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Introduction: Proteolytic processing of amyloid protein precursor by p-site
secretase enzyme (BACE1) is dependent on the cellular lipid composition and
is affected by endomembrane trafficking in dementia and Alzheimer's disease
(AD). Stearoyl-CoA desaturase 1 (SCD1) is responsible for the synthesis of fatty
acid monounsaturation (MUFAs), whose accumulation is strongly associated with
cognitive dysfunction.

Methods: In this study, we analyzed the relationship between BACE1 and SCD1
in vivo and in vitro neurodegenerative models and their association in familial
AD (FAD), sporadic AD (SAD), and cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy (CADASIL) using microscopy,
biochemical, and mass SPECT approach.

Results: Our findings showed that BACE1 and SCD1 immunoreactivities were
increased and colocalized in astrocytes of the hippocampus in a rat model of
global cerebral ischemia (2-VO). A synergistic effect of double BACE1/SCD1
silencing on the recovery of motor and cognitive functions was obtained.
This neuroprotective regulation involved the segregation of phospholipids (PLs)
associated with polyunsaturated fatty acids in the hippocampus, cerebrospinal
fluid, and serum. The double silencing in the sham and ischemic groups was
stronger in the serum, inducing an inverse ratio between total phosphatydilcholine
(PC) and lysophosphatidylcholine (LPC), represented mainly by the reduction of PC
38:4 and PC 36:4 and an increase in LPC 16:0 and LPC 18:0. Furthermore, PC 38:4
and PC:36:4 levels augmented in pathological conditions in in vitro AD models.
BACE1 and SCD1 increases were confirmed in the hippocampus of FAD, SAD, and
CADASIL.

Conclusion: Therefore, the findings suggest a novel convergence of BACE-1 and
SCD1 in neurodegeneration, related to pro-inflammatory phospholipids.
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Introduction

Alzheimer’s disease (AD) is a multifactorial neurodegenerative disorder that results in
the progressive loss of memory and other emotional and cognitive dysfunctions. AD brains
present with two main hallmarks, namely, extracellular neuritic plaques mainly composed
of amyloid B (AB) fibrils and neurofibrillary tangles formed by hyperphosphorylated tau
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FIGURE 3

per group.

Discrimination of the lipid profile of the hippocampus from cognitive improvement in an animal model silenced for BACE1 and SCD1 genes.
Multivariate analyses of the lipid profiles from the A—D hippocampus. Score plots of PLS-DA and partial least squares analysis to discriminate between
the lipid classes also show the projections of the data with the sMC and VIP metrics and values from sMC and VIP in a table per item. The variables in
the analyses are as follows: Sham ScrBACE1-scrSCD1, Sham shBACE1-scrSCD1, Sham scrBACE1-shSCD1, Sham shBACE1-shSCD1; Isch
ScrBACE1-scrSCD1, Isch shBACE1-scrSCD1, Isch scrBACE1-shSCD1, Isch shBACE1-shSCD1. PA, phosphatidic acid; PC, phosphatidylcholine; LPC,
lysophosphatidylcholine; ePC, ether phosphatidylcholine; PS, phosphatidylserine; ePS, ether phosphatidylserine; PE, phosphatidylethanolamine; LPE,
lysophosphatidylethanolamine; ePE, ether phosphatidylethanolamine; Pl, phosphatidylinositol; PG, phosphatidylglycerol; SM, sphingomyelin, n = 5

of LPC and decreasing 1.6-fold the % Mol of PC compared
with the rest of the groups. In particular, Isch sShBACE1-shSCD1
and Isch scrambled groups were mainly classified according to
changes in LPC species containing saturated and monounsaturated
palmitic and stearic acid, such as LPC 18:0 (sMC 270.1),
LPC 16:0 (sMC 267.9), LPC 18:1 (sMC 236.7), and PUFAs
such as LPC 20:4 (sMC 215.3) and LPC 22:6 (sMC 180.3)
(Figures 5A, D). These results were supported by the effects
of shBACE1 and shSCDI1 in the sham and ischemic groups,
highlighting the association between PLs as PC and LPC, and
FA saturation to changes under shBACE1-shSCD1 expression was
exacerbated in the serum (Figures 5B, C; Figure 6A; with respect
to Supplementary Figure 2). Interestingly, the PCA showed similar
effects in the double-silenced ischemic group, discriminating
similar PLs and composition in serum than the PLS-DA approach,
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such as LPC 16:0 (Rho 60.52), LPC 18:0 (Rho 46.33), and PC 36:4
(34.44) (Supplementary Figure 3F).

Next, we decided to use the lipidomic data to determine the
effect of treatments on the number of carbons and unsaturation
of all PL classes in the hippocampus, CSE, and serum samples;
however, we did not find significant changes in the hippocampus
and CSF. However, when we focused on serum, the previous
changes detected in the PC and LPC classes were revealed.
Although we did find significant changes in the number of carbons
and the number of double-bonds in total PC (Figures 6B-D),
we detected that the silencing of BACE1 alone on ischemia or
dual BACE1-SCD1 gene silencing in sham or ischemic groups
significantly increased the concentration of carbons and mainly
the number of unsaturations in the LPC class (Figures 6B, C).
In this sense, sShBACE1 shSCD1 treatment on ischemic rats
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FIGURE 4

Discrimination of the lipid profile of the CSF from cognitive improvement in animal models silenced for BACE1 and SCD1 genes. Multivariate analyses
of the lipid profiles from the A—D CSF. Score plots of PLS-DA and partial least squares analysis to discriminate between the lipid classes also show the
projections of the data with the sMC and VIP metrics and values from sMC and VIP in a table per item. The variables in the analyses are as follows:
Sham ScrBACE1-scrSCD1, Sham shBACE1-scrSCD1, Sham scrBACE1-shSCD1, Sham shBACE1-shSCD1; Isch ScrBACE1-scrSCD1, Isch
ShBACE1-scrSCD1, Isch scrBACE1-shSCD1, Isch shBACE1-shSCD1. PA, phosphatidic acid; PC, phosphatidylcholine; LPC, lysophosphatidylcholine;
ePC, ether phosphatidylcholine; PS, phosphatidylserine; ePS, ether phosphatidylserine; PE, phosphatidylethanolamine; LPE,
lysophosphatidylethanolamine; ePE, ether phosphatidylethanolamine; Pl, phosphatidylinositol; PG, phosphatidylglycerol; SM, sphingomyelin, n = 5

(pink bar) compared to the untreated Isch-Scr group (purple
bar) increased FA of 16 carbons from 1 to 6% Mol (6X);
FA of 18 carbons from 0.8 to 4 % Mol (5X) (Figure 6B) and
FA with 0 unsaturation from 0.0012 to 0.0068 % Mol (5.7X)
(Figure 6C).

In particular, the shBACE1shSCDI treatment significantly
modified the increase of LPC 16:0 (0.002 to 0.012 % Mol) (6X)
and LPC 18:0 (0.0018 to 0.0085 % Mol) (4.7X) with respect to
ischemic scrambled rats (Figures 7A, A’) and inversely, in those
same groups, the shBACEIshSCD1 treatment reduced PC 38:4
(0.0085 to 0.0045 % Mol) (2X) and PC 36:4 (0.011 to 0.005 % Mol)
(2.2X) (Figures 7B, B’), both of which supported species with the
heavier sMC rescued by PLSDA on serum when all groups were
compared (Figure 5A).
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Depletion of BACE1 and SCD1 has
differential effects on LPC/PC levels in
neural and endothelial cells associated with
protection

When we analyze the effect of BACE1 and SCD1 depletion
in astrocytes on coculture with neurons or endothelial cells.
In general, we found an increase of GFAP immunoreactivity
(IR) by glutamate (Supplementary Figures 4B, B’, E), without
changes in LDH release or condensed nuclei in astrocytes,
but there was a tendency or significant reduction of GFAP-
IR, mainly by the double inhibition of BACEl1 and SCDI.
Interestingly, the neurons also affected by glutamate presented a
significant reduction of the condensed nuclei when those were in
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FIGURE 5

Discrimination of the lipid profile of the hippocampus, CSF, and serum from cognitive improvement in an animal model silenced for BACE1 and
SCD1 genes. Multivariate analyses of the lipid profiles from the A—D serum. Score plots of PLS-DA partial least squares analysis to discriminate
between the lipid classes also show the projections of the data with the sMC and VIP metrics and values from sMC and VIP in a table per item. The
variables in the analyses are as follows: Sham ScrBACE1-scrSCD1, Sham shBACE1-scrSCD1, Sham scrBACE1-shSCD1, Sham shBACE1-shSCD1; Isch
ScrBACE1-scrSCD1, Isch shBACEL-scrSCD1, Isch scrBACE1-shSCD1, Isch shBACE1-shSCD1. PA, phosphatidic acid; PC, phosphatidylcholine; LPC,
lysophosphatidylcholine; ePC, ether phosphatidylcholine; PS, phosphatidylserine; ePS, ether phosphatidylserine; PE, phosphatidylethanolamine; LPE,
lysophosphatidylethanolamine; ePE, ether phosphatidylethanolamine; Pl, phosphatidylinositol; PG, phosphatidylglycerol; SM, sphingomyelin, n =5
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coculture with depleted astrocytes for SCD1 or for SCD1/BACEl
(Supplementary Figure 5C), accompanied by a redistribution of
SCD1 IF in neurites either in controls or under glutamate toxicity
(Supplementary Figures 5A, A, B, B’).

Complementarily, astrocytes in coculture with endothelial
cells showed a significant increase of GFAP and SCD1 IF by
glutamate (Supplementary Figures 6A, B, E, F) with a significant
increase of LDH release without changes in the condensed nuclei
(Supplementary Figures 6C, D), which was reversed by the double
depletion of SCD1 and BACE1 (Supplementary Figures 6B, C, E,
F). In the same experiment, the endothelial cells in coculture
with astrocytes, showed a disruption of cell membrane integrity
labeled by ZO-1 IF and a significant increase in SCD1 IF at the
soma by the glutamate treatment (Supplementary Figures 7, B, B’,
D). Although the coculture with astrocytes depleted for SCD1 or
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BACE1/SCD1 prevented the loss of membrane cell integrity in spite
of the glutamate exposure (Supplementary Figures 7B, D).
Surprisingly, lipid extract from those same cells in cocultures
showed a differential regulation of phospholipid levels focused
on an inverse relationship between PC and its plasmalogen
LPC in a cell type-dependent manner (Supplementary Figures 8A—
C), which was highlighted by the ratio of LPC/PC under the
double depletion of BACE1 and SCDI1 in the context of cell
protection against glutamate toxicity. In concordance with the
morphological findings shown in the cocultures of astrocytes-
neurons (Supplementary Figures 4, 5) and astrocytes-endothelial
cells (Supplementary Figures 6, 7), LPC/PC ratio levels increased in
astrocytes and endothelial cells and reduced in neurons in protected
conditions. Also, the inhibition of SCDI1 induced an increase of
LPC/PC in endothelial cells (Supplementary Figures 8D-F).
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Accumulation of PC in AD in vitro models

Interestingly, overregulated levels of PC 36:4 and PC 38:4
were associated with lipotoxicity in a fibroblast culture from
Presenilin double knockout mice (PS-DKO). Specifically, we
found a significant increase in the levels of PC 36:4 and PC
38:4 without changes in LPC in total homogenates from PS-
DKO fibroblasts (Figure 8A") and a lesser extent in mitochondrial
fractions (Figure 8A”) under the context of lipotoxicity (Figure 8A).
Furthermore, analysis of cells from FAD and SAD patients
recapitulated those changes in the concentration of specific PC
species, such as PC 20:4, and associated with other PUFAs, as in
PS-DKO cells (Figure 8B).

Histological analysis of hippocampal
tissues from AD and CADASIL patients
shows significant alterations in the levels of
BACE1 and SCD1

The expression of BACEL is increased in AD; however, specific
regional changes in levels of BACEI have not yet been confirmed.

Frontiersin Aging Neuroscience

13

We performed an immunohistochemical analysis to reveal BACEI
in the hippocampus (CAl and CA4 areas) and subiculum from
FAD, SAD, and CADASIL patients (the most common form of
familial brain arteriopathy) and healthy controls. We observed a
significant increase in BACEL1 levels in CA1 from FAD (*p = 0.007)
and SAD (*p = 0.006) compared to controls, as well as in FAD
(*p = 0.020) and SAD tissues (*p = 0.021) compared to those
from the CADASIL group (Figure 9A). However, no differences
were found between CADASIL (p = 0.720) and controls or between
FAD (p = 0.704) and SAD at CA1 (Figure 9A). We did not find
any significant differences in BACE1 expression in the CA4 (p =
0.854) (Figure 9A) or subiculum areas (p = 0.065) between the
different groups (Figure 9A). Notably, BACE1 showed a higher
and more homogeneous expression in CA4 than in CAl and
subiculum regions for all experimental groups. In addition, BACE1
was expressed in all brain areas under analysis in FAD, SAD,
and CADASIL tissues, while healthy tissues showed particularly
higher levels of this protein in CA4 regions (Figure 9A), as shown
previously by others (Laird et al., 2005; Xue et al,, 2015). Using
the same tissue samples as before, we determined the expression
and distribu tion of SCD1 by immunostaining. We observed a
significant increase in SCD1 levels in CA1 and CA4 areas of SAD
(**p = 0.0001) patients compared to FAD cases (#p = 0.044) and

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1194203
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Bedoya-Guzman et al. 10.3389/fnagi.2023.1194203

Serum

LPC(22:5),

LPC(22:6)

0.015 - . 1

Lroaoo)
treeor) 0.010 ¢
LPC(20:2)) *
Vrceos) 0.005
LrcRo) z

0.000 -

-PCRO:S)

%mol

it — LPC 18:0
LPc(8) 0.010
S 0.008 *
o g ooos |
] X 0.006 - ®
PC(16:0) 0.004 -
0.002 - ‘ ‘
3833882882 588/88838/38353828282388388838/83828°8 0.000 -
EEE R R R R ISR R R ERERERIER
EEEEZ5a886865385058538 2883 656668 88 ale e
BB REREREREREILEEN bobooubbgha=== -
B B’
0.015 -
0.010 4
°
£
R 0,005 -
0.000 -
0.012 -
0.010 -
0.008
€ 0.006
xX
0.004 -
2 8 0.002 -
g 2 0.000 -
g F
W Sham SCR BACE- SCR SCD1 M Isch SCR BACE- SCR SCD1
m Sham Sh BACE-SCR SCD1 Isch Sh BACE-SCR SCD1
B Sham SCR BACE- Sh SCD1 Isch SCR BACE- Sh SCD1
m Sham Sh BACE-SCD1 Isch Sh BACE1-SCD1

FIGURE 7

Fatty acid composition and abundance of LPC and PC were modified by the double silencing of BACE1 and SCD1 in cognitively recovered rats. The
chain lengths are equal to the total number of carbon atoms in the fatty acid moieties, and the saturations are equal to the total number of double
bonds in the fatty acid moieties of PC and PC from serum. Contour plots of the more influential subclasses of (A) LPC and (B) PC are shown. The
respective % Mol changes by the different experimental groups affect the (A’) LPC and (B’) PC compositions. ANOVA or Kruskall-Wallis test followed
by Tukey's or Dunnett's T3 post-hoc test according to the normality test. The data were expressed as % Mol. n = 5 per group. Color asterisks mean:
"p < 0.05, between compared groups, according to the color bar. The variables in the analyses were as follows: sham ScrBACE1-scrSCD1, sham
ShBACE1-scrSCD1, sham scrBACE1-shSCD1, sham shBACE1-shSCD1; Isch ScrBACE1-scrSCD1, Isch shBACE1-scrSCD1, Isch scrBACE1- shSCD1,
Isch shBACE1-shSCD1

Frontiersin Aging Neuroscience 14 frontiersin.org


https://doi.org/10.3389/fnagi.2023.1194203
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Bedoya-Guzman et al.

10.3389/fnagi.2023.1194203

PS-DKO

FIGURE 8

= —2, White=0,Red =2

LipidTox staining

PC[20:3]
PC[20:4]
PC[20:5]
PC[22:1]
PC[22:2]
PC[22:4]
PC[22:5]
PC[22:6]

A
Total cell extract
5 LPC 16:0 PC36:4
8
% % %k
6
=1
<} 5 4
£ £
3 L 2
ol | o ,
LPC 18:0 .
, - PC38:4
3 % %k %
_ 6
° 1 ]
£
2
0 Jre— 0
v . . BWT
A Crude mitochondria
PS-DKO
LPC 16:0
2 g PC36:4
6
3
s ! g 4
£ X
X 2
0 o |
LPC 18:0 PC38:4
2 10
8
. 6
g 4
X
2
0 —-— o |
2
FAD SAD )
No
change
Log2
Fold-changed
versus controls <D

PC-PUFAs changes verified in AD mice models and human AD samples. (A) Lipid droplets representative staining from WT and PS-DKO mice’s
fibroblasts, (A’) LPC and PC % Mol from total cell extract, and (A”) LPC and PC % Mol from crude mitochondria of WT and PS-DKO mice's fibroblasts.
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controls (Figure 1B). Moreover, we did not find any significant
differences between FAD (p = 0.197) and controls or CADASIL (p
= 0.636) and controls in the same CA1 and CA4 areas. In contrast,
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SAD (*p = 0.006) and CADASIL (*p = 0.023) showed higher SCD1
expression in the subiculum areas compared to controls or FADs
(Figure 9B). No significant differences were found between the FAD
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SCD1, (C) PHF-tau, and (D) p-cPLA2; for control, FAD, SAD, and CADASIL groups in CA1, CA4, and subiculum area. Representative images 10x, bar
graph: 100 um; insets: 40x, bar graph: 50 um. The bars indicate the SEM values. Kruskal-Wallis test was used for independent samples. “p < 0.05, *p
< 0.001 compared to control; #p < 0.05 compared to FAD; “p < 0.05 compared to SAD; ##p < 0.001, #p < 0.05 compared to FAD; "p < 0.05
compared to SAD. The number of cases: control (n = 5), FAD (n = 5), SAD (n = 10), and CADASIL group (n = 5).
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samples (p = 0.465) and the controls (Figure 9B). Notably, healthy
tissues showed overall low SCD1 expression, and the SAD and
CADASIL tissues presented with markedly higher SCD1 levels in
different brain areas.

Our immunohistochemical study also revealed significant
changes in the expression of p-cPLA2 between all types of
dementia in the study and the control groups. Specifically,
CAl, CA4, and the subiculum areas showed significantly higher
expression in FAD [CAl (p* = 0.032), CA4 (p* = 0.048),
and subiculum (p* = 0.025)], SAD [CAL (p** = 0.001), CA4
(p** = 0.001), subiculum (p** = 0.006)], and CADASIL [CAl
(p* = 0.041), CA4 (p* = 0.016), subiculum (p** = 0.003)]
(Figure 9D).

As a control, we also assessed the degree of tau phosphorylation
in our samples by staining with the anti-phospho tau antibody AT8
(which recognizes phosphorylation in serine 202, threonine 205,
and serine 208 as the main phosphorylated positions involved in
the PHF). As expected, we observed increased PHF-tau labeling in
CAl and CA4 areas of FAD [CA1 (**p = 0.000; CA4 (**p = 0.001)]
and SAD patients [CA1 (*p = 0.027), CA4 (*p = 0.041)] compared
to controls (Figure 9C) or CADASIL samples (**p = 0.001; *p =
0.031, respectively). The latter showed no significant differences
when compared to the control group (p = 0.966) in either CA1
or CA4. Subiculum areas showed essentially the same PHF-tau
staining pattern as CA1 and CA4 regions (Figure 9C) in FAD (*p =
0.003), SAD (*p = 0.005), and CADASIL (p = 0.698) compared to
controls. As observed in Figure 9C, PHF-tau expression was higher
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in FAD than in SAD, and this difference was more marked in the
CA1 (#p = 0.044) and subiculum than in CA4.

BACE1 and SCD1 colocalize in brain tissues
from SAD patients

Our immunostaining results indicate that CA1 areas showed
the most significant changes in the expression of BACE and
SCD1 between all cases and control groups. Therefore, we decided
to analyze the distribution of these two proteins by double
IF staining in this area of the hippocampus. Each positive
fluorescent signal for BACE1 or SCD1 was manually selected
as an ROI in the maximal projection image. The number and
mean gray value for each ROI in the green (BACE1l) and red
(SCD1) channels were obtained using the Image] software (NIH)
(Figure 10A). The mean gray value for each protein was expressed
as the difference between the mean gray value obtained for
each ROI and the mean gray value for the background of the
corresponding channel.

Our results showed a significant increase in the mean
gray value for each positive BACE1 signal for the FAD (*p
= 0.001) and SAD (*p = 0.052) cases compared to controls
(Figure 10A) and with respect to the CADASIL samples
[FAD (##p = 0.000), SAD (“Ap = 0.001)]. No significant
differences were observed between FAD and SAD cases
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quantification of colocalization. (B) BACE1 (green) and PHF-tau (AT-8) (red) from CAl immunostaining. Bar graph: 50 pm. Arbitrary units of
fluorescence intensity. Error bars indicate SEM of means. Negative controls staining without primary antibodies are shown in (B). Kruskal-Wallis's test
for independent samples was used. “p < 0.05; “p < 0.001, compared to control; ##p < 0.001 compared to FAD; “Ap < 0.001 compared to SAD. (C)
Molecular complex by immunoprecipitation of BACE1 and blotting detection of cPLA2, PHF, and SCD1. Number of cases: control, n = 5; FAD, n = 5;
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(p = 0.052) or between CADASIL (p = 0.261) and controls
(Figure 10A).

On the other hand, the mean gray value for each SCDI
positive signal was greater in SAD (**p = 0.000) and CADASIL
(*p = 0.025) than in the controls and FAD cases. Furthermore,
we found a significant association (p = 0.0001) when both
mean gray values for BACEl and SCD1 were analyzed in
each ROI (Figure 10A). Our data show a particular increase
in colocalization between BACEIL (green channel, white arrows)
and SCDI1 (red channel, red arrows) in FAD and SAD cases
(Figure 10A).
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BACE1/SCD1 are associated with the
PHF-tau/cPLA2+4+ molecular complex in the
CA1 area of dementia brains

We performed a double IF for BACEI and PHF-tau markers
(Figure 10B) to confirm that both proteins are in the same cells, as
previously described in AD brains by Duyckaerts et al. (2008). Our
data showed that both markers were in close apposition in FAD
tissues (Figure 10B) and partially overlapped in SAD and CADASIL
samples (insets, Figure 10B). Interestingly, BACE1 IP suggests a
potential molecular complex or at least a coaggregation between
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SCD1, PHF-tau, cPLA2, and BACEI, which are markedly amplified
in dementia cases compared to the control samples (Figure 10C).

Discussion

In this study, we found for the first time the association between
BACE1 and SCD1 in neurodegeneration. We found that BACE1
and SCD1 are increased in neurodegenerative conditions in vivo,
in vitro, and in human brains. BACE1 and SCD1 associations had
a close relationship with cPLA2 and PHF-tau in the human brain
with dementias (FAD, SAD, and CADASIL), mainly in FAD and
SAD. In vivo BACEL and SCD1 augments were associated with
astrogliosis in the hippocampus of ischemic rats. The BACE1/SCD1
relationship was supported by a significant effect of the dual
silencing of BACE1 and SCD1 genes producing a synergy on motor
and cognitive recovery in a global cerebral ischemia rat model,
impacting the phospholipid profile from the hippocampus, CSE,
and mainly serum. In addition, this double silencing in the sham
and ischemic groups induced a proportional inverse ratio between
total PC and LPC in serum, represented mainly by the reduction of
PC 38:4 and PC 36:4 and the increase in LPC 16:0 and LPC 18:0
in the neurologically recovered rats. Our results were also backed
up by a differential effect of BACE1/SCD1 depletion in a neural
and endothelial cell type mode-dependent regulation of LPC/PC
ratio, which was inverse to the neurotoxic in vitro or pathological
in vivo conditions. Dysregulation of PC in a neurodegenerative
context was supported by an increase in PC 36:4 and 38:4 in AD
models, such as in PS1-DKO cells under lipotoxicity and in cells
from FAD and SAD cases. Together, these data suggest a novel
convergence between BACEL and SCDI in the pathogenesis of
neurodegeneration related to pro-inflammatory phospholipids.

Previous studies have shown that SFAs are a risk factor
for developing AD (Morris et al., 2003) and that MUFAs are
increased in the brains of individuals with AD (Astarita et al,
2011). Furthermore, the fatty acid (FA) regulation of BACEl
has a potential effect on the upregulated activity of amyloidosis
(Marwarha et al., 2019). In addition, high levels of MUFAs and
stearyl-coA desaturase 1 (SCD1) have been described in the cortex
and hippocampus of patients with AD (Astarita et al., 2011). In
this study, we demonstrated differential SCD1 expression between
SAD and FAD. This difference may suggest that greater levels of
SCD1 could act as a possible causative agent of AD in individuals
with SAD who do not have predisposing mutations associated with
early-onset AD. Additionally, our results also showed significantly
higher SCD1 expression in the subiculum of CADASIL compared
to that in controls. Elevated lipoprotein (a) (Lp(a)) levels have
been established in patients with CADASIL (Gong et al.,, 2010),
and dyslipidemia and an altered lipid profile (Haley et al., 2020)
are associated with ischemic stroke. Desaturase enzymes have
been associated with chronic diseases; however, to date, there has
not been a reported imbalance in the expression of SCDI in
CADASIL cases.

On the other side, cytosolic phospholipase A2 (cPLA2)
is a ubiquitously distributed enzyme that cleaves membrane
glycerophospholipids to form AA. AA is converted to a potent
inflammatory lipid mediator; therefore, cPLA2 has been implicated
in diverse cellular responses, such as inflammation and cytotoxicity
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(Lietal, 2019). Besides, it has been seen that its increased activity
may directly cause loss of membrane integrity, excessive production
of fatty acids, and oxidative stress (Liu et al, 2014). Elevated
expression of p-cPLA2 in AD brains has not been previously
demonstrated. Other researchers have shown that cPLA2 activation
promotes neurodegeneration and that the genetic ablation of
cPLA2 improves cognitive function and protects against the toxic
effects of AR oligomers in a mouse model of FAD (Desbene
et al., 2012). It has also been reported that soluble AB oligomers
activate cPLA2 through transient relocalization of cPLA2 to the
plasma membrane, which would generate the production of AA
from membrane phospholipids and induce neuronal apoptosis
(Malaplate-Armand et al., 2006). These results would suggest that
the elevated AR levels typical of FAD and SAD cases could raise
the levels of p-cPLA2 found in these dementias. Importantly,
when analyzing the levels of p-cPLA2 in brains with CADASIL,
we found that they were significantly higher in all the areas
studied compared to the controls. Although this finding is novel in
CADASIL brains, previous studies have associated cPLA2 activity
with ischemia. This is because cPLA2 activity results in the
production of proinflammatory lipid mediators. In fact, it has
been shown that cPLA2a is a crucial component in the pathway
of stroke injury (Bonventre, 1996) and that the inhibition of c-
PLA2 attenuates focal ischemic brain damage in mice with cerebral
ischemia-reperfusion injury (Bonventre, 1996; Liu et al., 2017).

On the other hand, either SCD1 or BACEI is synthesized in
the ER and subsequently undergoes traffic through the endosome
system. The IP results in this study suggest that SCD1 and BACE1
may be close or interact in both compartments. In addition, normal
SCD1 activity is necessary for the formation of autophagosomes
(Ishigami et al., 2018). Autophagosomes fuse with endosomes
and lysosomes sequentially to form autolysosomes. In this context
of the cellular membrane-trafficking system, abnormal levels of
SCD1 could be altering the membranes of this vesicle system
necessary for the transport and normal function of BACEIL.
For their part, the phospholipases A2 (PLA2) are key enzymes
of phospholipid degradation and crucial in maintaining the
membrane composition. BACE1 is ultimately degraded within
lysosomes, which are surrounded by a phospholipid membrane,
vulnerable to the activation of PLAs (Li et al., 2019). Moreover,
recent studies have reported that cPLA2 activation leads to
lysosomal damage, causing neuronal autophagosome accumulation
and neuronal death (Li et al, 2019). In addition, it could
also cause an impediment to the degradation of BACE1L and a
higher production of Af. In addition, since Af} activates cPLA2
(Malaplate-Armand et al., 2006), this could create a vicious cycle.

Another interesting perspective is that cPLA2 activation joints
endosomes and ER (Yang et al, 2018), which would favor
the convergence between both BACEI and SCDI in a lipid
environment as lipid rafts, mainly on mitochondria-associated
ER membranes (MAMs) (Weng et al, 2006; Agrawal et al,
2020; L. Zheng L. et al, 2021). In addition to cholesterol and
sphingomyelin, this location also contains either the C99 or SCD1
product of BACE1 cleavage (Kawarabayashi et al., 2004), as well
as ACSL4, which is an active enzyme related to phospholipid
composition (Smith et al., 2013) by PUFA incorporation into PLs
(Kuwata and Hara, 2019). Furthermore, previous studies have
suggested a convergence between cPLA2 and PHF-tau (Sundaram
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et al.,, 2012) and BACE1 and PHF (Villamil-Ortiz et al.,, 2018).
However, if BACE1 has a potential causative relationship with
SCD1 and phospholipid regulation, triggering proinflammation
and neurodegeneration has not been approached before.

In this last sense, it is widely known that BACE1 and PHF
are upregulated in dementia and are highly associated upstream
with the proinflammatory cascade surrounding the Af} hypothesis.
However, deposition of Af or its elimination is not completely
correlated with the prevention of dementia or the recovery of brain
function affected by AD (Lozupone et al., 2020). Therefore, the
search for alternative explanations has mainly focused on the events
involved in the trigger of SAD and also given a stem or broader
role to BACE1. Our previous studies have shown that the silencing
of BACELI increases Hsc70/LAMP2 in lipid rafts, producing a
reduction of PHF with the consequent cognitive improvement
of 3xTg AD mice (Ravaut et al., 2020). Moreover, this effect
was indirectly related to the maturation of autophagosomes by
lipidation of phosphatidylethanolamine (PE), which was blocked
by 3-methyadenine (3-MA), preventing the action of BACEI
targeting PHF-tau elimination (Ravaut et al., 2020). In addition,
silencing of BACEI achieved the regulation of plasmalogens such
as LPE and ePE, which were recovered from the AD environment
in the hippocampus of a 3xXTgAD mouse model, mainly its FA
composition modifying 18:0 for 18:1 and 20:4 for 22:6, in the
context of proinflammatory reversion reducing cPLA2 and COX-2
(Villamil-Ortiz et al., 2016).

Additionally, BACEIL PHF
proinflammation in neurons in an SCDI-dependent manner

targeting  reverses and
(Villamil-Ortiz et al., 2018). All these previous studies are in
concordance with our current data, confirming the interaction
of BACE1 and SCD1 in human dementia brains. In addition,
the current findings confirm the upregulation of BACEI
and SCD1 associated with astrogliosis by ischemia in the rat
hippocampus. Likewise, BACEI is also expressed in reactive
astrocytes associated with disrupted vessels, mainly in SAD
and closer to PHF-tau+ cells, which could be a potential tissue
scene in the parenchymal pathogenesis (Chacon-Quintero et al.,
2021). However, further cause-and-effect experiments should be
conducted in the future to further investigate this interaction and
its physiological consequences.

Nevertheless, the double silencing of BACE1 and SCD1 induced
neurological and cognitive improvement in ischemic rats. The
SshBACEI treatment was the main factor responsible for memory
retrieval improvement in ischemic rats, supported by the shSCD1
treatment. Those findings were supported by the lipid profile
discrimination, which was generated mainly by shBACEI alone
in ischemic rats and accentuated by shSCDI1 (Figures 3B, C, 4C,
5B, C).

Complementarily, PC 32:0 in the hippocampus and PC 34:0 in
the CSF had the higher Rho index, 1.92 and 26.57, respectively, by
PCA (Supplementary Figures 3B, D). Where both lipid classes have
been reported as protectors of the inflammatory response (J. Zheng
J.etal, 2021), inversely to the adverse effect of LPC 16:0 (Huo et al.,
20205 Zheng L. et al., 2021), which in our study were detected in the
circulation. This correlation was also supported by our previous
observations of a proinflammatory environment in the brain and
serum in an ischemia rat model (Sabogal-Gudqueta et al., 2018).
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In addition, a heavier discrimination of PLs was associated with
SM 18:0, and PLs were associated with arachidonic derivatives [PA
(38:4), PS (38:4, 36:4)] by PLS-DA. The cleavage products of SM,
SCD1, and BACE], such as C-99, are present in lipid rafts, mainly
on MAM, whose overexpression correlates with AD pathogenesis
(Agrawal et al, 2020; Wang et al, 2021). Moreover, cPLA2
activation is located closer to the ER-mitochondria-overproducing
MAMs in AD, which activates another enzyme that produces
the incorporation of PUFAs on PLs, such as ACSL4 (Acyl-CoA
synthetase long-chain family member 4), and an increase in
arachidonic derivatives (Kuwata and Hara, 2019). ACSL4 has a
preference for ARA, forming ARA-CoA, which is incorporated
into lysophospholipids by lysophospholipid acyl transferases and
has also been associated with cognitive impairment (Lee et al,
2012) and, in a few cases, neuroprotection (Sambra et al,
2021). Moreover, our previous studies showed that PS 40:7 and
plasmalogens such as LPE and LPC were associated with AA in
the human cerebral cortex from dementias (SAD and CADASIL)
with respect to healthy brains, in addition to the discrimination
of PC 42:7 and PC 44:11 in CSF from patients with dementia
(Sabogal-Guaqueta et al,, 2020). Furthermore, the reduction of
PC and the increase of LPC in serum have been associated with
neuroprotection in humans (Angelini et al., 2014), as well as the
accretion of PC associated with PUFAs to proinflammation (Kim
et al., 2014), which was backed up by the increase of PC 36:4 and
38:in AD in vitro models in addition to their reduction by shBACE1
and shSCD1 in the sham and ischemia contexts in our study.

BACE!I and SCD1 depletion could prevent the increase of
cPLA2, an enzyme participating in the land cycle brain-blood
(J. Zheng J. et al, 2021), avoiding the accumulation of pro-
inflammatory lipid classes in the brain, and clarifying adverse lipid
species in circulation, which is because we detect a smaller increase
of LPC 22:6 by shBACEIshSCD1 at the ischemic hippocampus,
supported by a reduction of LPC/PC in protected neurons from
glutamate in coculture with double-depleted astrocytes, although
inversely to neurons, both astrocytes and endothelial cells presented
an increase in it under protection, which is also correlated with an
increase in saturated LPC in the serum of recovered rats. It has been
described that LPC-DHA, through the land cycle, is transported
by albumin from the blood to the brain through the BBB mainly
by the MSFD2 receptor, improving brain function (Nguyen et al.,
2014), and especially PUFAs are associated with a decrease in the
risk of dementia (Rapoport et al., 2001; Smith and Nagura, 2001;
Sambra et al., 2021), which complementarily might support the
neurological recovery obtained in our model.

Considering that the knockdown of BACEl and SCDI
imply a reduction and not a complete depletion of the gene
expressions. Also, our data showed the presence of other species
in serum, such as 18:1, 18:2, and 18:3. Which could be related
to the most abundant LPCs in human plasma, that in addition
to LPC palmitate (16:0), LPC stearate (18:0); those are LPC
oleate (18:1), LPC linoleate (18:2) and LPC eicosatetraenoate
(20:4), and other species included LPC eicosapentaenoate (20:5),
and LPC docosahexaenoate (22:6; DHA) (Croset et al., 2000).
The sources of LPCs in human plasma include LPCs directly
absorbed from the diet. LPC is generated by phospholipase A2
(PLA2) activity on PC in membranes during digestion and then
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absorbed in the gut (Lands’ cycle) (Wang and Tontonoz, 2019).
Complementarily, the reduction of palmitoleic (16:1) and oleic
(18.1) induces reacylation (ALJohani et al, 2017; Xu et al,
2022), increasing the action of phospholipases, activating the land
cycle, and supplying the LPC-PUFAs. This study focuses future
attention on BACEl and SCDI1 in LPC metabolism and the
land cycle.

However, the accumulated PUFAs are associated with
peroxisome deficiency (Poulos et al., 1988) and demyelination
(Abe et al., 2014), which would suggest an improvement of f3-
oxidation in the peroxisomes on the parenchyma and a consequent
discrimination of arachidonic derivatives in CSF and serum
by the double silencing of BACE1/SCD1. In concordance with
preliminary data, we detected that silencing of BACE1 recovered
the hydroxyacyl-CoA dehydrogenase trifunctional multienzyme
complex subunit alpha (HADHA), an enzyme that is incharge of
the long-chain PUFA {3-oxidation and was affected by glutamate
in neuronal cultures (Villamil-Ortiz et al., unpublished). In
addition, targeting BACE1 increased the activation of mTOR
(Piedrahita et al., 2016). This pathway has been related to
lipid metabolism sensing (Wang et al, 2021) and autophagy
(Chrienova et al, 2021). Therefore, our data could suggest
the BACE1/SCD1 depletion implies degradation of VLPUFAS
and less incorporation of PUFAs in the intent of homeostasis
recovery, but more detailed studies should be conducted for a
better understanding.

At the end, there was an evident cooperation and potentiation
by the silencing of both genes, BACEI and SCD1, on the increase
of LPC Cl16-22: 0-6 from serum, achieving a discrimination
cloud from all groups represented by a larger projection of
LPC 18:0, 16:0 with the higher score (sMC: 270, 267.86,
respectively) and by the counter plot, stronger than the effect,
reducing PC 38:4 and PC 36:4, whose alteration in PC
36:4 and PC 384 was reproduced in PS-DKO cells, and
surprisingly those were recapitulate in human FAD and SAD
cells, mainly represented by an increase of PC 20:4, PC 20:5, and
PC 22:6.

Together, our data could be explained because the silencing
of BACEl and SCD1 may reduce C99, SM, cholesterol, and
SCD1 in lipid rafts (mainly MAM) (Piedrahita et al, 2016;
Montesinos et al, 2020), which could trigger a reduction of
ACSL 4, 5, and 6, preventing the incorporation of PUFAs
into PLs and improving the f-oxidation of VLPUFAS, which
promotes the release of FAs of C16, C18:0 to the serum,
favoring the inverse levels of LPC/PC. However, additional and
deeper studies must be conducted to understand the role of
the BACE1/SCD1 complex in the regulation of peripheral vs.
central metabolism.

In summary, BACE1 and SCDI1 associations had a close
relationship in neurodegeneration in in vitro and in vivo models
and in human dementia brains. When BACEL and SCDI1 were
silenced, there was a discrimination of phospholipids associated
with arachidonic acid and other PUFAs in the hippocampus,
CSE and serum of ischemic animals with improved neurological
and cognitive skills, related to a reduction of PC 36:4 and PC
38:4. Those results were backed up by an upregulation of PC
38:4 and PC 36:4 found in an AD in vitro model and FAD
and SAD cells. Therefore, the data suggest a novel convergence
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of BACEl and SCD1 in neurodegeneration, related to pro-
inflammatory phospholipids.
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