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Alzheimer’s disease (AD) is characterized by the extensive deposition of amyloid-b peptide (Ab) in the brain. Brain Ab level is regu-
lated by a balance between Ab production and clearance. The clearance rate of Ab is decreased in the brains of sporadic AD patients,
indicating that the dysregulation of Ab clearance mechanisms affects the pathologic process of AD. Astrocytes are among the most
abundant cells in the brain and are implicated in the clearance of brain Ab via their regulation of the blood–brain barrier, glymphatic
system, and proteolytic degradation. The cellular morphology and activity of astrocytes are modulated by several molecules, including
x3 polyunsaturated fatty acids, such as docosahexaenoic acid, which is one of the most abundant lipids in the brain, via the G pro-
tein-coupled receptor GPR120/FFAR4. In this study, we analyzed the role of GPR120 signaling in the Ab-degrading activity of astro-
cytes. Treatment with the selective antagonist upregulated the matrix metalloproteinase (MMP) inhibitor-sensitive Ab-degrading
activity in primary astrocytes. Moreover, the inhibition of GPR120 signaling increased the levels of Mmp2 and Mmp14 mRNAs, and
decreased the expression levels of tissue inhibitor of metalloproteinases 3 (Timp3) and Timp4, suggesting that GPR120 negatively regu-
lates the astrocyte-derived MMP network. Finally, the intracerebral injection of GPR120-specific antagonist substantially decreased the
levels of TBS-soluble Ab in male AD model mice, and this effect was canceled by the coinjection of an MMP inhibitor. These data
indicate that astrocytic GPR120 signaling negatively regulates the Ab-degrading activity of MMPs.
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Significance Statement

The level of amyloid b (Ab ) in the brain is a crucial determinant of the development of Alzheimer’s disease. Here we found
that astrocytes, which are the most abundant cell type in the CNS, harbor degrading activity against Ab , which is regulated
by GPR120 signaling. GPR120 is involved in the inflammatory response and obesity in peripheral organs. However, the patho-
physiological role of GPR120 in Alzheimer’s disease remains unknown. We found that selective inhibition of GPR120 signal-
ing in astrocytes increased the Ab -degrading activity of matrix metalloproteases. Our results suggest that GPR120 in
astrocytes is a novel therapeutic target for the development of anti-Ab therapeutics.
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Introduction
Alzheimer’s disease (AD) is the most common neurodegenera-
tive disorder among the dementias. It is characterized by the
extensive deposition of amyloid-b peptide (Ab ) as senile pla-
ques in the brain. Ab is mainly secreted from neuronal cells by
the proteolytic processing of amyloid precursor protein (APP).
This processing is performed sequentially by b -site APP cleaving
enzyme 1 (BACE1) and g -secretase. Genetic analyses demon-
strated that many autosomal-dominant AD mutations aug-
ment Ab production or aggregation (Kikuchi et al., 2017;
Tomita, 2017), and the point mutation encoding for A673T
in Ab sequence protects against AD and cognitive decline
in older people without AD (Jonsson et al., 2012). In spo-
radic patients, whereas Ab production was found to be
unaltered, the clearance rate of brain Ab was significantly
decreased (Mawuenyega et al., 2010). Thus, the dysregulation
of Ab clearance affects brain Ab level, the deposition of
senile plaques, and the pathologic process of AD. Recently,
the pathophysiological contribution of astrocytes in Ab
clearance has been highlighted. Astrocytes modulate the

blood–brain barrier, phagocytic activity, the glymphatic
system, and activities of Ab -degrading enzymes (Saido
and Leissring, 2012; Ries and Sastre, 2016). However, the
precise regulatory mechanism of Ab -degrading enzymes
remains unclear.

The brain is a lipid-enriched organ in the body. Lipids
account for about half of the dry weight of the brain (O’Brien
and Sampson, 1965; Liu et al., 2015), and include polyunsatu-
rated fatty acids (PUFAs). PUFAs are mostly esterified and exist
in the cellular membrane, and are partially released from the
membrane by the activity of phospholipases. These unesterified
PUFAs and their metabolites function as lipid mediators, and
transduce various cellular signaling pathways via their cognate
receptors (Ishihara et al., 2019). Epidemiological studies have
shown that a high consumption of v3 PUFAs, such as docosa-
hexaenoic acids (DHA), is associated with a reduced risk of AD
(Morris et al., 2003). Many studies also suggested the multifunc-
tional beneficial effects of v3 PUFAs on AD (Bazinet and Layé,
2014). DHA in the cellular membrane prevents Ab -induced
neuronal apoptosis by activation of the extracellular signal-

Table 1. Primer sequences for qRT-PCR

Gene ID Full name Forward primer sequence Reverse primer sequence

Ace Angiotensin-converting enzyme GAGCTGGAGAGACAAGGTGG GTGTAGCCATTGAGCTTGGC
Apeh Acylpeptide hydrolase GCTCTTCCTGTATGACTGGTACAC ACCGAGTCGAAGACCACTCT
Bsg Basigin CGAAGTACATAGTGGACGCAGA CATCGGACTTGCAGACCAGT
Ctsb Cathepsin B CCGAACCTGCATTCACACCA AAGCAGCCTACATGAGAATTGTAGA
Ctsd Cathepsin D CCTTCGCGATTATCAGAATCCCTC ACGACTGTGAAACACTGCGG
Gpr120 Gpr120 TTGTGACTTTGAACTTCCTGGTG GTATGCCAAGCTCAGCGTAAG
Gapdh Glyceraldehyde 3-phosphate dehydrogenase AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Ide Insulin-degrading enzyme CCACGAGGCTATACGTCCAA AAACTATTGCCACCCGCACA
Klk7 Kallikrein-related peptidase 7 ACTCCACAAAGACCCACGTC CGAGGGAAAGGTCACGTCTG
Mbp Myelin basic protein GGCATCCTTGACTCCATCGG TCCTTGTACATGTGGCACAGC
Mme Membrane metallo-endopeptidase AACTTTGCCCAGGTGTGGTG AAAGGCATCTGCAAACTCGG
Mmel1 Membrane metalloendopeptidase-like 1 CCACCGAATGGACCTGATGG GCATGGTCCGTGCTGAGTAG
Mmp14 MMP 14 CCAAGGCAGCAACTTCAGC GTGAGCGTTGTGTGTGGGTA
Mmp2 MMP 2 CAAGTTCCCCGGCGATGTC TTCTGGTCAAGGTCACCTGTC
Mmp9 MMP 9 GCGTCATTCGCGTGGATAAG CCTGGTTCACCTCATGGTCC
Plat Tissue-type plasminogen activator AGCGAGGACTGCTATGTTGG TCACCATCTGGATTCCGACAA
Plg Plasminogen CAGATTCCTCAGTTCCACCAGA AGTTCATCTCCAAGCCAGCA
Timp1 TIMPs 1 AGACACACCAGAGCAGATACC TGGTATAAGGTGGTCTCGTTGATT
Timp2 TIMPs 2 AGTGCAAGATCACTCGCTGT CGCGCAAGAACCATCACTTC
Timp3 TIMPs 3 TGCCTTCTGCAACTCCGAC TGAAGCCTCGGTACATCTTCATC
Timp4 TIMPs 4 TTGACTGGCCAGATTCTCAGT GCACTGCATAGCAAGTGGTG
Ace Angiotensin-converting enzyme GAGCTGGAGAGACAAGGTGG GTGTAGCCATTGAGCTTGGC
Apeh Acylpeptide hydrolase GCTCTTCCTGTATGACTGGTACAC ACCGAGTCGAAGACCACTCT
Bsg Basigin CGAAGTACATAGTGGACGCAGA CATCGGACTTGCAGACCAGT
Ctsb Cathepsin B CCGAACCTGCATTCACACCA AAGCAGCCTACATGAGAATTGTAGA
Ctsd Cathepsin D CCTTCGCGATTATCAGAATCCCTC ACGACTGTGAAACACTGCGG
Gpr120 Gpr120 TTGTGACTTTGAACTTCCTGGTG GTATGCCAAGCTCAGCGTAAG
Gapdh Glyceraldehyde 3-phosphate dehydrogenase AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Ide Insulin-degrading enzyme CCACGAGGCTATACGTCCAA AAACTATTGCCACCCGCACA
Klk7 Kallikrein-related peptidase 7 ACTCCACAAAGACCCACGTC CGAGGGAAAGGTCACGTCTG
Mbp Myelin basic protein GGCATCCTTGACTCCATCGG TCCTTGTACATGTGGCACAGC
Mme Membrane metallo-endopeptidase AACTTTGCCCAGGTGTGGTG AAAGGCATCTGCAAACTCGG
Mmel1 Membrane metalloendopeptidase-like 1 CCACCGAATGGACCTGATGG GCATGGTCCGTGCTGAGTAG
Mmp14 MMP 14 CCAAGGCAGCAACTTCAGC GTGAGCGTTGTGTGTGGGTA
Mmp2 MMP 2 CAAGTTCCCCGGCGATGTC TTCTGGTCAAGGTCACCTGTC
Mmp9 MMP 9 GCGTCATTCGCGTGGATAAG CCTGGTTCACCTCATGGTCC
Plat Tissue-type plasminogen activator AGCGAGGACTGCTATGTTGG TCACCATCTGGATTCCGACAA
Plg Plasminogen CAGATTCCTCAGTTCCACCAGA AGTTCATCTCCAAGCCAGCA
Timp1 TIMPs 1 AGACACACCAGAGCAGATACC TGGTATAAGGTGGTCTCGTTGATT
Timp2 TIMPs 2 AGTGCAAGATCACTCGCTGT CGCGCAAGAACCATCACTTC
Timp3 TIMPs 3 TGCCTTCTGCAACTCCGAC TGAAGCCTCGGTACATCTTCATC
Timp4 TIMPs 4 TTGACTGGCCAGATTCTCAGT GCACTGCATAGCAAGTGGTG

6174 • J. Neurosci., July 14, 2021 • 41(28):6173–6185 Kikuchi et al. · Ab Degradation Controlled by GPR120



regulated kinase (ERK) pathway (Florent et al., 2006; Kim et al.,
2010). Additionally, neuroprotectin D1, a lipid mediator derived
from DHA (Schwab et al., 2007), suppressed Ab production via
peroxisome proliferator-activated receptor g (Zhao et al., 2011).
Other reports suggested that DHA induces the differentiation,
inflammatory response, and morphologic changes of astrocytes
(Heras-Sandoval et al., 2016; Das and Das, 2019; Yu et al., 2020).
However, the effects of v3 PUFAs on the Ab -degrading activity
of astrocytes are not well characterized.

v3 PUFAs activate the GPCR GPR120/FFAR4 (Hirasawa et
al., 2005; Oh and Olefsky, 2016). GPR120 is widely expressed in
various tissues, including the gastrointestinal tract, adipose tis-
sue, and brain. GPR120 signaling facilitates the activities of glu-
cagon-like peptide-1 in the gut (Hirasawa et al., 2005), promotes
adipogenesis in adipose tissue (Gotoh et al., 2007; Hilgendorf
et al., 2019), and suppresses the activation of the macro-
phages induced inflammatory response (Oh et al., 2010).
Thus, the therapeutic potential of GPR120 has focused on
Type 2 diabetes (Oh and Olefsky, 2016; Milligan et al., 2017).
Moreover, recent studies showed that GPR120 is expressed
in astrocytes, microglia, and neuronal cells (Ren et al., 2019),
and DHA treatment regulates the morphology of astrocytes
via GPR120 signaling (Das and Das, 2019). However, the
association between GPR120 and Ab clearance by astrocytes
remains unclear. Therefore, in this study, we analyzed the
mechanism by which GPR120 signaling regulates the Ab -
degrading activity of astrocytes.

Materials and Methods
Cell culture and compounds. All cells used in this report were cul-

tured in DMEM with high glucose (Wako) containing 10% heat-inacti-
vated FBS (Hyclone), 50 unit/ml penicillin (Wako), and 50 units/ml
streptomycin (Wako) at 37°C in humidified 5% CO2 air (Tomita et al.,
1997; Kidana et al., 2018). Primary glial cells, mainly comprised of astro-
cytes, were obtained as previously described with some modifications
(Fukumoto et al., 1999; Kidana et al., 2018). Briefly, we isolated cere-
brum from postnatal day 2 mice of either sex in ice-cold HBSS(–)
(Wako). The cerebrum was suspended in HBSS containing 0.25% tryp-
sin, 0.1ml/ml DNase (Nippon Gene), 0.8 mM MgSO4 (Kanto), and 1.85
mM CaCl2 (Kanto) at 37°C for 15min. The obtained cell suspension was
passed through a 100mm cell strainer (Falcon) and centrifuged with cul-
ture medium. The cell pellet was resuspended in culture medium and
seeded on cell culture plate. The culture medium was renewed at 4 DIV
and thereafter every 2-3 d. 7PA2 cell (Podlisny et al., 1995), a cell line
obtained by transfecting human APP751 with V717F mutation to
Chinese hamster ovary cells, was kindly provided by Dr. Edward Koo
(University of California, San Diego). The conditioned medium (CM) of
7PA2 cells (7PA2 CM) cultured at confluency for 2 d was collected and
centrifuged at 6000� g for 10min at 4°C to remove cell debris. Then,
Ab 40 level in 7PA2 CM was determined by ELISA (Human/Rat b
Amyloid(40) ELISA Kit Wako II, Wako, catalog #294-64701). Cell via-
bility was checked by using alamarBlue Cell Viability Reagent (Thermo
Fisher Scientific, catalog #DAL1025). Docosahexaenoic acid (Cayman
Chemical, catalog #90310), compound A (Cayman Chemical, catalog
#16624), AH7614 (Focus Biomolecules, catalog #10-1521), and GM6001
(Enzo Life Science, catalog #BML-EI300-0005) were purchased from the
indicated suppliers.

Immunologic methods. Samples were dissolved in Laemmi sample
buffer (final concentration: 2% SDS, 80 mM Tris-HCl pH 6.8, 10%
glycerol, 0.0025% Brilliant green [Wako], 0.00625% Coomassie
Brilliant Blue G250 [Nacalai Tesque]) and boiled for 5min at 100°C.
For detection of membrane proteins in 2% Triton X-100-soluble
fraction extracted from mouse hippocampus, samples were incu-
bated 5min at 65°C instead of boiling. Western blotting was per-
formed as described previously (Tomita et al., 1997; Kidana et al.,

2018). Ab 40 and Ab 42 derived from 7PA2 CM were detected by
SDS-PAGE using acrylamide gel containing 8 M urea (urea/SDS-
PAGE), as described previously (Qi-Takahara et al., 2005; Ohki et
al., 2011). For assessment of immunoreactivity, chemical fluores-
cence of ImmunoStar detection kit (Wako, catalog #291-55203) or
Supersignal West Femto (Pierce, catalog #34096) was detected by
Image Quant LAS 4000 (GE Healthcare). Signal intensity was quan-
tified by ImageQuant TL software (GE Healthcare). For Ab -degrad-
ing assay, DIV12-DIV14 primary astrocytes were treated 20 nM

synthetic human Ab 40 (Peptide Institute, catalog #4307-v) or 7PA2
CM (final Ab 40 concentration: 2 nM) with compounds (Kidana et
al., 2018). After indicated times, levels of remaining Ab were ana-
lyzed by Western blotting. The antibodies for the Western blotting
were the following: anti-human Ab (82E1, IBL, catalog #10323,
1:2500 dilution), anti-a-tubulin (DM1A, Sigma Millipore, catalog
#T9026, 1:5000 dilution), anti-human sAPPb -sw (6A1, IBL, catalog
#10321, 1:200), anti-BACE1 (BACE1(c), Wako, catalog #18711,
1:1000 dilution), and anti-Na1/K1-ATPase (a6F, DSHB, RRID: AB_
528092, 1:1000 dilution).

qRT-PCR. Total RNA was extracted from cells using Isogen
(Nippon Gene, catalog #311-02501). Then, cDNA synthesis from
total RNA was performed using ReverTra Ace qPCR RT Master Mix
with gDNA Remover (Toyobo, catalog #FSQ-301) according to the
supplier’s instruction. cDNA mixed with gene-specific primers and
Thunderbird SYBR qPCR Mix (Toyobo, catalog #QPS-201), and
qRT-PCR was run on LightCycler 480 Instrument (Roche). The
PCR condition was as follows: 1 cycle of denaturation (95°C, 1min);
50 cycles of denaturation (95°C, 10 s), annealing (60°C, 30 s), and
extension (72°C, 1min). Specificity was confirmed by melting curve
analysis and agarose gel electrophoresis. The sequences of primers
used qRT-PCR are listed in Table 1.

Preparation of lentiviral short hairpin RNA. pLKO.1-puro vector (a
gift from Bob Weinberg, Addgene plasmid #8453; http://n2t.net/
addgene:8453; RRID:Addgene_8453) is lentiviral vector for small inter-
fering RNA expression encoding puromycin resistance gene under the
human phosphoglycerate kinase promoter (Stewart et al., 2003). We
removed the puromycin resistance gene from this vector and
inserted EGFP gene to construct the pLKO.1-EGFP vector (Chiu et
al., 2020). Short hairpin RNA (shRNA) sequences were cloned into
pLKO.1-EGFP according to the protocol by Addgene. The sequen-
ces of primers used for plasmid construction are listed in Table 2.
Two different shRNA sequences (#1 and #2) were designed for each
gene, based on GPP Web Portal site (https://portals.broadinstitute.
org/gpp/public/) and Invitrogen BLOCK-iT RNAi Designer

Table 2. The sequences of primers for lentiviral shRNA constructs

shRNAs Primer sequencea

shLuci CCGGCTTACGCTGAGTACTTCGACTCGAGTCGAAGTACTCAGCGTAAGTTTTTG
AATTCAAAAACTTACGCTGAGTACTTCGACTCGAGTCGAAGTACTCAGCGTAAG

shGpr120 #1 CCGGCGAAATGACTTGTCTGTTATTCTCGAGAATAACAGACAAGTCATTTCGTTTTTG
AATTCAAAAACGAAATGACTTGTCTGTTATTCTCGAGAATAACAGACAAGTCATTTCG

shGpr120 #2 CCGGCCCAACCGCATAGGAGAAATCTCATCTCGAGATGAGATTTCTCCTATGCGGTT
GGGTTTTTG

AATTCAAAAACCCAACCGCATAGGAGAAATCTCATCTCGAGATGAGATTTCTCCTA
TGCGGTTGGG

shMmp2 #1 CCGGGCTGAAAGATACCCTCAAGAACTCGAGTTCTTGAGGGTATCTTTCAGCTTTTTG
AATTCAAAAAGCTGAAAGATACCCTCAAGAACTCGAGTTCTTGAGGGTATCTTTCAGC

shMmp2 #2 CCGGGCTGTGTTCTTCGCAGGGAATCTCGAGATTCCCTGCGAAGAACACAGCTTTTTG
AATTCAAAAAGCTGTGTTCTTCGCAGGGAATCTCGAGATTCCCTGCGAAGAACACAGC

shMmp9 #1 CCGGGAGGCATACTTGTACCGCTATCTCGAGATAGCGGTACAAGTATGCCTCTTTTTG
AATTCAAAAAGAGGCATACTTGTACCGCTATCTCGAGATAGCGGTACAAGTATGCCTC

shMmp9 #2 CCGGCCACTTACTATGGAAACTCAACTCGAGTTGAGTTTCCATAGTAAGTGGTTTTTG
AATTCAAAAACCACTTACTATGGAAACTCAACTCGAGTTGAGTTTCCATAGTAAGTGG

shMmp9 #1 CCGGGCAGTGATGAAGTCTTCACATCTCGAGATGTGAAGACTTCATCACTGCTTTTTG
AATTCAAAAAGCAGTGATGAAGTCTTCACATCTCGAGATGTGAAGACTTCATCACTGC

shMmp9 #2 CCGGCCATCAATACTGCCTACGAAACTCGAGTTTCGTAGGCAGTATTGATGGTTTTTG
AATTCAAAAACCATCAATACTGCCTACGAAACTCGAGTTTCGTAGGCAGTATTGATGG

aUpper, forward primer; lower, reverse primer.
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(https://rnaidesigner.thermofisher.com/rnaiexpress/). The sequence
of control shRNA targeting luciferase (shLuci) was designed with
reference to the previous report (Lewis et al., 2002). For production
of recombinant lentiviral particle, LentiX-293T cells (Takara Bio)

were transiently transfected packaging plasmids (pCAG-KGP4.1R,
pCAG4-RTR2, and pCAGS-VSVG; a gift from Dr. Haruhiko Bito,
The University of Tokyo) with pLKO.1-EGFP containing shRNA
sequences using PEI (Okuno et al., 2012; Miyagawa et al., 2016;

Figure 1. AH7614 treatment induced Ab -degrading activity in primary astrocytes. A, Schematic depiction of the Ab -degrading assay. DIV12 to DIV14 primary astrocytes were treated with
compounds and Ab (synthetic Ab 40 or 7PA2 CM) for 48 h. Then, the level of remaining Ab in the mixture was analyzed by Western blotting. B, Degradation of synthetic Ab 40 by primary
astrocytes treated with DHA and with or without AH7614. A representative Western blot and quantified results are shown (n= 4, mean6 SD, Dunnett test vs 0 mM DHA). C, Degradation of
synthetic Ab 40 by primary astrocytes treated with CpdA, with or without AH7614. Representative Western blot and quantified results are shown (n= 3, mean6 SD, Dunnett test vs 0 mM

CpdA). D, The cell viability was measured by using alamarBlue under the condition in B (n= 3, mean 6 SD, Dunnett test vs 0 mM DHA). E, The cell viability was measured by using
alamarBlue under the condition in C (n= 3, mean6 SD, Dunnett test vs 0 mM CpdA). F, Representative Western blot of the remaining level of 7PA2 CM-derived Ab species after incubation
with CM of primary astrocytes treated with AH7614. G, Quantified results of the remaining Ab 40 from 7PA2 cells (n= 4, mean 6 SD, Student t test vs the Vehicle group). H, Quantified
results of the remaining Ab 42 from 7PA2 cells (n= 4, mean 6 SD, Student t test vs the Vehicle group). I, The cell viability was measured by using alamarBlue under the condition in F-H
(n= 4, mean6 SD, Student t test vs the Vehicle group).
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Chiu et al., 2020). After 6 h, medium was refreshed. Thereafter,
medium was collected and refreshed daily for 2 d. The lentiviral
particle in medium was concentrated using Lenti-X concentrator
(Takara Bio, catalog #631231) and resuspended in DMEM. For
knockdown in primary astrocytes, the lentiviral particles were
infected at DIV5. Two days after infection, the medium was
changed, and the infected cells were cultured for the indicated
period.

Animals. All experiments using animals were performed according to
the guidelines provided by the Institutional Animal Care Committee of
Graduate School of Pharmaceutical Sciences, The University of Tokyo
(Protocol P29-30 and P30-3). APP/PS1 mice (B6.Cg-Tg(APPswe,
PSEN1dE9)85Dbo/Mmjax, The Jackson Laboratory, JAX mouse #005864)
express a chimeric mouse/human APP with the Swedish mutation
(K670M/K671L) and human PSEN1 gene with exon 9 deletion under the
murine prion promoter (Jankowsky et al., 2004).

Injection of compounds into mice hippocampi. Injection of com-
pounds into mouse hippocampus was performed as described

previously (Hori et al., 2015; Kidana et al., 2018). Briefly, 4 ml of
100 mM AH7614 and 2% DMSO (vehicle) in PBS, respectively, was
injected at 0.3 ml/min into the right and left hippocampus (AP:
�2.0 mm from bregma, ML: 61.5 mm from midline, DV: �1.7 mm
below brain surface) in 12- to 15-month-old male APP/PS1 mice
(n = 7). Twenty-four hours after injection, injected sides of hippo-
campi were collected from these mice. The change of protein level
by AH7614 injection was compared between the left and right hip-
pocampi of individual mice.

Brain extraction and fractionation. Mice hippocampi were homoge-
nized in extraction buffer and centrifuged at 246,200� g for 20min
(stepwise). The extraction buffers for each step were the following: first
step: TBS, 0.05 M Tris, 0.15 M NaCl, 0.02 tab/ml cOmplete (Roche), 0.1
tab/ml PhosSTOP (Roche), adjusted pH 7.6 by HCl); second step: 2%
Triton X-100 in TBS; third step: 2% SDS in TBS. The 2% SDS-insoluble
fraction was sonicated in 70% formic acid and centrifuged at 246,200� g
for 20min. Then, the resultant supernatant was freeze-dried for 2 h
using Savant RVT5105 (Thermo Fisher Scientific). The pellet was dis-
solved in DMSO. Protein concentration of each fraction was determined
by BCA protein assay (Thermo Fisher Scientific).

Data availability. Two public RNAseq datasets were obtained from
AMP-AD Knowledge Portal (https://www.synapse.org/#!Synapse:
syn2580853) as previously described (Allen et al., 2016; Wang et al.,
2018): the Mayo sample set and Mount Sinai Brain Bank (MSBB)
studies. The Mayo study comprises temporal cortex samples from 164
subjects with the following pathologic diagnosis: 84 patients with AD
and 80 controls. We assessed the expression levels of tissue inhibitor
of the metalloproteinases 3 (TIMP3), TIMP4, matrix metalloprotei-
nase 2 (MMP2), MMP9, MMP14, and FFAR4 in the temporal cortex
between AD patients and controls by a simple model (syn6090804)
adjusting for key covariates: age at death, gender, RNA integrity num-
ber (RIN), source, and flow cell. For the MSBB study, we obtained
clinical information of each subject, RNAseq covariates, and normal-
ized RNA read counts of above targets (syn7391833). As described in
the previous report (syn20801188), gene level expression (read counts)
was corrected for known covariates factors, including postmortem inter-
val, race, batch, sex, RIN, and exonic rate to remove the confounding
effects. The trimmed mean of M values normalization method was used
to estimate scaling factors and adjust for differences in library sizes. We
selected 201 samples of the parahippocampal gyrus (Brodmann area 36)
from subjects and excluded the samples without the information of the
Braak NFT stage. These data were applied and analyzed using Python
Jupyter Notebook. The comparison of expression levels of TIMP3,
TIMP4,MMP2,MMP9,MMP14, and FFAR4 was performed among dif-
ferent categories described as follows: We divided samples into two cate-
gories, healthy control subjects and AD patients, depending on the NP.1
stage, neuropathology category as measured by CERAD.

Statistical analysis. Data are presented as mean values, and error
bars indicate SD. For data analysis, paired t test, Student’s t test,
Tukey test, and Dunnett test were performed using KyPlot
(KyensLab) or Excel (Microsoft) software. For analysis of RNAseq
datasets, Mann–Whitney U test, Kruskal–Wallis test with Dunn’s
post hoc analysis, and Kendall rank correlation were performed to
compare the gene expression levels. A p value, 0.05 was consid-
ered to have a significant difference.

Result
Treatment of GPR120-selective antagonist upregulated the
Ab-degrading activity of primary astrocytes
GPR120 is abundantly expressed in the gastrointestinal tract
(Hirasawa et al., 2005). Recent analyses demonstrated that
GPR120 is also expressed in the brain (Dragano et al., 2017;
Ren et al., 2019). We also confirmed the expression of en-
dogenous GPR120 in primary glial cells, mainly comprised
of astrocytes (see below in Fig. 3D). To investigate whether
GPR120 signaling affects the Ab -degrading activity of
astrocytes, we analyzed the effects of DHA, the GPR120-

Figure 2. AH7614 treatment affected the expression levels of Ab -degrading enzymes
and associated factors. The mRNA expression levels of known Ab -degrading enzymes and
their activators (A,B) and TIMPs (C) in primary astrocytes treated with 50 mM AH7614 and
7PA2 CM for 24 h were quantified by qRT-PCR (n= 4, mean 6 SD, Student t test vs the
Vehicle group). The mRNA expression of Plau encoding plasminogen, Klk5 encoding kallik-
rein-related peptidase 5, and Spink5 encoding endogenous inhibitor for KLKs was undetect-
able in primary astrocytes.
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selective agonist compound A (CpdA) (Oh et al., 2014), and
the GPR120-selective antagonist AH7614 (Sparks et al., 2014;
Watterson et al., 2017) on the Ab -degrading assay using synthetic
human Ab 40 (Kidana et al., 2018) (Fig. 1A). Although treatment
with DHA or CpdA showed no effects, treatment with AH7614
significantly decreased the levels of remaining Ab in the CM (Fig.
1B,C) without affecting the cell viability (Fig. 1D,E). Moreover,

AH7614 treatment significantly enhanced the degrading activity
of astrocytes for various Ab species in the CM of 7PA2 cells,
which stably express mutant human APP and secrete a robust
amount of several Ab species (Podlisny et al., 1995) (Fig. 1F–I).
These results suggested that the inhibition of GPR120 in astrocytes
upregulated the degrading activity of not only synthetic Ab , but
also naive Ab species secreted from the cultured cells.

Figure 3. GM6001 treatment abolished the Ab -degrading activity induced by suppression of GPR120 signaling. A, Representative Western blot of the remaining levels of 7PA2 CM-derived
Ab 40 and Ab 42 in the mixture of CM from primary astrocytes treated with 50 mM AH7614 with or without 25 mM GM6001 for 48 h. B, Quantified results of the remaining Ab 40 and
Ab 42 in A (n= 4, mean6 SD, Tukey test). C, The cell viability was measured by using alamarBlue under the condition in A, B (n= 3, mean6 SD, Tukey test). D, Seven days after infection
of lentiviral shRNAs for luciferase (shLuci) or two different target sequences in Gpr120 (shGpr120 #1 or #2), Gpr120 expression levels in primary astrocytes were quantified by qRT-PCR (n= 3,
mean6 SD, Dunnett test vs the shLuci group). E, The cell viability was measured by using alamarBlue under the condition in F, G (n= 4, mean6 SD, Tukey test). F, At DIV12, Gpr120-knock-
down primary astrocytes were treated with 7PA2 CM and with or without 25 mM GM6001. After 96 h, the remaining level of 7PA2 CM-derived Ab 40 and Ab 42 in CM was quantified by
Western blotting. G, Quantified results of F (n= 14, mean6 SD, Tukey test).
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GPR120 regulated the Ab-degrading activity regulated by
MMP14
Next, we analyzed the expression levels of mRNAs of known
degrading enzymes for extracellular Ab in AH7614-treated

primary astrocytes (Saido and Leissring, 2012; Ries and Sastre,
2016; Kidana et al., 2018). No change was observed in the expres-
sion level of Apeh (Yamin et al., 2007), Ctsd (Hamazaki, 1996;
McDermott and Gibson, 1996), Ide (Qiu et al., 1998), Klk7

Figure 4. MMP14 knockdown, but neither MMP2 nor MMP9 knockdown, suppressed the Ab -degrading activity induced by AH7614 treatment. Seven days after infection of lentiviral
shRNAs targeting luciferase, Mmp2 (A-C), Mmp9 (D-F), and Mmp14 (G-I) into primary astrocytes, mRNA expression levels were quantified by qRT-PCR (n= 3, mean 6 SD, Dunnett test vs
shLuci group) (A,D,G). At DIV12, the infected primary astrocytes were treated with 7PA2 CM and with 50 mM AH7614 for 48 h. Then, the remaining levels of 7PA2 CM-derived Ab 40 and
Ab 42 in the CM of each sample were analyzed by Western blotting (B,E,H). C, F, I, Quantified results (n= 9, mean6 SD, Tukey test). The cell viability was measured by using alamarBlue
under the condition in B, C (J, n= 4, mean6 SD, Tukey test), in E, F (K, n= 4, mean6 SD, Tukey test), and in H, I (L, n= 4, mean6 SD, Tukey test).
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(Kidana et al., 2018), Mbp (Liao et al., 2009), Mmel1 (Shirotani
et al., 2001), or Tpa (Van Nostrand and Porter, 1999) mRNA
(Fig. 2A). In addition, levels of Ace (Hu et al., 2001) and Mme
(Shirotani et al., 2001) mRNAs were significantly decreased (Fig.
2A). In contrast, AH7614 treatment increased the mRNA levels
of the Ab -degrading MMPs Mmp2 (Roher et al., 1994), Mmp9
(P. Yan et al., 2006), andMmp14 (Liao and Van Nostrand, 2010)
(Fig. 2B). We also found that the expression levels of Timp3 and
Timp4 mRNAs, which encode TIMP3 and TIMP4, respectively,
were decreased by AH7614 treatment (Fig. 2C). In contrast, the
expression of Bsg, encoding extracellular MMP inducer, was
decreased (Agrawal and Yong, 2011) (Fig. 2B). These data sug-
gested that AH7614 regulated the expression of a variety of genes
in astrocytes. Among them, we focused on the activities of
MMPs, which are Ab -degrading enzymes that demonstrated
increased activity by AH7614 treatment. Supporting this notion,
GM6001, a broad-spectrum MMP inhibitor, abolished the Ab -
degrading activity induced by AH7614 without affecting the cell
viability (Fig. 3A–C). Then, we analyzed the effects of the knock-
down of GPR120 in astrocytes by a recombinant lentivirus
expressing shRNA targeting Ffar4, which encodes GPR120 (Fig.
3D). We confirmed that Ab -degrading activity in primary astro-
cytes was significantly increased by Ffar4 knockdown without
any cell toxicity, and this activity was inhibited by GM6001 treat-
ment (Fig. 3E–G). Thus, GPR120 signaling negatively controlled
the Ab -degrading activity of MMP family proteins in astrocytes.

Among the Ab -degrading MMPs, MMP2 and MMP9 are
secreted MMPs, whereas MMP14/MT1-MMP is a membrane-
tethered protease (Beroun et al., 2019; Rivera et al., 2019).
MMP2 and MMP9 have similar substrate preferences to gelati-
nases. MMP14 is known as collagenase and activates MMP2 by
cleaving the prodomain of MMP2 on the cell surface. Moreover,
TIMP3 is an effective inhibitor of MMP14, suggesting the com-
plexity and redundant nature of MMPs. To clarify which MMP
activity is crucial for GPR120-regulated Ab -degrading activity,
we analyzed Ab degradation by primary astrocytes infected with
a recombinant lentivirus expressing shRNA against each MMP.
We found that knockdown of neither Mmp2 (Fig. 4A–C,J) nor
Mmp9 (Fig. 4D–F,K) affected AH7614-induced Ab degradation.
In contrast,Mmp14 RNAi abolished the effects of AH7614 with-
out any cell toxicity (Fig. 4G–I,L). These results indicated that
the inhibition of GPR120 signaling upregulated the MMP14-de-
pendent Ab -degrading activity.

We further analyzed the expression profiles of FFAR4,
MMP2, MMP9, MMP14, TIMP3, and TIMP4 mRNAs in AD
brains using two public RNAseq datasets deposited in the accel-
erating medicines partnership-Alzheimer’s disease (AMP-AD)

knowledge portal, namely, the Mayo RNAseq (MayoRNAseq)
and MSBB AD cohorts (Allen et al., 2016; Wang et al., 2018). In
the Mayo sample set, we found that the levels of TIMP3, MMP9,
and MMP14 mRNA were increased in the temporal cortex of
AD patients (Table 3). In contrast, FFAR4 mRNA level was sig-
nificantly decreased. Consistent with this, in the analysis of the
MSBB, we confirmed the increased expression level of MMP14,
whereas the level of FFAR4mRNA was significantly decreased in
Brodmann area 36 of AD patients, including in the parahippo-
campal gyrus (Fig. 5A). Furthermore, we found that FFAR4
mRNA levels negatively correlated with MMP14 mRNA levels
(Fig. 5B). Collectively, these data strengthen our findings that the
downregulation of GPR120 signaling in astrocytes is associated
with the increased expression of Ab -degrading MMP proteins,
and thus with its involvement in AD pathology.

Intracerebral injection of GPR120-selective antagonist
upregulated Ab-degrading activity by MMP in ADmodel
mice
As the brain contains high concentrations of v3 PUFAs,
GPR120 signaling is expected to be constitutively activated in the
brain. The in vitro experiments described above prompted us to
investigate whether the inhibition of GPR120 in vivo effectively
reduces brain Ab levels. To test this, AH7614 was injected
into the right hippocampus of 12- to 15-month-old APP/PS1
mice, which coexpress mutant APP and presenilin 1 (Jankowsky
et al., 2004) (Fig. 6A). Ab deposition in these mice starts
from ;6 months old and reaches a plateau at 12 months old
(Minkeviciene et al., 2008; Jackson et al., 2013). Twenty-
four hours after injection, hippocampi were fractionated
into the TBS-soluble fraction, Triton X-100-soluble fraction,
SDS-soluble fraction, and SDS-insoluble fraction. Then, the Ab
level in each fraction was analyzed. TBS-soluble Ab levels in
AH7614-injected hippocampi were significantly decreased by
;30% (Fig. 6B,C). The Triton X-100-soluble fraction contained
no detectable Ab . Ab levels in the SDS-soluble fraction and
SDS-insoluble fraction were unchanged by AH7614 injection
(Fig. 6D,E). In addition, AH7614 injection showed no effects on
the protein levels of APP, BACE1, sAPPb , and C99, indicating
that the Ab production machinery was not altered by the inhibi-
tion of GPR120 signaling (Fig. 6F). Moreover, the coinjection of
GM6001 with AH7614 abolished the induced Ab degradation in
the APP/PS1 mouse brain in a similar manner to that observed
in primary astrocytes (Fig. 6G). These results indicated that the
inhibition of GPR120 signaling in the brains of APP/PS1 mice
upregulates the MMP-mediated degradation of soluble Ab .

Discussion
In this study, we found that inhibition of GPR120 signaling in
astrocytes increased Ab degradation by MMP proteins (Fig. 7).
Both antagonist treatment and RNAi experiments augmented
Ab -degrading activity, which was sensitive to the pan-MMP in-
hibitor GM6001. Importantly, knockdown of Mmp14, which is
an Ab -degrading protease and activator of other MMPs, abol-
ished the AH7614-induced Ab degradation. Moreover, expres-
sion levels of MMP14 and FFAR4, the latter encoding GPR120,
were negatively correlated in the human brain. Finally, we dem-
onstrated that the inhibition of GPR120 signaling in the brains of
AD model mice significantly reduced Ab levels, suggesting that
GPR120 signaling functionally regulates MMP-mediated proteo-
lytic activities against Ab in vivo.

Table 3. Mayo RNAseq cohort shows the changes in FFAR4, MMP2, MMP9,
MMP14, TIMP3, and TIMP4 mRNA levels in AD patientsa

Gene name Dx b Effect direction Dx q

FFAR4 �1.175087753 Down in AD 3.12E-06
MMP2 0.393271813 Up in AD 0.060226773 (ns)
MMP9 0.93970622 Up in AD 0.004726111
MMP14 0.836293303 Up in AD 0.000186216
TIMP3 0.900172204 Up in AD 3.66E-06
TIMP4 0.261013671 Up in AD 0.227104156 (ns)
aComparison of the FFAR4, MMP2, MMP9, MMP14, TIMP3, and TIMP4 mRNA levels from 80 control and 84
AD subjects. Normalized read counts of mRNAs were assessed by the simple model considering the factors,
including age at death, gender, RIN, source, and flow cell. Dx b indicates the regression coefficient. Effect
direction indicates the changes in target mRNA level between control and AD patients. Dx q indicates the
adjusted p value with a significant difference when Dx q, 0.05.
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In peripheral organs, including adipose tissue, GPR120 is the
functional receptor for v3 PUFAs, leading to robust anti-inflam-
matory and insulin-sensitizing effects (Oh and Olefsky, 2016).
Genetic ablation of the Ffar4 gene led to obesity in mice, and
genetic variants of the FFAR4 gene have been identified in sub-
jects with obesity and diabetes (Ichimura et al., 2012). However,
the role of GPR120 in the brain remains unclear, although

several types of brain cells have been
shown to express Ffar4 mRNA (Ren et al.,
2019). Our study shows that GPR120-
mediated signaling in astrocytes negatively
regulates proteolytic activities by regula-
tion of the expression of several MMPs
and TIMPs. As v3 PUFAs are enriched in
the brain, these proteolytic activities in
astrocytes are thought to be constitutively
suppressed in the brain. Intriguingly, sev-
eral reports suggest that, in peripheral tis-
sues, increased level of v3 PUFAs
suppress the expression and activity of
MMPs, which are involved in the remodel-
ing of extracellular matrices (Taguchi et
al., 2014; Yun et al., 2016; Zhang et al.,
2016). Thus, the constitutive inhibition of
MMP activities via GPR120 signaling
maintains the microenvironment of the
brain (Beroun et al., 2019; Rivera et al.,
2019). However, under pathologic condi-
tions, decreased level of v3 PUFAs
might initiate the structural and func-
tional remodeling of the brain microen-
vironment by the upregulation of MMP
activities in astrocytes.

MMP2, MMP9, and MMP14 are known
as Ab -degrading proteases (Roher et al.,
1994; P. Yan et al., 2006; Liao and Van
Nostrand, 2010). Knockdown experiments
demonstrated that MMP14 is a crucial
enzyme for the AH7614-induced degrada-
tion of Ab , although AH7614 treatment
altered the expression of multiple MMP-
associated genes, includingMmp14,Mmp2,
Mmp9, Timp3, and Timp4 in primary
astrocytes. The molecular mechanism by
which GPR120 signaling controls the
expression of multiple MMPs and TIMPs
remains unclear. Bsg pathway has been
known to induce the expression of MMPs
(Agrawal and Yong, 2011), while the inhibi-
tion of GPR120 signaling decreased the Bsg
level in this study (Fig. 2B). Of note, The op-
posite expression control of MMPs and
TIMPs by NF-kB has been reported in tu-
mor metastasis and fibrosis models (Yun et
al., 2016). Supporting this notion, GPR120
regulates inflammatory responses in various
cells via the NF-kB pathway (Oh and
Olefsky, 2016; Han et al., 2017). Thus,
AH7614 appears to induce proinflammatory
responses in astrocytes to augment MMP
activities. As MMP14 activates MMP2 and
MMP13, the latter further cleaving the pro-
domain of MMP9, MMP14 is a key enzyme
in GPR120-regulated Ab degradation.

Expression analysis of human brain samples further strength-
ened our observation in vitro; that is, the expression levels of
MMP14 negatively correlated with FFAR4 mRNA levels, sup-
porting our notion that GPR120 signaling regulates MMP14
expression in the human brain. However, unexpectedly, we
found that the expression levels of FFAR4 mRNA were

Figure 5. Changes in the expression levels of FFAR4, MMP2, MMP9, MMP14, TIMP3, and TIMP4 in AD patients. A, Healthy
control subjects (Control) were defined as those in whom neuropathology measured by CERAD was equal to 1 (n= 64). AD
patients were the other subjects in whom neuropathology ranged from 2 to 4 (n= 137). FFAR4 mRNA levels were signifi-
cantly decreased in AD patients. On the other hand, MMP2, MMP14, and TIMP3 mRNA levels were significantly increased in
AD patients. p values were calculated by the Mann–Whitney U test. B, FFAR4 mRNA levels negatively correlated with
MMP14 mRNA levels from 201 subjects. Line indicates the regression line. The correlation coefficient and p value were
assessed from the Kendall rank correlation coefficient.
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significantly decreased in the brains of AD patients. Then, why
do these patients develop AD pathology, including Ab deposi-
tion? The most prominent difference in MMP/TIMP expression
profiles was the increased expression of TIMP3 in AD brains,
whereas AH7614-treated astrocytes showed reduced Timp3

mRNA levels. One possible explanation of this difference is the
regulation by other molecules independent of GPR120 signaling
pathway, such as transcriptional factor Sp1. Some reports sug-
gested that Sp1 activated the Timp3 expression (Qureshi et al.,
2005; D. Yan et al., 2013), and the expression level of Sp1 was

Figure 6. Administration of AH7614 reduced soluble Ab levels in APP/PS1 mice. A, A schematic representation of the in vivo injection experiments. AH7614 (100mM) was injected into the
right hippocampus, and vehicle was injected into the left hippocampus of 12- to 15-month-old APP/PS1 mice. Twenty-four hours after the injection, hippocampi were collected and analyzed
after sequential fractionation. B, A representative Western blot of Ab 40, Ab 42, total Ab , and a-tubulin levels in the TBS-soluble fraction of hippocampi injected with or without AH7614. C,
Quantified results of B (n= 7, mean6 SD, paired t test). D, A representative Western blot and quantified results of Ab 40, Ab 42, total Ab , and a-tubulin levels in SDS-soluble fractions of
hippocampi injected with or without AH7614 (n= 7, mean6 SD, paired t test). E, A representative Western blot and quantified results of Ab 40, Ab 42, total Ab , and a-tubulin levels in
SDS-insoluble fractions of hippocampi injected with or without AH7614 (n= 6, mean 6 SD, paired t test). F, Expression levels of sAPPb , a-tubulin (TBS-soluble fraction), APP, C99, Bace1,
and Na1/K1-ATPase (Triton X-100-soluble fractions) in fractionated hippocampi injected with or without AH7614 analyzed by Western blotting (n= 7, mean6 SD, paired t test). G, A repre-
sentative Western blot and quantified results of Ab 40, Ab 42, total Ab , and a-tubulin levels in TBS-soluble fractions of hippocampi injected with or without AH7614 together with 50 mM

GM6001 (n= 6, mean6 SD, paired t test).
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increased in AD brain (Citron et al., 2008). Moreover, the patho-
logic effects of neurodegeneration in the AD brain, as well as
cell-type differences, might affect the expression of MMP-associ-
ated genes, including TIMP3, as FFAR4 expression was observed
in multiple cells in the brain (Ren et al., 2019). Nevertheless, fur-
ther genetic analyses together with single-cell technology are
required for the precise understanding of the importance of
GPR120 signaling in the regulation of MMPs and TIMPs in the
AD brain.

Finally, we determined the possibility of GPR120 as a thera-
peutic target via an anti-Ab approach using the APP/PS1 mouse
model, in which the expression level of Ffar4 mRNA is main-
tained after the development of Ab plaques. The pharmacologi-
cal inhibition of GPR120 signaling by the injection of AH7614
reduced the levels of soluble Ab by 30% without affecting the
expression of APP, BACE1, and g -secretases (Fig. 6). However,
the global inhibition of GPR120 is known to lead to obesity
(Ichimura et al., 2012), and a GPR120-selective agonist was shown
to improve insulin resistance (Oh et al., 2014). Intriguingly,
GPR120 mediates multiple signaling pathways via distinct molecu-
lar mechanisms (Oh and Olefsky, 2016; Milligan et al., 2017).
Metabolic control by GPR120-mediated incretin release was
dependent on the Gq/G11 G-protein family and increased lev-
els of intracellular calcium ions (Hirasawa et al., 2005).
GPR120 also initiates the b -arrestin-mediated anti-inflamma-
tory signals to attenuate NF-kB activation in immune cells
(Watson et al., 2012; Han et al., 2017), the latter being
involved in the expression of MMPs and TIMPs, suggesting
the heterogeneity of GPR120 signaling in a cell- and/or con-
text-dependent manner. Thus, further investigation of the sig-
naling mechanism by which GPR120 inhibition in astrocytes
increases Ab -degrading activity at the molecular level would
provide a novel therapeutic target for AD. Collectively, these
results indicate that the inhibition of GPR120 signaling
strongly affects Ab economy in the brain. Our results also
highlight the potential of therapeutic/preventive approaches
against AD by targeting astrocytes.
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