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Abstract

The metabolic syndrome (MetS) and Alzheimer’s disease share several pathological
features, including insulin resistance, abnormal protein processing, mitochondrial
dysfunction and elevated inflammation and oxidative stress. The MetS constitutes
elevated fasting glucose, obesity, dyslipidaemia and hypertension and increases the
risk of developing Alzheimer’s disease, but the precise mechanism remains elusive.
Insulin resistance, which develops from a diet rich in sugars and saturated fatty acids,
such as palmitate, is shared by the MetS and Alzheimer’s disease. Extracellular vesi-
cles (EVs) are also a point of convergence, with altered dynamics in both the MetS
and Alzheimer’s disease. However, the role of palmitate- and glucose-induced insulin
resistance in the brain and its potential link through EVs to Alzheimer’s disease is
unknown. We demonstrate that palmitate and high glucose induce insulin resistance
and amyloid precursor protein phosphorylation in primary rat embryonic cortical
neurons and human cortical stem cells. Palmitate also triggers insulin resistance in
oligodendrocytes, the supportive glia of the brain. Palmitate and glucose enhance
amyloid precursor protein secretion from cortical neurons via EVs, which induce tau
phosphorylation when added to naive neurons. Additionally, EVs from palmitate-
treated oligodendrocytes enhance insulin resistance in recipient neurons. Overall, our
findings suggest a novel theory underlying the increased risk of Alzheimer’s disease
in MetS mediated by EVs, which spread Alzheimer’s pathology and insulin resistance.

KEYWORDS
Alzheimer’s disease, amyloid precursor protein, diabetes, extracellular vesicles, insulin resistance,
metabolic syndrome, obesity, tau

Metabolic syndrome (MetS) and Alzheimer’s disease share several pathological features. Both are age-related processes charac-
terised by insulin resistance, metabolic and mitochondrial dysfunction (Kim & Feldman, 2012; Neth & Craft, 2017; O’Neill &
O’Driscoll,2015), vascular deficits (Di Grandl & Wolfrum, 2018; Marco et al., 2015), chronic inflammation and oxidative stress
(Van Dyken & Lacoste, 2018; Verdile et al., 2015) and abnormal protein processing (Gerakis & Hetz, 2018; Mohan et al., 2019).
MetS is characterised by a constellation of metabolic dysfunctions, including elevated fasting glucose (prediabetes, type 2 dia-
betes), obesity, dyslipidaemia and hypertension (Grundy et al., 2005), which is aggravated by a diet rich in sugars and saturated
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fatty acids, such as palmitate (O’Neill & O’Driscoll,2015). Reinforcing similarities between MetS with Alzheimer’s disease, several
population studies show MetS and its components raise the risk of future Alzheimer’s disease development (Pedditzi et al., 2016;
Biessels & Despa, 2018; Power et al., 2018; Sadahiro et al., 2019).

Alzheimer’s disease histopathology in the brain is most characteristically marked by extracellular amyloid beta (Ag) plaques
and intracellular hyperphosphorylated and/or truncated tau aggregates (Savelieff et al., 2013). Af is derived from the amyloid
precursor protein (APP) through amyloidogenic processing by 8- and y-secretase to generate predominantly 40- and 42-residue
Ap species (Savelieft et al., 2013; Andrew et al., 2016). Alternate APP processing by a- and y-secretase yields a non-amyloidogenic
fragment. APP phosphorylation at threonine (Thr) 668 enhances amyloidogenic Af production (Lee et al., 2003; Vingtdeux et al.,
2005) and blocking this site prevents memory and synaptic plasticity deficits in mice (Lombino et al., 2013). Insulin resistance
increases Thr668 APP phosphorylation in rat embryonic cortical neurons (eCNs) and mouse brain (Kim et al., 2019) and affects
tau phosphorylation and truncation (Kim et al.,2009; Kim et al., 2013; Kim et al., 2015). Excess sugars and palmitate from Western-
style diets induce insulin resistance and MetS (Palomer et al., 2018; Rumora et al., 2019). In Alzheimer’s disease, hyperglycaemia
(Takeda et al., 2010) and excess dietary palmitate aggravates pathology in mouse models (Busquets et al., 2017; Marwarha et al.,
2019; Rollins et al., 2019). Overall, these findings demonstrate a link between brain insulin resistance (Kim & Feldman, 2012) and
MetS with A pathology, which raises the risk of cognitive decline and Alzheimer’s disease (Sims-Robinson et al., 2010; Kim &
Feldman, 2015; Matioli & Nitrini, 2015).

Despite molecular and epidemiological links, how MetS leads to Alzheimer’s disease is not fully understood. Extracellular
vesicles (EVs) are of particular interest as a point of convergence between MetS and Alzheimer’s disease. EVs are cell-derived
membranous structures that vary in size and origin, that is, endosomal or from plasma membrane shedding (van Niel et al.,
2018). They carry cargo ranging from RNAs, protein and metabolites, and are linked, through intercellular communication, to
numerous illnesses. EVs are implicated in MetS (Martinez & Andriantsitohaina, 2017; Pardo et al., 2018) and Alzheimer’s disease
(Xiao et al., 2017; DeLeo & Ikezu, 2018). MetS alters cargo composition and production of extracellular vesicles (Eguchi et al.,
2016; Freeman et al., 2018). In Alzheimer’s disease, cortical neurons release EVs that contain endogenous Af (Sardar Sinha et al.,
2018), APP (Laulagnier et al., 2018) and tau (Wang et al., 2017), which transmit to recipient neurons to spread pathology.

Palmitate exposure of microglia, the immune glia of the brain, produces EVs that adversely affect neurons’ ability to form
dendritic spines (Vinuesa et al., 2019), which could impact cognition, and emphasises the importance of neuron-glia interactions
through EVs. Moreover, patients with Alzheimer’s disease have circulating EVs that harbour biomarkers of brain insulin resis-
tance (Mullins et al., 2017). However, the role of palmitate- and high glucose-induced insulin resistance in the brain as it pertains
to its potential link to EVs in Alzheimer’s disease remains unknown.

Herein, to clarify a possible role, we treated primary rat embryonic cortical neurons and human cortical stem cells with palmi-
tate or glucose and found they developed insulin resistance and enhanced APP phosphorylation. Palmitate also induced insulin
resistance in oligodendrocytes, the myelin glia of the brain. EVs isolated from palmitate- or glucose-treated neurons contained
higher APP levels, and could transmit Alzheimer’s disease pathology when added to recipient cells by raising phosphorylated
tau (ptau). EVs derived from palmitate treated oligodendrocytes induced insulin resistance in recipient neurons. Overall, our
findings suggest that elevated glucose and saturated fatty acids, such as palmitate, precipitate amyloid pathology in neuronal cell
models and could provide the missing link between MetS with increased Alzheimer’s disease risk.

2 | MATERIALS AND METHODS
2.1 | Antibodies and chemicals

All antibodies used are listed in Table S1. Horseradish peroxidase-conjugated secondary antibodies against rabbit (catalog #
7074, RRID:AB_2099233) and mouse (catalog # 7076, RRID:AB_330924) were from Cell Signalling Technology (Danvers, MA).
Palmitate (catalog # P9767) and oleate (catalog # O7501) were from MilliporeSigma (St Louis, MO). Fatty acid-free bovine serum
albumin (BSA) was from Thermo Fisher Scientific (catalog # BP9704, Waltham, MA).

2.2 | Cell culture and treatments

Human HK-532 cortical stem cells (Johe et al., 1996) were provided by Palisade Bio (Carlsbad, CA) under a Materials Transfer
Agreement. The cells were differentiated in differentiation media (NSDM; DMEM with 100 uM putrescine, 20 nM progesterone,
30 nM Na-selenite, 2 ug/mL L-alanine, 0.83 ug/mL L-asparagine, 7.7 ug/mL L-proline, 0.34 ug/mL vitamin B12, 100 ug/mL
apotransferrin, 25 ug/mL insulin) for 7-10 days (Figure SI). Cell media was changed to insulin-free NSDM before fatty acid
or glucose treatment (Kim et al., 2015). NSDM media is serum free, and all HK-532 experimentation was performed serum
free. Pregnant Sprague Dawley rats were euthanised per our published protocols by sodium pentobarbital overdose (Vincent
et al,, 2005) and primary eCNs were prepared from E15 embryos. Primary rat eCNs were prepared from E15 embryos from
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Sprague Dawley rats euthanised per our published protocols by sodium pentobarbital overdose (Vincent et al., 2005). eCNs
were maintained in feed media [Neurobasal (catalog # 21103-049, GIBCO, Thermo Fisher Scientific) supplemented with B27
(catalog # 17504-044, GIBCO, Thermo Fisher Scientific) and other supplements as described (Kim et al.,, 2013)]. After 7 days,
the culture media was changed to B27-free feed media prior to fatty acid or glucose treatment. eCN media is serum free, and
all eCN experimentation was performed serum free. Human oligodendrocytes were from MilliporeSigma (catalog # SCC163)
and maintained in DMEM (GIBCO, Thermo Fisher Scientific) with 10% heat-inactivated fetal bovine serum (catalog # F4135)
(Figure S2). HOG cultures were serum starved for at least 4 h prior to experimentation, which was performed under serum free
conditions. eCN, HK-532 and oligodendrocyte cultures were treated with fatty acids dissolved in boiling water and conjugated
to fatty acid-free BSA for 1 h before cell treatment at the final concentrations indicated in each experiment (Rumora et al., 2018).
Control cultures were treated with same volume of fatty acid-free BSA.

2.3 | EVisolation and treatment of naive recipient neurons

EVs were isolated from cell culture media using Total Exosome Isolation Reagent (TEIR, catalog # 4478359, Invitrogen, Thermo
Fisher Scientific) as previously described (Helwa et al., 2017), followed by ultracentrifugation. Briefly, cell culture supernatants
were sequentially centrifuged at 300 g for 10 min, 2000 g for 10 min and 10,000 g for 30 min. The supernatant was filtered through
0.45 uM syringe filter, incubated with 0.5 volume of the TEIR reagent overnight at 4°C, and centrifuged at 10,000 g for 1 h.
The resulting pellets were dissolved in PBS and further ultracentrifuged for 3 h at 100,000 g at 4°C. The final EV pellets were
dissolved in SDS-PAGE sample buffer for Western immunoblotting (see Section 2.6) or in culture media (B27- and insulin-
free feed media for eCNs, insulin-free NSDM for HK-532 neurons) and added to naive recipient neurons for 24 h, which were
analysed by Western immunoblotting.

2.4 | Nanoparticle tracking analysis (NTA)

NTA was used to evaluate the concentration and the size distribution of the isolated vesicles using the NanoSight NS 300 (Mar-
vern Instruments, UK). The NS 300 visualises the light scattered by the particles of interest based on the Brownian motion of
nanoparticles to profile concentrations and size distributions. For each measurement, 30 uL of the prepared solution was used
and the movement was monitored for 20 s in triplicate. All data were acquired and processed using NanoSight NS 300 control
software. For comparing samples, only the number and concentration of EVs, ranging 30-150 nm, were evaluated.

2.5 | Dil-labelling of EVs

EVs were purified as above from supernatant from HK-532 cultures using TEIR and ultracentrifugation. EVs were labelled with
Dil dye (catalog # V22885, Invitrogen) as described (Chen et al., 2020). Briefly, 100 ug of EVs (assayed by Pierce 660 Protein Assay
Reagent) were dissolved in 200 uL media and mixed with 0.5 uL Dil in 100 uL PBS for 30 min at 37°C. To remove excess Dil,
10 mL of cold PBS was added to the mixture and centrifuged at 100,000 g for 3 h at 4°C. The resulting Dil-labelled EVs were added
to recipient HK-532 cells on cover slips for 24 h. Supernatant from the ultracentrifugation was used as the control and processed
with the same amount of Dil along with the EV fraction. HK-532 cells were fixed with 4% paraformaldehyde and mounted on
glass slides with ProLong gold with DAPI (Invitrogen, catalog # P36931). Images were taken on the Leica Stellaris 8 Lightning
confocal using a 1.4 numerical aperture Plan-APO 63x oil objective. Images were rendered with the lightning deconvolution
feature and were exported as tiffs (Elzinga et al., 2022).

2.6 | Western immunoblotting (WB)

WB was performed as previously (Kim et al., 2015). Cultured cells were lysed in RIPA buffer (catalog # 8990, Pierce, Thermo
Fisher Scientific) containing protease inhibitor cocktail (catalog # 11836170001, Roche Diagnostics, Indianapolis, IN). Lysates
were briefly sonicated and centrifuged for 20 min at 13,000 rpm at 4°C. Supernatants were collected and protein concentrations
were measured with the Pierce 660 Protein Assay Reagent (catalog # 22660, Thermo Fisher Scientific), and the same amount of
the lysate proteins were resolved by SDS-PAGE. Isolated EVs were dissolved in SDS-PAGE sample buffer, and protein concentra-
tions were measured. Equal amounts of EV sample protein were loaded into wells, which were resolved by SDS-PAGE. Resultant
gels (from cell lysates or EVs) were transferred to nitrocellulose membranes, which were blocked with 3% BSA in TBS with 0.1%
Tween-20. Nitrocellulose membranes were next incubated with primary antibody overnight at 4°C, rinsed, and incubated for
2 h at room temperature with the appropriate horseradish peroxidase-conjugated secondary antibody. Bands were visualised
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using Clarity Western ECL (catalog # 1705061, BioRad, Hercules, CA) or Calrity Max Western ECL (catalog # 1705062, Bio-
Rad), depending on the signal strength. Images were captured using the ChemiDoc Imaging System and analysed by Image Lab
software (Bio-Rad). In some experiments analysing phospho-protein and total protein, blots were first probed for the phospho-
protein and then the same nitrocellulose membranes were stripped for 15 min at 60°C in stripping solution (2% SDS, 100 mM
dithiothreitol, 100 mM Tris, pH 6.8) and then probed with an additional antibody for total protein and actin or tubulin. All WB
were repeated at least three times and representative results are shown in the figures.

2.7 | Statistical analysis

All experiments were repeated at least three times and presented as the mean =+ standard error of the mean. Statistical analysis
was performed by Prism (GraphPad Software, San Diego, CA) by either one-way analysis of variance (ANOVA) with Tukey’s
post hoc or Student’s ¢-test, depending on the number of comparison groups. Statistical significance was defined as p < 0.05.

3 | RESULTS
3.1 | Palmitate and glucose induce insulin resistance in vitro in neurons

Insulin receptor substrate 1 (IRS-1) phosphorylation stimulates its degradation and is a prominent insulin resistance mechanism
(Copps & White, 2012). C-jun N terminal kinases (JNKs), a mitogen-activated protein kinase subfamily, are also implicated in
MetS and Alzheimer’s disease, and induce insulin resistance by inhibiting insulin signalling (Yarza et al., 2015; Ono, 2019). There-
fore, we first examined phosphorylation of IRS-1 (pIRS-1) and JNK (pJNK) as insulin resistance markers. Palmitate (150 uM,
24 h) increased pIRS-1 (Ser612) and pJNK in rat primary embryonic cortical neurons (eCNs) (Figure la,b), indicating induction
of insulin resistance. Palmitate similarly raised pIRS-1 (Ser612 and Ser636/639) and pJNK levels in differentiated human cor-
tical stem cells (HK-532 neurons) (Figure 1c,d). Dyslipidemia is only one possible MetS component; thus, we also investigated
the influence of elevated glucose, another MetS component, on neurons. Elevated glucose treatment (50 mM, 24 h) similarly
enhanced pIRS-1 (Ser612) and pJNK levels in eCNs, indicative of insulin resistance induction (Figure le,f).

Akt phosphorylation (pAkt) mediates insulin’s metabolic effects and plays critical roles in insulin resistance (Kim & Feldman,
2012). We previously demonstrated that short-term insulin treatment activates Akt, but chronic long-term insulin exposure leads
to insulin resistance and blunts Akt activation in both central nervous system and peripheral neurons (Kim et al., 2015; Kim,
McLean, et al. 2011; Kim, Sullivan, et al. 2011). Herein, as anticipated, 30 min of insulin treatment significantly increased pAkt
in eCNs, without affecting total Akt, in the absence of palmitate (Figure 1g,h). Insulin still activated Akt in palmitate pretreated
eCNs, but the response was blunted, confirming palmitate-mediated insulin resistance. Insulin also induced extracellular signal-
regulated kinase (ERK) phosphorylation (pERK) in eCNs (Figure 1g,h); however, ERK phosphorylation was not affected by
palmitate treatment, indicating the specificity of palmitate only to Akt signalling. These observations were also replicated in
human HK-532 neurons, with palmitate-induced blunting of insulin signalling (Figure 1i,j), indicating generalisability of these
findings.

In contrast to the saturated fatty acid palmitate, the monounsaturated fatty acid, oleate, did not induce insulin resistance in
cortical neurons. We treated HK-532 neurons with oleate (150 uM, 48 h) versus palmitate (150 uM, 48 h) versus control condi-
tions (bovine serum albumin vehicle) and stimulated with insulin (Figure 1k,I). Akt was phosphorylated to the same extent in
control- and oleate-treated neurons. However, Akt phosphorylation was blunted in palmitate-treated neurons, with significantly
lower pAkt levels versus control and oleate samples, indicative of insulin resistance in palmitate samples. Insulin stimulation
also phosphorylated ERK, but the extent of activation did not differ among the three conditions, oleate, palmitate and control
(Figure 1k,1), suggesting insulin resistance occurred specifically through Akt signalling. Thus, insulin resistance in neurons may
develop from long-chain saturated but not monounsaturated fatty acids.

3.2 | Palmitate and glucose increase pAPP in vitro in neurons

In addition to the link with the MetS, insulin resistance is also a central aspect of Alzheimer’s disease (Kellar & Craft, 2020). We
previously showed that chronic insulin treatment triggers insulin resistance in neurons in tandem with enhanced APP phos-
phorylation (pAPP) at Thr668 (Thr668-pAPP) (Kim et al,, 2019). This APP modification favours amyloidogenic processing
and A production (Lee et al., 2003; Vingtdeux et al., 2005). Moreover, APP is a JNK substrate (Standen et al., 2001), which
increases Thr668-pAPP levels in an okadaic acid-induced model of neuronal degeneration (Ahn et al., 2016), reinforcing the
link between insulin resistance, through JNK activation, with the phosphorylation state of APP. Here, we examined the influence
of MetS conditions on neuronal insulin resistance and Thr668-pAPP levels in both rat eCNs and HK-532 neurons. Palmitate
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FIGURE 1 Palmitate and glucose induce insulin resistance in vitro in neurons. (a, b) Rat eCNs or (c, d) differentiated human HK-532 cortical stem cells
were treated with control (BSA) or palmitate (150 uM) for 48 h and cell lysates were analysed by Western blotting (WB) for pIRS-1 (pS612) and pJNK. The same
blots were stripped and re-probed for tubulin (loading control). Relative levels from WB analysis for pIRS-1 and pJNK in control- versus palmitate-treated
neurons are represented in the graph (b, d). (e, f) eCNs were treated with control (media) or glucose (50 mM) for 24 h and cell lysates were analysed by WB for
pIRS-1and pJNK. The same blots were stripped and re-probed for tubulin (loading control). Relative levels from WB analysis for pIRS-1 and pJNK in control-
versus glucose-treated neurons are represented in the graph (f). (g) eCNs were treated with control (BSA) or palmitate (150 uM) for 48 h followed with/without
insulin (20 nM) for 30 min and cell lysates were analysed by WB for pAkt and pERK. The same blots were stripped and re-probed for total Akt and ERK, and
actin. (h) Relative levels from WB analysis of pAkt versus total Akt and pERK versus total ERK are represented in the graph. (i) HK-532 neurons were treated
with control (BSA) or palmitate (150 uM) for 48 h followed with/without insulin (20 nM) for 30 min and cell lysates were analysed by WB for pAkt and pERK.
The same blots were stripped and re-probed for total Akt and ERK, and actin. (j) Relative levels from WB analysis of pAkt versus total Akt and pERK versus
total ERK in HK-532 neurons with/without acute insulin are represented in the graph. (k) HK-532 neurons were treated with control (BSA) or oleate (150 uM)
or palmitate (150 uM) for 48 h followed with/without insulin (20 nM) for 30 min and cell lysates were analysed by WB for pAkt and pERK. The same blots were
stripped and re-probed for total Akt and ERK, and tubulin. (1) Relative levels from WB analysis of pAkt versus tubulin and pERK versus tubulin in HK-532
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FIGURE 1 (Continued)
neurons with/without acute insulin are represented in the graph. Data are presented as mean = standard error of the mean (SEM) from at least 3 separate
experiments. *p < 0.05, **p < 0.01, by Student’s ¢-test; ns, no statistical difference.
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FIGURE 2  Palmitate and glucose increase pAPP in vitro in neurons. (a) Rat eCNs or (b) differentiated human HK-532 cortical stem cells were treated
with control (BSA) or palmitate (150 uM) for 48 h and cell lysates were analysed by WB (left panels) for pAPP. The same blots were stripped and re-probed for
total APP and tubulin. Right panels: Relative levels from WB analysis of pAPP versus total APP in control- versus palmitate-treated neurons. (c) HK-532
neurons were treated with control (C, BSA) or palmitate (P, 150 uM) for 48 h and cell lysates were analysed by WB (left panel) for BACEL. Relative levels from
WB analysis of BACEI is shown in the right panel. (d) HK-532 cells were treated as in (c) and CTF levels were analysed. (e) Rat eCNs were treated with control
(media) or glucose (50 mM) for 24 h and cell lysates were analysed by WB for pAPP. The same blots were stripped and re-probed for total APP and actin. Data
are presented as mean + SEM from at least three separate experiments. *p < 0.05, ***p < 0.001, by Student’s ¢-test.

treatment increased Thr668-pAPP, without affecting net APP levels, in both eCNs (Figure 2a) and HK-532 neurons (Figure 2b).
Palmitate-treated HK-532 neurons also had amplified expression of 3-secretase 1 (BACEL) (Figure 2c), a secretase that enhances
APP cleavage predominantly into amyloidogenic AB—40 and A3—42 species (Savelieff et al., 2013). APP processing by BACEIL
also produces C-terminal fragment (CTF), which is considered as the precursor of Af generation (Miranda et al., 2018; Perez-
Gonzalez et al., 2020). We found CTF levels increased along with BACE] after palmitate treatment (Figure 2d). Palmitate-induced
increased pAPP, BACEl and CTF expression suggest activation of the amyloidogenic cleavage pathway. Treating eCNs with hyper-
glycaemic conditions similarly augments Thr668-pAPP levels relative to normoglycaemic conditions (Figure 2e). Overall, these
results demonstrate the important role of insulin resistance on amyloidogenic processing and suggest a possible link between
diabetes and Alzheimer’s disease.

3.3 | Palmitate induces insulin resistance in vitro in oligodendrocytes

Brain metabolism occurs non-cell autonomously and involves glia, including oligodendrocytes, astrocytes and microglia, which
metabolically coordinate with and support neurons (Henn et al., 2022). The development of insulin resistance in various cellular
brain compartments, such as the neurons and glia, has implications for disease (Chen et al., 2022). However, relatively little is
known about the development insulin resistance of oligodendrocytes, which, as the glia in direct contact with neurons, contribute
substantially to neuronal metabolism and health (Henn et al., 2022). Therefore, we also assessed the impact of palmitate (150 uM,
48 h) on human oligodendrocytes followed by insulin challenge (Figure 3a). Although palmitate-treated oligodendrocytes still
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FIGURE 3  Palmitate induces insulin resistance in vitro in oligodendrocytes. (a) Human oligodendrocytes were treated with control (BSA) or palmitate
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and re-probed for total Akt and ERK, and tubulin. Relative levels from WB analysis of (b) pAkt versus total Akt and (c) pERK versus ERK in control- versus
palmitate-treated oligodendrocytes. Data are presented as mean + SEM from at least three separate experiments. **p < 0.01, by Student’s ¢-test.

responded to insulin, as verified by some Akt activation (increased pAkt), the response was blunted compared to control-treated
cultures (Figure 3b). The ERK pathway was not activated (Figure 3c), indicating specifically palmitate-mediated insulin resistance
in oligodendrocytes.

3.4 | Palmitate enhances EV secretion in vitro from cortical neurons and oligodendrocytes

EV secretion is altered in the MetS (Martinez & Andriantsitohaina, 2017; Pardo et al., 2018) and in Alzheimer’s disease (Xiao
etal., 2017; DeLeo & Ikezu, 2018), suggesting a common point across these diseases. Thus, we were interested in EV dynamics in
our palmitate-induced insulin resistance models of neurons and oligodendrocytes. We isolated EVs through a process outlined
in Section 2. We first assessed our EV preparation from HK-532 neurons (Figure 4a) and oligodendrocytes (Figure 4b) using
well-established markers, tumour susceptibility gene 101 (TSG101) (Kowal et al., 2016), flotillin and Alix (Laulagnier et al., 2018).
Meanwhile, endoplasmic reticulum (calnexin) or mitochondrial (voltage-dependent anion channel, VDAC) proteins were absent
from the preparation, suggesting it was mainly comprised of EV's (Vella et al., 2017; Thery et al., 2018). We further analysed our
EV isolations by NTA, which showed similar profiles in two samples (Figure 4c, panels i-ii). NTA found the two samples were of
similar concentration (sample 1, 2.84 X 10° + 2.69 X 108, sample 2, 2.29 X 10° + 4.95 x 10’ EV/mL), and of similar size distributions,
with most ranging from 30 to 150 nm (sample 1, 66.58 + 0.09%, sample 2, 65.76 + 1.45%; Figure 4c, panels iii-iv). Thus, our EV
isolation was consistent and reproducible and contained mostly small EVs 30 to 150 nm in size. Next, we treated HK-532 neurons
(Figure 4d) and oligodendrocytes (Figure 4e) with palmitate (150 uM, 48 h) versus control conditions and isolated EVs. In both
instances, palmitate stimulated EV secretion from neurons and oligodendrocytes (Figure S3).

3.5 | Palmitate and glucose increase EV APP secretion in vitro from cells, and transmit tau
pathology to recipient neurons

EVs carry various cargo, such a full length APP, AB, and tau peptides, in Alzheimer’s disease models (Xiao et al., 2017; DeLeo
& Ikezu, 2018) and may contribute to disease spread by EV transmission to naive recipient cells (Wang et al., 2017; Laulagnier
etal., 2018, Sardar Sinha et al., 2018). Since palmitate and glucose enhanced pAPP in insulin resistant neurons (Figure 2), we next
sought to determine whether MetS conditions increased APP cargo in secreted EVs, and whether these EVs were transmissible
to naive recipient cells. First, we examined the influence of MetS on EV APP cargo. We found that palmitate dose-dependently
increased APP levels in EVs secreted from HK-532 cultures (Figure 5a,b). In contrast, the monounsaturated fatty acid oleate,
which does not induce insulin resistance (Palomer et al., 2018), did not enhance APP EV levels relative to palmitate. Palmitate
treatment also increased EV CTF level (Figure 5¢,d), consistent with the results from lysate (Figure 2d). We also examined the
impact of elevated glucose conditions, which similarly augmented EV APP cargo (Figure 5e,f). Palmitate and glucose treatment
did not affect the cellular APP levels (Figure 2). Overall, this indicates that APP-loaded EV secretion may be related to induction
of insulin resistance.

Next, we tested the transmissibility of EVs isolated from HK-532 cells by labelling with Dil dye and adding them to
naive recipient cells. Confocal images show a punctate pattern of Dil-labelled EV internalised by recipient cells (Figure 6Ab
& Ac), while Dil conjugated with supernatant after ultracentrifugation show no signal (Figure 6Aa). We next examined
whether EVs from palmitate- or glucose-treated cells transmit Alzheimer’s disease pathology, namely tau phosphorylation
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purified from control (Ctrl)- or palmitate (Pal, 150 1M, 48 h)-treated (d) HK-532 neurons or (e) oligodendrocyte culture supernatant, and EV and cellular
markers were analysed.

(Savelieff et al., 2013). To examine whether MetS conditions stimulate release of EVs that can spread Alzheimer’s disease pathol-
ogy, we purified EVs from control- and palmitate-treated HK-532 neuron culture supernatant and treated them to naive recipient
HK-532 cells. We found that tau phosphorylation increased at multiple residues in recipient neurons treated with EVs derived
from palmitate- versus control-treated cells (Figure 6b,c). In a parallel vein, we isolated secreted EV's from supernatant from eCN
cultures treated with high glucose versus control conditions. Again, tau phosphorylation was enhanced at multiple residues in
naive recipient neurons after treatment with high glucose- versus control-derived EVs (Figure 6d,e).

Cognitive impairment secondary to the MetS (Henn et al., 2022) and dementia in Alzheimer’s disease (Vanzulli,
Papanikolaou et al., 2020) occur non-cell autonomously, including through dysfunctional oligodendrocyte-neuron interactions
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(Chen et al., 2021), which is related to insulin resistance (O’Grady et al.,2019). Therefore, finally, we also examined whether
EVs derived from oligodendrocyte glia under MetS conditions induce insulin resistance in recipient neurons. Indeed, EVs
from palmitate-treated oligodendrocytes induced insulin resistance in recipient neurons (Figure 6f,g). These results suggest that
palmitate treatment affects EV cargo content in a cell type specific manner, which eventually regulate the pathology of recipient
neurons.

4 | DISCUSSION

The MetS and Alzheimer’s disease share multiple pathological processes, including insulin resistance. Their similarities are
also supported by a large body of epidemiological evidence that individuals with the MetS are at elevated risk of developing
Alzheimer’s disease in later life (Campos-Pena et al., 2017; Biessels & Despa, 2018). Although several molecular links have been
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suggested, the precise mechanisms remain unknown. Herein we demonstrated that elevated palmitate and glucose induced
insulin resistance and APP phosphorylation in neurons. Additionally, they enhanced APP and CTF secretion from cortical
neurons via EVs, which can be transmitted to naive neurons, where they triggered tau hyperphosphorylation, an Alzheimer’s
disease pathology. Thus, palmitate enhanced APP phosphorylation in cells and altered APP trafficking dynamics to vesicles. We
also found that palmitate caused insulin resistance in oligodendrocytes, the supportive glia of the brain. These oligodendrocytes
subsequently released EVs, which transmitted insulin resistance to naive recipient neurons. Our data suggest a novel mechanism
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of insulin resistance and Alzheimer’s pathology spread mediated by EV's, which underlies the predisposition of individuals with
the MetS to Alzheimer’s disease.

Insulin resistance is a recurrent theme across the MetS and Alzheimer’s disease (Kim & Feldman, 2015; Neth & Craft, 2017). A
Western-style diet rich in sugars and saturated fatty acids, such as palmitate, induces systemic insulin resistance and the MetS in
people (Palomer et al., 2018). Moreover, the MetS may incur metabolic changes affecting the brain. Indeed, we have shown that
neurons are insulin responsive and develop insulin resistance, even though they are not insulin-dependent (Kim, McLean, et al.
2011; Kim, Sullivan, et al. 2011; Kim & Feldman, 2012; Kim & Feldman, 2015; Kim et al., 2015). Likewise, the Alzheimer’s disease
brain is also characterised by insulin resistance and impaired glucose and fatty acid metabolism (Neth & Craft, 2017), including
at various cellular compartments (Henn et al., 2022).

We previously illustrated a potential link between insulin resistances under MetS conditions to Alzheimer’s disease pathology.
We observed that acute insulin (2 h) decreases neuronal Thr668-pAPP (Kim et al., 2019), as reported by others (Pandini et al.,
2013); however, chronic hyperinsulinemia (24 h), as occurring during insulin resistance, increases neuronal Thr668-pAPP levels
(Kim et al., 2019), which would favour amyloidogenic APP processing (Ramelot & Nicholson, 2001; Matsushima et al., 2012;
Pandini et al., 2013). Indeed, chronic insulin treatment does enhance extracellular Af production (Gasparini et al., 2001; Pandini
et al., 2013). We also found that hyperglycaemia- (Kim et al., 2009; Kim et al., 2013) and hyperlipidaemia-induced (Kim et al,,
2015) insulin resistance triggers tau hyperphosphorylation and truncation, findings echoed by others (Kim, Park, et al. 2011).
In this study, we now further show that elevated palmitate and glucose induce insulin resistance and increase neuronal APP
phosphorylation at Thr668, which would enhance amyloidogenesis, as cited by other works (Patil et al., 2006; Marwarha et al.,
2017). Therefore, we suggest that palmitate- and glucose-induced insulin resistance enhances Thr668-pAPP phosphorylation,
which may explain the increased incidence of Alzheimer’s disease and cognitive impairment among individuals with the MetS.

In addition to insulin resistance, altered EV dynamics are also shared features of the MetS (Martinez & Andriantsitohaina,
2017; Pardo et al., 2018) and Alzheimer’s disease (Xiao et al., 2017; DeLeo & Ikezu, 2018). Thus, we next investigated the influ-
ence of dyslipidaemia and hyperglycaemia on EV APP. First, we verified that our purified EVs carried positive (Kowal et al.,
2016; Laulagnier et al., 2018) and lacked negative (Vellaet al., 2017) biomarkers. We also confirmed that our purification method
provided a reasonably consistent preparation of EVs, with most ranging from 30 to 150 nm in size by NTA analysis (Soo, Song
et al,, 2012). We found that elevated palmitate and glucose stimulated APP secretion from neurons via EVs. Our results agree
with studies reporting palmitate-induced EV's from microglial (Vinuesa et al., 2019) and myoblast cultures and skeletal muscle
in mice (Aswad et al., 2014). Obesity also significantly increases EV secretion from adipose tissue in vivo, contributing to tissue
inflammation (Akbar et al., 2019).

In Alzheimer’s disease, EVs are a well-established mechanism for disseminating pathology through pro-amyloidogenic cargo,
including APP (Laulagnier et al., 2018), A3 (Sardar Sinha et al., 2018) and tau (Wang et al., 2017). Thus, we hypothesised EV's could
constitute a spreading mechanism of insulin resistance-induced amyloid pathology in the MetS. Indeed, we demonstrated here for
the first time that dyslipidaemia and hyperglycaemia conditions increased production from cortical neurons of EV bearing cargo,
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that is, APP, CTE that favours amyloid pathology. Importantly, we also showed that these high palmitate- and glucose-induced
APP-containing EVs are transmissible and stimulated tau phosphorylation in recipient neurons. Unfortunately, we could not
detect AB in cell lysates or EVs by Western blotting or ELISA. However, we detected increased BACEL and CTF in cell lysates and
increased CTF in EVs. BACEl is an enzyme essential for generating AS (Savelieff et al., 2013) and CTF is the source of AS following
y-secretase cleavage (Miranda et al., 2018; Perez-Gonzalez et al., 2020). Higher CTF in EVs was also reported in the brains of
transgenic Tg2576 Alzheimer’s disease mice, a model of human APP overexpression (Perez-Gonzalez et al., 2020). These results,
albeit indirectly, suggest palmitate activates the amyloidogenic pathway. We speculate these increased amyloidogenic products
in EVs are responsible for the increased tau phosphorylation in recipient cells.

Our findings suggest that the effect of elevated saturated fatty acids and glucose on APP-carrying EVs may be a point of
convergence between the MetS and Alzheimer’s disease and could possibly underlie the predisposition of individuals with the
MetS to dementia (Figure 7) (Campos-Pena et al., 2017; Biessels & Despa, 2018). Yet, despite the importance to Alzheimer’s disease
pathology, the influence of EV secretion in the context of dysfunctional metabolism, that is, insulin resistance, dyslipidaemia,
hyperglycaemia, has not been investigated to the best of our knowledge. However, the literature support various aspects regarding
the impact of the MetS components on amyloid formation, palmitate aggravates APP and tau pathology in transgenic Alzheimer’s
disease mouse models (Barron et al., 2013; Marwarha et al., 2019), and even in wild-type animals, as we (Kim et al., 2015; Kim et al,,
2019) and others (Busquets et al., 2017; Nakandakari et al., 2019) have shown. Hyperglycaemia similarly impairs tau dynamics in
neuronal culture and diabetic mice (Kim et al., 2009; Kim et al., 2013; Kim et al., 2015) and diabetes worsens amyloid pathology
and cognitive impairment in Alzheimer’s disease mice (Takeda et al., 2010). Further, the literature supports that neuronally-
derived EVs in Alzheimer’s disease contain elevated ptau and A, which seed tau aggregation upon injection into the brain of
healthy wild-type mice (Winston et al., 2016). Finally, neuronally-derived EVs from individuals with Alzheimer’s disease harbour
higher levels of insulin resistance biomarkers compared to healthy controls (Kapogiannis et al., 2015). Our study linked all these
processes to suggest that elevated palmitate- and glucose-induced insulin resistance enhances EV secretion in the MetS, which
may mediate Alzheimer’s disease pathology (Figure 7).

We also found that induction of insulin resistance was specific to palmitate, since the monounsaturated fatty acid oleate, which
is protective against the MetS (Palomer et al., 2018), did not affect insulin-induced Akt signalling. Furthermore, we found oleate
only marginally enhanced EV APP shedding from neurons. The protective effect of oleate in neuronal cultures versus palmitate
is verified in the literature (Kwon et al., 2014). In our MetS mouse model fed a high-fat diet rich in palmitate, switching to a diet
that contains the same fat calories from oleate protects the peripheral nerves from palmitate-induced injury (Rumora et al., 2019).
In epidemiological studies, plasma monounsaturated fatty acid levels inversely correlate with insulin resistance (Palomer et al.,
2018), the MetS (Guo et al., 2017; Tortosa-Caparrds et al., 2017) and Alzheimer’s disease (Solfrizzi et al., 2011; Beydoun et al., 2014).
The differential effect of oleate versus palmitate on EV production is recapitulated in various cultures, including hepatocytes
(Hirsova et al., 2016) and proximal tubular epithelial cells (Cobbs et al., 2019). Furthermore, EVs from palmitate-treated myotubes
induce insulin resistance in recipient myotubes, whereas oleate-derived EVs do not (Aswad et al., 2014). A mechanistic study in
hepatocytes proposed oleate does not enhance EV secretion because it is not a direct substrate for the formation of ceramides
(Fukushima et al., 2018), which are implicated in EV biogenesis (Verderio et al., 2018) and Alzheimer’s disease (Dinkins et al.,
2017). Thus, our results suggest a possible molecular link between dietary oleate and diminished Alzheimer’s disease risk via
lower EV production.

We also investigated communication between oligodendrocytes and neurons via EVs. Oligodendrocytes primarily function
in axon myelination in the brain to facilitate signal transmission. Insulin and insulin-like growth factor I (IGF-I) play important
roles in myelin synthesis and maintenance and oligodendrocyte survival (Grote & Wright, 2016). Therefore, disrupted insulin
and IGF-I signalling in MetS conditions elicits oligodendrocyte dysfunction and myelin loss, leading to white matter atrophy
and degeneration, as frequently seen in Alzheimer’s disease (Nasrabady et al., 2018). We found palmitate promoted insulin resis-
tance in oligodendrocytes, which would interfere with their physiological function and support of neurons with implications for
Alzheimer’s disease onset and development.

Furthermore, brain metabolism occurs non-cell autonomously, involving communication between neurons and glia, includ-
ing oligodendrocytes (Henn et al., 2022) though extracellular vesicles. Oligodendrocyte-derived EV's can exert either neurotoxic
or neuroprotective effects, depending on the physiological conditions (Oyarce et al., 2022). Further, they support nutrient-
deprived neurons, improving the metabolic state and promoting axonal transport (Fruhbeis et al., 2020). In our study, EVs
from palmitate-treated oligodendrocytes could be transmitted to naive recipient neurons, instigating insulin resistance. IRS-1
is aberrantly phosphorylated in neuronally-derived circulating EVs from Alzheimer’s disease patients (Kapogiannis et al., 2015;
Mullins et al., 2017). However, information specifically regarding neuron-oligodendrocyte communication via EVs on regulation
of brain metabolism is lacking. Our findings shed light on the possible role of EV's in connecting insulin resistance in the brain
with Alzheimer’s disease, especially in the framework of glia-neuron interactions.

Despite molecular and epidemiological links, how MetS leads to Alzheimer’s disease is not fully understood. As depicted
on our model (Figure 7), the current results of neuron-neuron as well as oligodendrocyte-neuron interaction through insulin
resistance-induced EVs provide a glimpse into how MetS conditions may spread Alzheimer’s disease pathology in the brain. Our
findings suggest a possible mechanism linking palmitate and glucose overconsumption and insulin resistance in the MetS with
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increased risk of Alzheimer’s disease. Additionally, it emphasises the important role of specific neuron-glia interaction during
the MetS to further initiation of neuronal insulin resistance and eventual neurodegeneration.
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