infusates
to investigate factors that affect the uptake and metabolism of
DHA through autoradiography of post-mortem rodent
brains.10,23−27 Other methods involve the analysis of the
ratio changes of nonradioactive isotopes, such as 2H and/or
13C, in animal brain tissue using natural or synthetic DHA by
mass spectrometric techniques.28−30 In humans, uniformly
13C-labeled DHA has been employed to analyze the relation-
ship between plasma and whole-body (from analysis of CO2
from breath), which is affected by normal aging and the
APOE4 phenotype.14,31

In addition to the above methods, positron emission
tomography (PET) is an imaging modality that enables
measurement of DHA uptake into the brain in vivo and has
been employed to assess DHA uptake in human brains.32,33

Using 1-[11C]DHA as a PET probe, the regional and global
incorporation coefficient (K*) of DHA into the human brain
have been estimated, which were influenced by factors such as
cerebral blood flow and unesterified DHA concentration in the
plasma. We previously reported using this imaging technique
that DHA K* is higher in cognitively normal APOE4 carriers
during the midthirties compared to noncarriers.34 However,
the use of 1-[11C]DHA as a PET probe comes with limitations,
primarily its short half-life (20 min), which hinders its
application in translational studies of DHA uptake. In contrast,
the 18F radioisotope of fluorine, with its significantly longer
half-life (109.8 min) compared to 11C, not only enables the
synthesis of PET probes through multistep processes but also
facilitates extending imaging procedures over the course of
several hours. In recent years, the US Food and Drug
Administration (FDA) has approved the use of small
molecules modified with 18F in radiodiagnostics, emphasizing
the increasing preference for 18F-based derivatives in the
development of innovative and effective PET agents.35

The purpose of this study was to synthesize 18F-labeled
DHA for in vivo brain DHA imaging. Recently, we used 20-
[18F]fluoroarachidonic acid (20-[18F]FAA, Figure 1) to
evaluate AA uptake and kinetics in the brains of APOE4-
targeted replacement mice through dynamic PET-MR
imaging.36 Here, we report the synthesis of an ω-fluorinated
DHA PET probe, 22-[18F]fluorodocosahexaenoic acid (22-
[18F]FDHA, Figure 1). Then, we validated the observed
uptake of the tracer into the brain by monitoring the changes
in brain uptake kinetics through arecoline administration. The
development of of the 22-[18F]FDHA PET probe has the
potential to address the hurdles related to the short-lived 1-
[11C]DHA PET probe. This development could yield more
precise and readily applicable assessments of DHA incorpo-
ration into the brain.

■ MATERIALS AND METHODS
Synthetic Procedures. Synthesis of 22-FDHA. General synthetic

methods for the synthesis of a common intermediate 11 (the tosylate
precursor for fluorination, Scheme 1) and synthetic methods for 22-
FDHA (Scheme 2) are fully described in the Supporting Information.
Radiosynthesis of 22-[18F]FDHA. 22-[18F]FDHA was synthesized

from the labeling precursor 11 (Scheme 1) and [18F]fluoride ion
generated by the 18O(p,n)18F nuclear reaction in a GE PETtrace 800
cyclotron, adapting a procedure from our report on the synthesis of
20-[18F]FAA.36 [18F]fluoride ion in [18O]water was transferred
through a preconditioned (10 mL ethanol followed by 10 mL
water) anion exchange cartridge (QMA). The retained [18F]fluoride
was eluted into a V-vial with 0.075 M aq tetrabutylammonium
bicarbonate solution (0.4 mL). Anhydrous MeCN (1 mL) was added
to the V-vial, and the resulting solution of [18F]TBAF was
azeotropically dried at 100 °C with nitrogen flow by subsequent
addition of 1 mL portions of anhyd. MeCN (3×).

A solution of 11 (ca. 1.5 mg) in anhyd. MeCN (0.5 mL) was added
to the residue in the V-vial, and the reaction mixture was shaken and
heated at 85 °C for 20 min. After cooling for 5 min, 2 M aq KOH (0.5
mL) was added to the vial. The mixture was shaken and heated again
at 85 °C for 15 min. After cooling, the mixture was then acidified with
1 M aq oxalic acid (0.75 mL) and the crude reaction mixture was
purified by semipreparative reversed-phase high-performance liquid
chromatography (HPLC, method C, Supporting Information). After
evaporation of the fraction containing the product under reduced
pressure, 22-[18F]FDHA was obtained. For use in the in vivo
experiments, the 22-[18F]FDHA probe was formulated in 0.75 mL of
freshly prepared 5 mM HEPES buffered saline containing 50 mg/mL
fatty-acid-free bovine serum albumin (BSA) by sonication.
Partition Coefficient. The 1-octanol−phosphate-buffered saline

(PBS) partition coefficient was measured at room temperature and
the value was designated as logP. A solution of 22-[18F]FDHA (ca.
370 KBq) in 10 μL of PBS (pH = 7.4) was placed in a microcentrifuge
tube containing 500 μL of PBS (pH 7.4) and 500 μL of 1-octanol.
The mixture was vortexed for 3 min and then centrifuged (12,000 ×
g) for 10 min. The PBS and 1-octanol layers (150 μL of each layer)
were pipetted into separate gamma counter test tubes. The
radioactivity was determined by using a PerkinElmer 2480 WIZARD
automatic gamma counter (PerkinElmer Inc., Waltham, MA). The
partition coefficients of 1-octanol-to-PBS were calculated as logP =
log([organic-phase cpm]/[aqueous-phase cpm]). Measurements were
carried out in quintuplicate.
Bioequivalence Assay. Cell Culture and Lysate Preparation.

The immortalized microglial cell line BV-2 was grown and maintained
in Dulbecco’s modified Eagle’s medium (DMEM, Corning,
10013CV) supplemented with 10% fetal bovine serum and 1%
antibiotic-antimycotic. Seeded BV-2 cells (5 × 104) were stimulated
with 200 ng of lipopolysaccharide (LPS) and then treated with DHA
or 22-FDHA (6 or 15 μM) for 6 h. Cells were then lysed in 60 μL of
1× RIPA buffer (Cell Signaling Technology, CST 9806) containing a
protease inhibitor cocktail (Sigma, P8340), phosphatase inhibitor
cocktail (Sigma, P0044), and 4× sample buffer (Bio-Rad, 1610747).

Figure 1. Chemical structures of polyunsaturated fatty acids AA and
DHA and their ω-fluorinated analogues.
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The cell lysates were then boiled for 5 min and collected for Western
blot.
Cyclooxygenase-2 (COX-2) Western Blot. Proteins from the cell

lysates were separated using 4−15% Criterion TGX Precast gels (Bio-
Rad, 5671085), transferred onto a nitrocellulose membrane (Bio-Rad,
1704270) and blocked with 5% fat-free milk (Bio-Rad, 1706404) for 2
h at room temperature. The membranes were then incubated with the
primary antibody diluted in 5% BSA at 4 °C overnight. The
membranes were then washed (3 × 5 min) with Tris-buffered saline
with 0.1% Tween-20 (TBS-T) and incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody for 30 min at
room temperature. After washing with TBS-T (3 × 5 min), the

membranes were imaged using a Fujifilm LAS-4000 imager system,
and protein was detected using chemiluminescent HRP substrate
(Millipore, WBKLS0500). GelQuant.NET software was used for
densitometric quantification. The following antibodies and dilution
factors were used: COX-2 rabbit antibody (CST,12282; 1:1000),
actin rabbit antibody (CST, 4970; 1:1000), and HRP-linked
antirabbit IgG (CST, 7074; 1:2000).
22-[18F]FDHA In Vitro Stability. Formulation Stability. A

solution of ca. 37 MBq of 22-[18F]FDHA in 0.25 mL of HEPES
buffered saline (5 mM) containing fatty-acid-free BSA (50 mg/mL)
was incubated at room temperature for 5 h. The sample was diluted
with water and analyzed by HPLC (method A, Supporting
Information) to determine the stability of the probe. Measurements
were performed in duplicate.
Stability in Mouse Serum. Solutions of ca. 9.25−74 MBq of 22-

[18F]FDHA in mouse serum (250 μL) were shaken at 37 °C for 1, 2,
4, 6, and 8 h, respectively. After addition of trifluoroacetic acid (TFA,
10 μL), each mixture was vortexed for 3 min and centrifuged for 10
min (12,000 × g). The resulting supernatants were analyzed by HPLC
(method A, Supporting Information). Measurements were performed
in duplicate.
Animals. All animal studies were approved by the Institutional

Animal Care and Use Committee at the University of Southern
California. The female C57BL/6J mice (6-month-old, weighing 21−
30 g) used in the study were bred in the USC animal facility. Animals
were housed with standardized 12 h light and dark cycles and had
access to food and water ad libitum. Vivarium temperature was
maintained between 22 and 24 °C and humidity was maintained
between 50 and 60%.
22-[18F]FDHA In Vivo Uptake and Stability. Probe Injection

and Tissue Extraction. A modified literature procedure37 was
performed on female C57BL/6J mice (n = 3). Mice anesthetized
with isoflurane (1.5−2%) were injected with the 22-[18F]FDHA (10.8
± 1.4 MBq) in formulation through the tail vein. Blood samples were
collected from the submandibular vein under anesthesia at 5 and 10
min postinjection (p.i.) and transferred to EDTA-coated micro-

Scheme 1. Synthesis of Fluorination Precursor 11a

a(a) CuI, NaI, Cs2CO3, DMF, rt, 83% yield; (b) CBr4, PPh3, DCM, 0 °C, 80% yield; (c) propargyl alcohol, CuI, NaI, Cs2CO3, DMF, rt, 65% yield;
(d) CBr4, PPh3, DCM, 0 °C, 61% yield; (e) CuI, NaI, Cs2CO3, DMF, rt, 94% yield; (f) Ts2O, pyridine, DCM, rt, 60% yield; (g) 3-butyn-1-ol, CuI,
NaI, Cs2CO3, DMF, rt, 48% yield; (h) TBAF, acetic acid, THF, 0 °C, 84% yield; (i) CuI, NaI, Cs2CO3, DMF, rt, 41% yield; (j) H2 (1 atm),
Lindlar’s catalyst, 4:2:2:1 (v/v) 2-methyl-2-butene/EtOAc/methanol/pyridine, rt; (k) TsCl, Et3N, DMAP, DCM, 0 °C to rt, 13% total yield over
two steps from compound 9.

Scheme 2. Synthesis of the Nonradiolabeled and
Radiolabeled Fluorinated DHAs, 22-FDHA, and 22-
[18F]FDHAa

a(a) TBAF, THF, 0 °C to rt, 29% yield; (b) LiOH, THF/water, rt,
94% yield; (c) [18F]TBAF, MeCN, 85 °C, 20 min; (d) KOH, water/
MeCN, 85 °C, 15 min.
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centrifuge tubes. At 30 min p.i., the mouse was dissected under
anesthesia and urine was withdrawn from the bladder. Then, blood
was obtained from the inferior vena cava, and the mouse was
euthanized by decapitation. The brain was extracted from the skull
within 1 min and kept on ice until further processing. Urine was
filtered through a 0.22 μm polyvinylidene difluororide filter and
analyzed by HPLC (method A, Supporting Information).
Folch Extraction. A literature procedure37 was performed on

plasma (obtained by centrifugation of blood sampled at 30 min p.i.)
and brain tissue samples. A 2:1 (v/v) mixture of chloroform/
methanol (7 mL) was added at 0 °C to the tissue, which was then
homogenized using a hand-held homogenizer. The mixtures were
sonicated for 20 s, and 40% aq urea (1.75 mL) and 5% aq H2SO4
(1.75 mL) were added. After additional sonication for 20 s, the
mixtures were centrifuged (1,800 × g) for 10 min. Organic, aqueous,
and interphase (pellet) fractions were isolated and radioactivity was
determined by a gamma counter.
Ex Vivo Autoradiography. A female mouse was injected with 37

MBq of 22-[18F]FDHA in formulation via a tail vein under isoflurane
anesthesia (1.5−2%). Another mouse was injected with 41 MBq of
[18F]fluoride in the same formulation as a control. Mice were kept
under maintenance anesthesia for 30 min p.i. and were then
euthanized. Blood (ca. 0.7 mL) was obtained from the heart and
transferred to EDTA-coated microcentrifuge tubes. Each mouse was
then perfused with cold PBS and the brain was extracted from the
skull. One hemisphere was frozen in cryostat fluid, and 20 μm sagittal
sections were then obtained in a cryostat. Frozen brain sections were
exposed to a phosphor storage screen (PerkinElmer Super Resolution
phosphor screen) overnight. The screen was then read at 600 dpi (42
μm resolution) by using a PerkinElmer Cyclone Plus Storage
Phosphor Scanner with OptiQuant software.
22-[18F]FDHA PET-MR Imaging and Effect of Arecoline.

Tracer Injection, Arecoline Administration, and PET-MR Imaging.
PET-MR image acquisition and reconstruction were performed on a
7T MRI scanner with an integrated PET scanner (MR solutions,
Guildford, UK) as described previously,36 except that the total scan
time was reduced to 32 min (2 min PET baseline acquisition before
tracer injection plus 30 min p.i.); list mode data were reconstructed
and binned as follows: 4 frames of 30 s, 12 frames of 10 s, 6 frames of
30 s, 5 frames of 60 s, and 10 frames of 120 s.

Six female C57BL/6J mice were divided into a control group and a
treatment group (n = 3 per group). Each mouse was first injected
subcutaneously with saline (control group) or 4 mg/kg methyla-
tropine in saline (treatment group), cannulated at the tail vein, and
then placed in the scanner under isoflurane anesthesia (1.5−2%).
After 5 min, PET acquisition was started, and after another 2 min,
each mouse was injected with 100 μL of formulated 22-[18F]FDHA
(8.7 ± 1.4 MBq) through the installed cannula. After 10 min, mice
were then injected with 100 μL of either saline (control group) or 15
mg/kg arecoline in saline (treatment group) through the same
cannula, and image acquisition was continued for an additional 20
min. During PET acquisition, MR images (FSET2w, to define the
brain and surrounding area, and respiratory-gated FLASH, to
delineate the right ventricle of the heart) were obtained in tandem
for defining regions of interest (ROIs). Images were processed using
VivoQuant 4.0 (Invicro). PET and MR images were coregistered
through the use of a PET/MR phantom. This phantom comprised a
capillary tube filled with 10 μL of ∼40 kBq of 22-[18F]FDHA in a
solution, which was securely positioned on the abdomen of the mouse
prior to imaging, serving as a reference point. Three-dimensional
regions of interest (ROIs) were delineated through manual
segmentation, with the MRI image serving as the anatomical
reference. Subsequently, time-activity curves (TAC) were obtained
for each mouse within the ROIs corresponding to the right ventricle
and the brain.
Dynamic PET Kinetic Analysis. For K* estimation, an image-

derived input function (IDIF), as a surrogate for the arterial input
function, was determined for each mouse as described previously36,38

by correcting the TAC of the right ventricle ROI for myocardium
spillover. Briefly, the shape of the TACs for each mouse was scaled to

that of the venous input function (from measurements of whole blood
radioactivity at 5, 10, and 30 min); this scaled IDIF was not corrected
for the radiotracer’s metabolites that do not cross the blood-brain
barrier. Using the spillover-corrected IDIF and the brain TAC for
each mouse, kinetic analysis was performed in MATLAB (version
R2022b) using custom numerical fitting routines. First, the spillover-
corrected IDIF was fitted into an 8-parameter model, which includes a
linear interpolation of the data before the curve’s peak, and the sum of
three decreasing exponentials after the peak. Then, kinetic micro-
parameters (K1, k2, and k3) for the irreversible two-tissue compart-
ment model (Irr2TCM) as well as the blood volume fraction in the
brain ROI (VB), were estimated from the brain TAC using the fitted
IDIF. The value of the K* in the Irr2TCM, which indicates the net
irreversible influx rate of the radiotracer into the brain tissue, was
calculated for each set of mouse dynamic PET data from the fitted
microparameters following eq 1.

* =
+

K
K k

k k
1 3

2 3 (1)

■ RESULTS AND DISCUSSION
Synthesis of 22-Fluordocosahexaenoic Acid (22-

FDHA). For in vitro study of the DHA analogue, we first
aimed to synthesize the nonradiolabeled fatty acid, 22-FDHA.
We accomplished this starting from the methyl ester of a 22-
hydroxylated DHA 10 (Scheme 1), which was prepared by
closely following a previously reported method for the modular
synthesis of ω-hydroxylated PUFAs.39 Briefly, copper-catalyzed
coupling of methyl 4-pentynoate and 4-chlorobutyn-1-ol to
diyne 1, followed by bromination to 2, then another copper-
catalyzed alkyne extension into 3, and a final bromination step
afforded triyne 4. In parallel, the copper-catalyzed coupling of
propargyl alcohol and 3-bromo-1-(trimethylsilyl)-1-propyne to
5, followed by tosylation to 6, then another copper-catalyzed
alkyne extension into 7, and a final desilylation step afforded
triyne 8. After the copper-catalyzed coupling of 4 and 8, the
hexayne 9 was obtained in a modest yield.

Due to the instability of intermediate 9, a controlled partial
hydrogenation was performed immediately using Lindlar’s
catalyst in the presence of 2-methyl-2-butene under H2 gas at
ambient pressure39 to obtain the all-cis derivative 10. The
subsequent tosylation step using p-toluenesulfonyl chloride
under basic anhydrous conditions was performed using crude
10 containing undesired overhydrogenated and incomplete
partial-hydrogenated byproducts to obtain crude 11. However,
we successfully isolated the desired tosylate precursor 11 using
semipreparative reversed-phase HPLC.

Next, the purified tosylate 11 was subjected to nucleophilic
fluorination (Scheme 2).40 The reaction was performed
according to our previous method for the synthesis of
fluorinated AA (20-FAA) using TBAF.36 It should be noted
that, while the desired fluorinated ester 13 was successfully
obtained, only a modest yield (29%) was achieved due to the
formation of the 1,2-elimination product 12 (Scheme 2)
caused by the intrinsic basicity of TBAF.41 Finally, the desired
compound, 22-FDHA, was obtained by hydrolyzing ester 13
using LiOH.
Radiosynthesis of 22-[18F]FDHA. 22-[18F]FDHA was

successfully prepared through radiofluorination (Scheme 2)
with the tosylate 11 by following the procedure for the
synthesis of the 18F-fluorinated arachidonic acid, 20-
[18F]FAA.36 Briefly, a solution of the tosylate 11 in anhydrous
MeCN was treated with a solution of [18F]TBAF in MeCN at
85 °C for 20 min, and then the resulting mixture containing
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the fluorinated ester [18F]13 was treated with 2 M KOH at 85
°C to hydrolyze the intermediate into the free fatty acid. The
probe was isolated from the reaction mixture using a single
pass semipreparative reverse-phase HPLC, affording 22-
[18F]FDHA in high radiochemical purity (>99%), with
1.06−6.37% decay-corrected radiochemical yields (Figure
2A−C). The total synthesis time was about 180 min, including
the HPLC purification time. Specific activity was 18.0−117.4
GBq/μmol (0.486−3.172 Ci/μmol), which is similar to that
previously reported for 20-[18F]FAA.36

LogP and In Vitro Stability. The partition coefficient
(logP) between 1-octanol and PBS of 22-[18F]FDHA was 0.76
± 0.01. The stability in mouse serum at 37 °C at 1, 2, 4, 6, and
8 h and the percent purities were 98.92 ± 0.01, 98.86 ± 0.01,
98.77 ± 0.03, 98.61 ± 0.29, and 98.33 ± 0.45%, respectively
(Figure 2D). After analyzing the stability of the probe in the
buffer formulation developed for use in animal imaging (5 mM
HEPES in saline containing 50 mg/mL BSA), the percent
purity of the probe after 5 h was 95.83 ± 0.23%.
Bioequivalence Assay. We evaluated the ability of 22-

FDHA to mimic DHA by probing whether fluorination at the
ω-position on DHA affects the biochemical role of the natural
fatty acid. DHA is a precursor to various specialized pro-
resolving mediators and is also anti-inflammatory; it is known
to attenuate inflammatory responses of BV-2 microglial cells to
LPS.42,43 Co-treatment of BV-2 cells with LPS and 6 μM DHA
did not show significantly reduced COX-2 expression
compared to the LPS-only controls (Figure 3). However, a
significant reduction was observed for both DHA and 22-
FDHA at 15 μM with no significant difference in COX-2
induction in LPS-treated microglia cotreated with either
compound (p > 0.05). Therefore, it is likely that fluorination
at the ω-position on DHA can preserve the ability of DHA to
be recognized, transported, and metabolized in the brain,
making 22-[18F]FDHA a suitable probe for monitoring DHA
uptake in vivo.

In Vivo Uptake and Stability. To assess the nature of the
radioactive species contributing to the activity in tissues, as a
measure of the in vivo stability of 22-[18F]FDHA, Folch
extraction was performed. In this assay, [18F]fluoride ions and
low molecular-weight metabolites were extracted into the
hydrophilic phase and 22-[18F]FDHA and lipid metabolites
were extracted into the hydrophobic phase. Radioactivity
partitioned into organic, aqueous, and interphase (pellet)
fractions of blood and brain tissue obtained from mice injected
with 22-[18F]FDHA was detected as shown in Table 1. A
significant amount of radioactivity was detected in the
hydrophilic phase obtained from both blood and brain
samples. As observed on radio HPLC (method A, Supporting
Information), two radioactive compounds were present in the
urine collected 30 min p.i. The peak at 3.1 min, which
constitutes approximately 60% of the radioactivity, corre-
sponds to [18F]fluoride ions. The remaining 40% of the
radioactivity was detected from the peak that appeared at 6.8
min, which likely corresponds to a metabolite that is
significantly more hydrophilic than 22-[18F]FDHA. No peak

Figure 2. HPLC profiles of (A) crude reaction mixture of methyl 22-[18F]fluorodocosahexaenoate ([18F]13), (B) crude reaction mixture of 22-
[18F]FDHA, (C) purified 22-[18F]FDHA by semipreparative HPLC, and (D) stability of 22-[18F]FDHA in mouse serum after incubation for 1, 2,
4, 6, and 8 h at 37 °C.

Figure 3.Western blot quantitation of LPS-induced COX-2 induction
in BV2 microglial cells, attenuated by treating with DHA and 22-
FDHA (*p < 0.05 and ***p < 0.001 by one-way ANOVA with
Tukey’s post hoc test).

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.3c00681
ACS Chem. Neurosci. 2023, 14, 4409−4418

4413

https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.3c00681/suppl_file/cn3c00681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.3c00681/suppl_file/cn3c00681_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.3c00681?fig=fig3&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.3c00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


corresponding to the parent probe 22-[18F]FDHA was present
(data not shown) as we observed with 20-[18F]FAA, indicating
that the probe had been cleared as hydrophilic metabolites.28

Ex Vivo Analysis. We have confirmed through auto-
radiography (Figure 4) that activity can be detected in the

brain tissue of a mouse 30 min p.i. with 22-[18F]FDHA. The
uptake and distribution are distinct from those of the brain of
another mouse injected with a similar amount of sodium
[18F]fluoride in the same formulation. This suggests that the
tracer is taken up and accreted into the brain within 30 min.

In addition, we conducted an in vivo uptake study by
administering nonradioactive 22-FDHA via intravenous
injection into C57BL/6 mice. After tissue extraction from
plasma, brain, and liver, we employed multiple reaction
monitoring via LC-MS (Supporting Information) to success-
fully detect free 22-FDHA in these tissues (Figures S1−S3,
Supporting Information). Following a single administration of
22-FDHA, the compound was detectable in both the plasma
and brain after 30 min. Notably, a dose-dependent increase
was observed in both compartments (Table 2), with plasma
levels reaching 10 ng/mL and brain levels reaching 1 ng/g for
the mouse receiving a 1 μg dose. Furthermore, the
administration of a higher dosage of 22-FDHA resulted in a
larger fraction being taken up by the brain, as evidenced by the
elevated brain/plasma ratio (10.5% vs 5.6%) for the 1 μg dose
compared to the 0.5 μg dose.
PET-MR Imaging of 22-[18F]FDHA Brain Uptake In

Vivo. Like 20-[18F]FAA,36 ROI analysis of the dynamic PET
images using 22-[18F]FDHA showed that the probe was mostly
taken up in nonbrain regions such as the liver and kidneys,
with only about 0.5% of the total probe [ca. 1.4% injected dose
per gram (%ID/g), Figure 5A] entering the mouse brain after
30 min. In the brain ROI, we observed for 22-[18F]FDHA a

pattern of a sharp increase followed by a slow, steady increase
in radioactivity (Figure 5B). In our PET imaging experiments
using normal nude mice, marginal increases in radioactivity
were found in brain ROI at 60 min p.i. (ca. 1.6%ID/g, Figure
S4, Supporting Information).
Effect of Arecoline. Arecoline, a muscarinic acetylcholine

receptor agonist, has been shown to increase K* for DHA
(measured by autoradiography) in rodents through the
activation of calcium-independent phospholipase A2
(iPLA2).

23,24,27 DHA is preferentially cleaved from the 2-
position of phospholipids by iPLA, and the activation of the
enzyme is known to affect DHA cycling in the brain.24,44 Thus,
we investigated the effect of arecoline administration on the K*
estimate by 22-[18F]FDHA dynamic PET. Mice were first
pretreated subcutaneously with methylatropine (4 mg/kg), to
reduce systemic effects without affecting K*,27 and then
intravenously injected with a bolus of 22-[18F]FDHA. During
PET acquisition, mice were then intravenously injected with
saline or arecoline in saline (15 mg/kg) at 10 min p.i. of the
probe. The %ID/g measured in the brain ROI at the last time
point (28−30 min) was not significantly different between
control and arecoline-treated mice (Figure 6A,B). However,
there was an apparent increase in the rate of uptake (which
could be revealed by K* estimation) into the brains of mice
after iv injection of arecoline.

Through kinetic modeling of the dynamic PET data, we
found a significantly higher mean DHA K* estimate in mice
injected with arecoline (Figure 6C and Table 3, 160% increase
of mean K* value; p = 0.0016 by Student’s t test); increases
ranging between 68 and 120% for rodents subcutaneously
injected with arecoline were previously reported (Table
3).23,24,27 K* estimates for the control mice studied were
much lower than those determined in unanesthetized mice by
autoradiography using 1-[14C]DHA24 but comparable to values
found for rats23,27 and to values estimated in humans by PET
(Table 3).33,34 The lower values are attributed to the fact that
we did not account for the metabolite fraction in the whole
blood samples used to correct the IDIFs, and radioactivity in
whole blood does not always equate radioactivity in plasma,
which is a factor in the “scaling” of the K* estimates. In
addition, the uptake of fatty acids was monitored in
anesthetized mice.

Table 1. Radioactivity in Fractions Obtained from Folch Extraction in Blood, Brain Tissues, and Urine of Mice (n = 3) 30 min
after i.v. Administration of 22-[18F]FDHAa

Folch extraction

tissue %ID/g organic aqueous interphase

blood 5.2 ± 1.3 61.5 ± 5.5% 33.5 ± 5.4% 4.9 ± 0.6%
brain 1.10 ± 0.2 58.0 ± 2.2% 32.3 ± 3.0% 9.6 ± 1.1%
urine 19.3 ± 2.9

aMean ± SD (n = 3).

Figure 4. Ex vivo brain autoradiography of mice 30 min after injection
of (A) 22-[18F]FDHA (37 MBq) or (B) sodium [18F]fluoride (41
MBq). Scale bar: 5 mm.

Table 2. 22-FDHA Concentrations in Tissues at 30 min after i.v. Injection

22-FDHA concentration 22-FDHA tissue/plasma ratio

plasma (ng/mL) brain (ng/g) liver (ng/g) brain/plasma liver/plasma

mouse 1 (1 μg) 10.16 1.07 0.28 10.5% 2.8%
mouse 2 (0.5 μg) 3.60 0.20 0.16 5.6% 4.4%
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■ CONCLUSIONS
We have successfully developed, synthesized, and characterized
a PET probe, 22-[18F]FDHA, designed for visualizing DHA K*
in the brains of mice. In our cellular studies using the
nonradiolabeled 22-FDHA, we observed that fluorination did
not impact the biological activity of DHA in vitro. Following a

protocol that we have previously employed for PET-MR
imaging with 20-[18F]FAA in mice, we were able to accurately
estimate K* through dynamic PET-MR imaging with 22-
[18F]FDHA. Moreover, we observed the anticipated increase in
the K* value in mice treated with arecoline. Upon successful
translation and validation in human subjects, 22-[18F]DHA

Figure 5. (A) Superimposed PET-MR images of a representative mouse brain at different time points. (B) Time−activity curve of a representative
mouse after i.v. injection of 22-[18F]FDHA.

Figure 6. (A) PET-MR images at the 9−10 and 28−30 min frames for representative mice treated with saline or arecoline. (B) %ID/g over time
for mice treated with saline or 15 mg/kg arecoline (n = 3/group). The mean %ID/g values measured for mice treated with arecoline were not
significantly higher than those of control mice. (C) Incorporation coefficients (K*) estimated by Irr2TCM using each mouse’s TAC as the output
function. 22-[18F]FDHA K* estimates for mice treated with arecoline were significantly higher (**p < 0.01, Student’s t-test) than control mice.

Table 3. Estimates of the Brain Incorporation Coefficient (K*)

K* (×10−3min−1)

methods DHA probes models control arecoline ref

autoradiography 4,5-[3H]DHA rats 1.9 3.3 23

1-[14C]DHA mice 79.9−258.4 175.5−494.9 24

1-[14C]DHA rats 13.9 23.3 27

PET-MR 1-[11C]DHA humans 4.0 33,34

22-[18F]FDHA mice 4.69 ± 1.09a 12.20 ± 0.60a this work
aMean ± SD (n = 3).
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PET holds the potential to serve multiple important purposes,
including (1) identifying factors that influence brain DHA
homeostasis, such as APOE4, aging, exercise, iPLA2 activity,
and the presence of AD pathology; (2) assisting in the
selection of study participants based on their brain DHA
uptake kinetics; and (3) guiding interventions aimed at
improving the delivery of DHA to the brain, which could be
explored as a preventive or therapeutic strategy.
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