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Type 2 diabetes mellitus is known to be a risk factor for Alzheimer’s disease (AD), but
the underlying mechanisms remain unclear. In AD, the cerebral accumulation of amy-
loid B (AP) triggers a pathological cascade leading to neurodegeneration. Plasma A lev-
els are thought to reflect the brain amyloid pathology and currently used as a diagnostic
biomarker of AD. However, amyloid precursor protein and Af-generating enzymes, f3-
and 7y-secretases, are widely expressed in various peripheral tissues. Previous reports
have shown that glucose and insulin loading cause a transient increase of plasma A in
mice and humans. These findings led us to speculate that plasma A is produced from
glucose- and insulin-susceptible peripheral tissues to play a role in glucose and insulin
metabolism. To test this hypothesis, we investigated the effects of glucose and insulin
on AP secretion and the effect of AP on insulin secretion in vivo, ex vivo, and in vitro.
AP was found to be secreted from fB-cells of the pancreas along with insulin upon glu-
cose stimulation. Upon insulin stimulation, Af was secreted from cells of insulin-
targeted organs, such as adipose tissues, skeletal muscles, and the liver, along with their
organokines. Furthermore, Af inhibited the glucose-triggered insulin secretion from
B-cells, slowing down glucose clearance from the blood. These results suggest that
peripheral AP acts as a negative modulator of insulin secretion. Our findings provide a
possible mechanism linking diabetes to AD and call attention to how plasma A levels
are used in AD diagnosis.
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Type 2 diabetes mellitus is known to be a risk factor for Alzheimer’s disease (AD) (1,
2), but the underlying mechanisms remain unclear. Amyloid p (Af), a main compo-
nent of amyloid plaques and cerebrovascular amyloids in AD, plays a pivotal role in
the pathogenesis of AD (3). There are several isoforms of AP: the minor isoform Ap42
is more aggregable than the major isoform AP40, and amyloid plaques are primarily
composed of AP42. While AP is secreted from neurons and accumulates in the brain, it
is detected not only there but also in the blood. In parallel with the formation of amy-
loid plaques, the levels of AP, particularly AP42, in the blood as well as in the cerebro-
spinal fluid (CSF) tends to decrease during the disease progression. Since blood Af is
assumed to be mostly derived from the brain and its level likely reflects amyloid pathol-
ogy in the brain, the AP42/AP40 ratio in plasma is currently used as a diagnostic
biomarker of AD (3). However, A is produced not only in the brain but also in
peripheral tissues. AP is generated from amyloid precursor protein (APP) by the func-
tion of two enzymes, P- and y-secretases (4). APP is a ubiquitous protein that is
expressed widely in the body (4). Beta-site APP cleaving enzyme 1 (BACE1), the
enzyme of f-secretase, and presenilin 1 and 2 (PS1 and PS2), which are catalytic subu-
nits of y-secretase, are also expressed in various tissues (5, 6). For example, adipose tis-
sues express APP, BACE1L, and PS1/2 and secrete AP in response to glucose and insulin
loading in vitro (7). Skeletal muscles also express these proteins and accumulate A
within abnormal muscle fibers in inclusion-body myositis (8, 9). Finally, the pancreas
(10) and liver (11, 12) express these proteins, with the liver suggested to be a major
source of plasma AP and also a source of brain Ap (13).

However, the physiological role of peripherally generated A is unknown. We previ-
ously reported that intraperitoneal glucose injection into wild-type and APP transgenic
mice caused a transient increase in the levels of blood glucose, plasma insulin, and
plasma AP (14). Blood glucose and plasma insulin reached their peaks at 15 min after
the glucose injection, but the peak of plasma AP was slightly later: AP40 peaked at
30-60 min in wild-type mice and 60-120 min in APP transgenic mice. We later
reported that oral glucose loading induced a significant increase in plasma AB40 and
AB42 levels in AD patients but not in non-AD dementia patients (15). On the other
hand, a different group found that the intravenous infusion of insulin raised plasma
AP42 levels in AD patients but not in normal adults (16). Another group reported that
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in healthy young adults, the intravenous infusion of insulin
increased plasma AP42 levels but not AP40 levels (17).
Although glucose and insulin loading affected plasma AP40
and AP42 levels in AD and non-AD individuals differently,
these findings led us to speculate that plasma AP is produced
from peripheral tissues that are susceptible to changes in blood
glucose or insulin levels and that peripheral AP may contribute
to glucose and insulin metabolism. If true, the high levels of
blood glucose and insulin in diabetes would persistently
increase peripheral AP production, which may affect brain Af
levels. To test this hypothesis, here we investigated the effects
of glucose and insulin on AP secretion and the effect of Ap on
insulin secretion in vivo, ex vivo, and in vitro. Our findings
suggest a physiological role of peripheral Ap, a mechanism that
links diabetes to AD, and, furthermore, raise caution in using
plasma AP levels in AD diagnosis.

Results

Glucose and Insulin Loading Increases Plasma Ap Levels. Ini-
tially, we studied the effects of glucose and insulin on plasma
AP levels in mice. All mice were fasted for 16 h prior to glucose
and insulin loading. Saline containing 0.06 g glucose was
injected intraperitoneally (approximate dose of 2 g/kg) into 10-
mo-old wild-type mice, and the blood was collected from the
tail vein at 0, 15, 30, 45, 60, 120, and 180 min after the injec-
tion. Glucose injection caused a transient increase in blood glu-
cose, plasma insulin, and plasma AP40 and AB42 levels, which
all peaked at 30 min, but glucose and AP decreased gradually
and insulin fell rapidly thereafter (Fig. 1A4). Next, saline con-
taining 0.015 U insulin was injected intraperitoneally (approxi-
mate dose of 0.5 U’kg) into 11-mo-old wild-type mice, and
the blood was collected at 0, 15, 30, 45, and 60 min after the
injection. The insulin injection induced a transient increase in
plasma insulin levels with a peak at 15 min and a transient
decrease in blood glucose levels with the lowest level at 30 min
(Fig. 1B). Plasma AP40 and AP42 levels transiently increased
after the insulin injection, with a peak at 30 min and a gradual
decrease thereafter. These results are consistent with previous
reports that found glucose and insulin loading affect plasma Af
levels in mice and humans (14-17), suggesting a possible role
of plasma A in glucose and insulin metabolism.

Ap Affects Blood Glucose and Plasma Insulin Levels. To fur-
ther investigate the in vivo relationship between AP, insulin,
and glucose in the blood, we repeated the glucose injection
experiments in 10-mo-old APP23 mice, an APP transgenic line
which overproduces A (18), and 12- to 15-mo-old APP
knockout mice, which lack AP production (19). The fasting
levels of blood glucose, plasma insulin, and plasma AB40 and
AP42 in each mouse group are shown in Table 1. In APP23
mice, the glucose injection elicited a transient increase in blood
glucose, plasma insulin, and plasma AP40 and AP42 levels simi-
lar to wild-type mice (Fig. 1C). However, while the levels of
glucose and AP40 and AP42 peaked at 30 min for both mice,
they were higher in APP23 mice at all time points. Addition-
ally, the area under the curve (AUC) for glucose and AP40 and
AP42 in APP23 mice was significantly greater than in wild-type
mice. In contrast, the levels of insulin increased quickly with a
peak at 15 min and thereafter decreased rapidly to levels lower
than in wild-type mice. Although the difference in AUC was
not significant between the two groups, insulin secretion in
APP23 mice appeared to be suppressed immediately after its
initiation. On the other hand, in APP knockout mice, glucose
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injection induced a transient increase in blood glucose and
plasma insulin levels, whereas plasma AB40 and AP42 levels
remained undetectable for 180 min (Fig. 1C). The levels of glu-
cose increased quickly with a peak at 15 min and thereafter
decreased rapidly to levels lower than in wild-type mice, and
the AUC was significantly lower in APP knockout mice. In
contrast, the level of insulin peaked at 30 min and was higher
than in wild-type mice at all time points. Further, the AUC
was significantly greater than in wild-type mice. These results
collectively suggest that plasma AP inhibits glucose-triggered
insulin secretion to slow down glucose clearance from
the blood.

Next, we examined the effect of AB on blood glucose and
plasma insulin levels. Saline containing 6 pmol synthetic AB40
peptide or saline alone was injected intraperitoneally into 12-
to 15-mo-old APP knockout mice. Five minutes after the injec-
tion, 0.06 g glucose was injected intraperitoneally, and the
blood was collected 0, 15, and 30 min later. In the saline-
injected group, blood glucose transiently increased by glucose
loading with a peak at 15 min and thereafter began to decrease,
while plasma insulin increased over time (Fig. 1D). In the
AP40-injected group, plasma AP40 immediately increased to a
peak of 70 pM at 15 min but was rapidly cleared at 30 min
(Fig. 1D, Righy). Plasma insulin was suppressed by Af injection
at 15 min and maintained a low levels at 30 min (Fig. 1D,
Middle). Blood glucose showed a similar pattern as the saline-
injected group, but AP injection slightly slowed down the glu-
cose clearance at 30 min (Fig. 1D, Lef)). We repeated the
experiments with synthetic AP42 and scramble AP42 peptides.
Similar to AP40, plasma AP42 immediately increased at 15
min but was rapidly cleared at 30 min in the AP42-injected
group (Fig. 1E, Righs). Plasma insulin and blood glucose
also showed similar patterns to those in AB40-injected mice
(Fig. 1F). In contrast, scramble AP42 did not affect glucose or
insulin levels. Western blot analysis revealed that the injected
APB40 was primarily monomers, whereas the injected AB42 con-
sisted predominantly of monomers with some dimers (Fig. 1£).
The changing profiles of blood glucose and plasma insulin in
the AP- and saline-injected groups resemble those in APP23
mice and APP knockout mice after glucose injection. Thus, the
present results support our hypothesis that plasma AP inhibits
glucose-triggered insulin secretion.

Ap Is Secreted from the Pancreas and Insulin-Sensitive
Organs to Inhibit Insulin Secretion. We next searched for the
origin of plasma Af. Given the fact that plasma AP levels
changed immediately upon glucose and insulin loading, we
hypothesized that plasma Ap comes from glucose- and insulin-
sensitive peripheral organs. Accordingly, we carried out ex vivo
experiments using live peripheral tissues isolated from wild-type
mice after 16-h fasting. The pancreas, abdominal white adipose
tissues, anterior tibial muscles, liver, and kidneys were collected
after removing the blood by cold phosphate-buffered saline
(PBS) infusion and chopped into small pieces on ice. The
minced tissues were dispensed into tubes and stimulated with
glucose or insulin at 37 °C for 60 min with rotation. After a
brief centrifugation, the levels of AP secreted from the tissues
into the media were measured by enzyme-linked immunosor-
bent assay (ELISA). Stimulation with high-glucose (4,500 mg/
L) medium caused a significant increase in AP40 and AP42
secretion from the pancreatic tissues (Fig. 24) but not the adi-
pose (Fig. 2B), muscle (Fig. 20), or liver tissues (Fig. 2D). In
contrast, the addition of 200 nM insulin into the media elicited
a significant increase in AP40 and AP42 secretion from the
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Fig. 1. In vivo effects of glucose and insulin loading on plasma A and of Ap loading on plasma insulin in mice. (A) Glucose was injected intraperitoneally
into fasted wild-type mice, which caused a transient increase in blood glucose, plasma insulin, and plasma AB40 and Ap42 levels. (B) Insulin was injected
intraperitoneally into fasted wild-type mice, which induced a transient increase in the plasma insulin and plasma Ap40 and Ap42 levels and a transient
decrease in the blood glucose level. (C) Glucose was injected intraperitoneally into fasted APP23 (green) and APP knockout mice (red). The data of wild-type
mice (blue) are the same as in (A). In APP23 mice, glucose injection elicited a marked increase in the plasma Ap40, Ap42 and blood glucose levels and a rapid
decrease in the plasma insulin level. On the contrary, in APP knockout mice, which showed no detectable plasma A level, glucose injection caused a marked
increase in the plasma insulin level and a rapid decrease in the blood glucose level. AUC (area under the curve) values were calculated and are shown below
the corresponding graphs. (D) Ap40 peptide (orange open square) or saline only (red closed circle) was injected intraperitoneally into fasted APP knockout
mice, which was followed by subsequent intraperitoneal glucose injection. The AB40 injection suppressed the glucose-induced increase in the plasma insulin
level. (E) AB42 (orange open square), scramble AB42 (violet open square) or saline only (red closed circle) was injected intraperitoneally into APP knockout
mice. The Ap42 injection but not scramble Ap42 injection suppressed the glucose-induced increase in the plasma insulin level. (F) A Western blot shows the
injected Ap40 and Ap42 peptides were predominantly monomers. M, MagicMark XP Western Protein Standard (Invitrogen, Carlsbad, CA).
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Table 1. Fasting and peak levels of blood glucose, plasma insulin, and plasma Af40 and Ap42 after glucose

injection into mice

Wild-type mice APP23 mice APP knockout mice
Glucose (mg/dL)
Fasting 615+ 22 67.8 + 8.5 75.0 £ 9.0
Peak 326.8 + 24.6 436.8 + 19.2 353.5 + 34.7
Insulin (ng/mL)
Fasting 0.467 + 0.060 0.383 + 0.083 0.605 + 0.085
Peak 1.434 + 0.238 1.668 + 0.386 1.854 + 0.266
AB40 (pM)
Fasting 67.0 + 13.7 2424 + 32.8 Not detected
Peak 1315+ 16.5 395.0 + 43.0 Not detected
Ap42 (pM)
Fasting 121 +5.0 59.2 + 3.6 Not detected
Peak 431+ 3.5 94.9 + 14.9 Not detected

Values represent the mean + SEM, n = 6 in each group.

adipose, muscle, and liver tissues, but not the pancreatic tissues.
In either condition, AP secretion was not detected from the
kidney tissues (Fig. 2E), which are not involved in glucose or
insulin metabolism.

To evaluate the effects of AP on insulin secretion, the pan-
creatic tissues were stimulated with high-glucose medium with
or without 100 pM AP40, AP42, or scramble AP42 peptide for
60 min. Glucose-induced insulin secretion was significantly
attenuated in the presence of AB40 and AB42 but not scramble
AP42 peptide (Fig. 2F). These results suggest that plasma Af is
secreted from the pancreas upon glucose stimulation and from
insulin-sensitive organs, such as adipose tissues, skeletal
muscles, and liver, upon insulin stimulation to inhibit insulin
secretion from the pancreas.

Ap Is Localized in Pancreatic p-Cells and Endocrine-Containing
Cells of Insulin-Targeted Organs and Released with Tissue
organokines. To examine the localization of A in the periph-
eral tissues, we performed immunohistochemistry with antibod-
ies for AP and specific markers of cells in the pancreas and
insulin-targeted organs. First, we tested the pancreas. Ten-
month-old freely fed wild-type mice were fixed by 4% parafor-
maldehyde perfusion under anesthesia. Pancreas tissue sections
were prepared and stained for AP, insulin (B-cells), glucagon
(o-cells), and somatostatin (8-cells). As shown in Fig. 34, Ap
was detected only in B-cells in the islet of Langerhans in the
pancreas and at least in part, if not entirely, colocalized with
insulin. We confirmed that Ap immunoreactivity was absent in
sections from APP knockout mice (87 Appendix, Fig. S1), indi-
cating the Af-specificity of the antibody we used. Our data
appear to support another report that found APP, BACE], and
PS1/2 colocalize in B-cells but not in other islet cells in the
pancreas (10). Then we investigated the effect of glucose load-
ing on insulin and AP levels in -cells. Mice were fasted for 16
h, and some of them received intraperitoneal glucose injections.
Fifteen minutes after the injection, the mice were fixed, and
pancreas tissue sections were stained. The glucose injection
markedly reduced the immunoreactivities of both insulin and
AP in B-cells (Fig. 3B). These results suggest that in the fasting
state, AP and insulin are stored in p-cells and that upon glucose
stimulation they are simultaneously released into the
circulation.

For insulin-targeted organs, wild-type mice were fasted for
16 h and some received intraperitoneal insulin injections.
Thirty minutes after the injection, the mice were fixed, and

https://doi.org/10.1073/pnas.2117723119

tissue sections were prepared from abdominal white adipose
(Fig. 30), anterior tibial muscles (Fig. 3D), and the liver (Fig.
3E). Tissue sections were stained for AP, and their own endo-
crine factors called organokines: the adipokine adiponectin/
Acrp30 for adipocytes (20), the myokine interleukin (IL)-6 for
myocytes (21), and the hepatokine insulin-like growth factor-1
(IGF1) for hepatocytes (22). AP was detected in all tissues
tested and showed large colocalization with IL-6 and partial
colocalization with Acrp30 and IGF1. Insulin injection resulted
in a marked decrease in the immunoreactivities of both Ap and
organokines. These results suggest that in the fasting state, Af
and organokines are stored in each cell and that upon insulin
stimulation they are simultaneously released into the
circulation.

Ap Is Secreted from Cultured Islet p-Cells, Adipocytes,
Myocytes, and Hepatocytes upon Glucose and Insulin
Stimulation to Inhibit Insulin Secretion. To validate the find-
ings from the ex vivo experiments and immunohistochemistry,
we next examined the effects of glucose and insulin on AP
secretion in cultured cells, which include B-TC-6 cells as islet
P-cells, 3T3-L1 cells as adipocytes, C2C12 cells as myocytes,
and FL83B cells as hepatocytes. Prior to use, the 3T3-L1 and
C2C12 cells were allowed to differentiate into mature adipo-
cytes and myocytes, which was confirmed by the formation of
intracellular lipid drops and myotubes, respectively. All the cells
were initially incubated in serum-free no-glucose medium for
120 min.

B-TC-6 cells were stimulated with high glucose medium for
60 min in the presence or absence of 10 nM glucagon-like pep-
tide-1 (GLP-1). GLP-1, a member of the metabolic hormones
called incretins, is released from enteroendocrine L cells in
response to food intake and acts on islet P-cells to promote
glucose-dependent insulin secretion (23). Culture media were
collected, and the concentrations of AB40, AB42, and insulin
were measured by ELISA. High-glucose stimulation caused a
significant increase in the AB40, AP42, and insulin levels in the
media, an effect further enhanced by GLP-1 (Fig. 44). Then
we examined the effect of AP on the glucose-induced insulin
secretion. P-TC-6 cells were stimulated with high-glucose
medium for 60 min in the presence or absence of 50 pM
AP40. AP40 significantly inhibited glucose-induced insulin
secretion (Fig. 4B). This observation suggests that AP secreted
from P-cells acts on the same cells to inhibit insulin secretion in
an autocrine manner. Thus, we treated the f-TC-6 cells with 1
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tissues were stimulated with high-glucose or insulin for 60 min. High-glucose stimulation significantly increased AB40 and Ap42 secretion from the pancreatic
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attenuated in the presence of AB40 and Ap42 but not of scramble AB42 peptide.

MM of a y-secretase inhibitor, 1.685,458, for 120 min to inhibit
the endogenous AP production. The cells were then stimulated
with high-glucose medium containing 1 pM L685,458 for 60
min. The addition of L685,458 significantly enhanced both the
steady state and glucose-induced insulin secretion from p-TC-6
cells (Fig. 4C), supporting the autocrine function of Ap.

Next, we stimulated 3T3-L1, C2C12, and FL83B cells with
high-glucose medium or 200 nM insulin for 60 min. High-
glucose stimulation did not affect AP40 or AP42 secretion
from the cells, but insulin stimulation significantly enhanced it

(Fig. 4 D-F).

Ap Affects Neither GLP-1 Secretion Nor Glucose Uptake. Our
data suggest that plasma AP directly acts on islet p-cells to
inhibit insulin secretion. However, there remains the possibility
that AP affects insulin secretion by suppressing incretin secre-
tion from the intestine. Thus, we examined the effect of Af on

PNAS 2022 Vol.119 No.12 2117723119

GLP-1 secretion from NCI-H716 cells, which were originated
from human enteroendocrine L cells. The cells were stimulated
with high-glucose medium for 120 min in the presence or
absence of 100 pM AP40 or AP42, and GLP-1 concentrations
in the culture media were measured by ELISA. High-glucose
stimulation caused a significant increase in the GLP-1 level in
the media, an effect unchanged by the addition of AB40 or
AP42 (Fig. 4G). These results support our notion that AP
directly inhibits insulin secretion from p-cells.

We assumed that plasma AP slows down blood glucose clear-
ance by inhibiting insulin secretion. However, AB could alterna-
tively act on insulin-targeted cells directly to prevent the glucose
uptake, since AP is known to interact with insulin receptors and
impair insulin signaling (24, 25). Such an impairment may dis-
turb the insulin-dependent translocation of glucose transporter 4
(GLUT4) from cytoplasmic storage vesicles to the plasma mem-
brane (26). Thus, we examined the effect of AP on glucose
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Fig. 3. Immunohistochemical analysis of Ap localization in the pancreas, adipose tissues, skeletal muscles, and liver and the effects of glucose and insulin
loading. (A) Pancreas tissue sections from freely fed wild-type mice were stained for Ap (green), insulin (red), glucagon (red), and somatostatin (red). A was
detected only in p-cells in the islet of Langerhans and partially colocalized with insulin. The far left panel shows combined images of insulin, glucagon, and
somatostatin. (B) Pancreas tissue sections from glucose-injected fasted wild-type mice were stained for A (green) and insulin (red). Glucose injection mark-
edly reduced the immunoreactivities of both insulin and Ap in p-cells. Tissue sections from insulin-injected fasted wild-type mice were prepared from
abdominal white adipose tissues (C), anterior tibial muscles (D), and the liver (E). The sections were stained for Ap (green) and the adipokine Acrp30 (red) (C),
the myokine IL-6 (red) (D), and the hepatokine IGF1 (red) (E). Ap colocalized largely with IL-6 and partially with Acrp30 and IGF1. Insulin injection caused a

marked decrease in the immunoreactivities of both A and these organokines.
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Fig. 4. In vitro effects of glucose and insulin loading on Ap secretion and of A loading on insulin and GLP-1 secretion and glucose uptake in cell culture. All
cells were cultured in no-glucose medium for 120 min prior to the glucose and insulin stimulation. (A) p-TC-6 cells (islet p-cells) were stimulated with high-
glucose for 60 min in the presence or absence of GLP-1. High-glucose stimulation caused a significant increase in Ap40, Ap42, and insulin levels in the media,
which was further enhanced by GLP-1. (B) p-TC-6 cells were stimulated with high glucose for 60 min in the presence or absence of AB40. Ap40 significantly
inhibited the glucose-induced insulin secretion. (C) p-TC-6 cells were stimulated with high glucose in the presence or absence of a y-secretase inhibitor,
L685,458. L685,458 significantly enhanced both the steady state and glucose-induced insulin secretion. Differentiated 3T3-L1 cells (adipocytes) (D), differenti-
ated C2C12 cells (myocytes) (E), and FL83B cells (hepatocytes) (F) were stimulated with high glucose for 60 min with or without insulin. High-glucose stimula-
tion did not affect AB40 or Ap42 secretion, but insulin stimulation significantly enhanced it in these cells. (G) NCI-H716 cells were stimulated with high glu-
cose for 120 min in the presence or absence of Ap40 or AB42. High-glucose stimulation caused a significant increase in the GLP-1 level in the media, while
the addition of AB40 and Ap42 had no effect. (H) Differentiated 3T3-L1 cells were stimulated with insulin in the presence or absence of AB40 or Ap42 for 20
min. The cells were further incubated for 10 min in the presence of 3H-labeled glucose. Insulin stimulation significantly increased the glucose uptake, but
the addition of AB40 or Ap42 had no effect.

uptake by 3T3-L1 cells. The cells were stimulated with 1 or  the glucose uptake by 3T3-L1 cells, an effect again unchanged by
10 nM insulin-containing buffer in the presence or absence of  the addition of AB40 or AB42 (Fig. 4H).

100 pM AB40 or AP42 for 20 min. Then, *H-labeled glucose Taken together, these results suggest that AP and insulin are
was added to the medium. Ten minutes later, the amounts of secreted from islet P-cells upon glucose stimulation, and AP
internalized radiolabeled glucose were measured using a liquid ~ and organokines are secreted from cells of insulin-targeted
scintillation counter. Insulin stimulation significantly increased ~ organs upon insulin stimulation. The secreted Af acts on islet
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p-cells to negatively modulate insulin secretion without affect-
ing GLP-1 secretion from the intestine, thereby slowing down
blood glucose clearance without directly inhibiting insulin-
dependent glucose uptake by peripheral tissues.

Discussion

To elucidate the relationship between Af, insulin, and glucose,
we performed in vivo (mice), ex vivo (live tissues), and in vitro
(cultured cells) experiments. Our results suggest a role of
peripheral AP in insulin and glucose metabolism. Peripheral tis-
sues, including the pancreas, adipose tissues, skeletal muscles,
and liver, serve as sources of plasma Af. Increased levels of
blood glucose after food intake trigger insulin secretion from
islet P-cells. According to our data, glucose-triggered insulin
secretion is accompanied by AP secretion from the same p-cells.
Thus, we named this glucose-dependent AP secretion the
“primary secretion” of Af (Fig. 5). Secreted insulin acts on
insulin-targeted organs to promote glucose uptake by adipose
tissues and muscles, glycogen synthesis in muscles and the liver,
and lipogenesis in adipose tissues and the liver. These tissues
release their own endocrine factors called organokines, such as
adipokines, myokines, and hepatokines, upon insulin stimula-
tion to maintain glucose and lipid homeostasis and insulin sen-
sitivity in an autocrine, paracrine, and endocrine manner (27).
Our data suggest that the insulin-dependent secretion of orga-
nokines coincides with AP secretion from the same cells. Thus,
we named this insulin-mediated AP secretion the “secondary
secretion” of AP (Fig. 5). The secreted AP from P-cells, adipo-
cytes, myocytes, and hepatocytes acts on P-cells to negatively
modulate insulin secretion. Insulin secretion is primarily regu-
lated by blood glucose. Therefore, we hypothesize that insulin
secretion is finely adjusted by plasma AP. Further, we speculate
that AP secreted from islet P-cells promptly adjusts insulin

Intestine

\ilucose
GLP-1\‘

Pancreas

InsuliW

AP (primary secretion)

‘\\‘AB (secondary secretion)

Adipose tissue Muscle Liver

Fig. 5. Ap-mediated crosstalk of peripheral tissues in glucose and insulin
homeostasis. Increased levels of blood glucose (green) after food intake
trigger insulin (blue) secretion from islet p-cells. This glucose-triggered insu-
lin secretion is accompanied with Ap (red) secretion from the same p-cells,
a phenomenon we call ‘the primary secretion’ of Ap. Secreted insulin acts
on insulin-targeted organs to promote glucose uptake by adipose tissues
and muscles and glycogen synthesis in muscles and the liver. These tissues
release their own endocrine factors (i.e., organokines, including adipokines,
myokines, and hepatokines) upon insulin stimulation to maintain glucose
and lipid homeostasis and insulin sensitivity in an autocrine, paracrine, and
endocrine manner. This insulin-dependent secretion of organokines coin-
cides with Ap secretion from the same cells, a phenomenon we called ‘the
secondary secretion’ of Ap. The secreted Ap acts on p-cells in an autocrine
and endocrine manner to negatively modulate insulin secretion.

https://doi.org/10.1073/pnas.2117723119

secretion in an autocrine manner and that AP secreted from
insulin-targeted organs suppresses insulin secretion in an endo-
crine manner. This two-step adjustment of insulin secretion
contributes to keeping proper levels of blood glucose. Our
results therefore suggest that peripherally secreted AP functions
as an organokine, which describes molecules involved in cross-
talk between peripheral tissues and play a role in glucose and
insulin homeostasis. Our hypothesis falls in line with Tu et al.
(28), who, using an integrative analysis of a cross-loci regula-
tion network, identified APP as a top candidate gene that regu-
lates insulin secretion from pancreatic islets. Furthermore, they
showed that the loss of APP in mice leads to increased insulin
secretion from islets in response to glucose by an unexplained
mechanism. The present study addresses this question by
showing that APP knockout mice have up-regulated insulin
secretion because insulin secretion is negatively regulated by
APP-derived AP. The molecular mechanism by which Af
inhibits insulin secretion remains to be studied.

Our findings also suggest a mechanism linking diabetes to
AD. It has been suggested that the level of brain Ap is regulated
by receptor-mediated transport at the blood brain barrier
(BBB) (29). AP efflux from the brain into the circulation is
mediated by low density lipoprotein receptor-related protein
1 (LRP1), whereas AP influx from the circulation into the brain
is mediated by the receptor for advanced glycation end prod-
ucts (RAGE). Hyperglycemia and hyperinsulinemia in diabetes
cause a prolonged production of peripheral Ap. The resulting
high levels of plasma A may affect the equilibrium between
brain AP and peripheral AB to suppress AP efflux from the
brain. Plasma insulin can enter the brain across the BBB by
receptor-mediated transcytosis (30), and hyperinsulinemia may
also promote insulin influx from the circulation into the brain.
The resulting high levels of insulin in the brain possibly com-
pete with AP for insulin-degrading enzyme (31), causing insuf-
ficient AP digestion. Consequently, AB becomes abundant in
the brain by reduced excretion into the circulation and/or
insufficient enzymatic degradation in diabetes. The enriched
AP likely forms soluble oligomers, which elicit synaptic and
cognitive dysfunction and initiate the pathological cascade of
AD (32, 33). This may explain why diabetes could be a risk
factor for AD. In fact, it has been shown that diabetes acceler-
ates brain AP pathology including AP oligomer accumulation
in rabbits (34), nonhuman primates (35), APP transgenic mice
(36-38), and humans (39). It is unclear whether glucose- and
insulin-dependent AP production also occurs in the brain.
Additionally, we hypothesize that high levels of plasma A may
exacerbate diabetes by affecting the balance of blood glucose
and insulin levels toward insufficient insulin versus excess glu-
cose (i.e., insulin resistance). The long-lasting insulin produc-
tion and sustained contradictory signals from glucose and Af
(promotive versus suppressive for insulin secretion) may cause
the perturbation and exhaustion of islet f-cells, leading to pan-
creatic dysfunction in late-stage diabetes.

On the other hand, several cohort studies have shown results
opposed to our hypothesis that brain Af increases in diabetes.
In humans, diabetes was associated with cerebrovascular lesions,
neurodegeneration, and cognitive dysfunction, but not brain
amyloid burden, which was assessed by amyloid PET imaging
with Pittsburgh Compound B (40-42). We previously reported
that when APP23 mice are crossbred with diabetic 06/06 mice,
cerebrovascular amyloid deposition is accelerated and cognitive
dysfunction is exacerbated without an increase in brain AP
levels (43). These findings suggest an alternative mechanism
linking diabetes to AD, in which diabetes accelerates dementia
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onset via cerebrovascular damage. Interestingly, APP23 x 0b/ob
mice showed an up-regulation of RAGE in blood vessels before
cerebrovascular amyloid deposition (43). This observation
implies that diabetes promotes AP transport from the circula-
tion into the brain. The flux of AP at the BBB may result in
amyloid deposition at the vascular wall. A different pathway of
brain AP flux has recently been proposed in which brain A is
discharged into the circulation by the glymphatic system (44).
This pathway consists of the influx of CSF from the para-
arterial space into the interstitial space of the brain, the flow of
CSF and interstitial fluid (ISF) through the brain parenchyma
toward the veins, and the efflux of ISF into the paravenous
space reaching the cervical lymph nodes. The driving force of
this system is arterial pulsation, and the flow is facilitated by
perivascular aquaporin 4 water channels on astrocytic endfeet.
Diabetes-induced amyloid deposition at the arterial wall may
affect the arterial pulsation and thereby impair this system.
Moreover, the transport across the BBB and the glymphatic
system may be the major systems for brain waste clearance
(45). Thus, the stagnation of Af efflux at the BBB or dysfunc-
tion of the glymphatic system would lead to Af accumulation
in the brain. Although several reports have shown that brain
amyloid burden does not increase in diabetes (40—43), soluble
AP oligomers, an important molecule in AD pathogenesis, can-
not be detected by amyloid PET or immunohistochemistry and
ELISA with conventional A antibodies. In addition, diabetes
may influence brain AP levels differently depending on the dis-
ease status by enhancing AP deposition at the vasculature early
and at the brain parenchyma later. Further studies are necessary
to ascertain whether brain Ap increases or not in diabetes.

Last, our findings call attention to using plasma Af levels as
a diagnostic biomarker of AD. Our data suggest that plasma
AR levels rapidly change upon food intake. Our previous report
showed that the fasting levels of plasma AP40 and AP42 in AD
patients were 110 pM and 6.9 pM, respectively, while the levels
at 30 min after oral glucose loading were approximately 113
pM and 8.8 pM, respectively (15). The AB42/AP40 ratio was
changed from 0.062 to 0.078 by glucose loading. On the other
hand, in non-AD dementia patients, the AP42/Ap40 ratio in
fasting and glucose-loaded states were reported as 0.074 and
0.074, respectively (15). Thus, the AP42/AP40 ratio in AD
patients becomes indistinguishable from that in non-AD
dementia patients by glucose intake. In the present study, we
used APP23 mice at 10 mo of age, at which time they scarcely
display brain amyloid plaques, preventing us from comparing
their plasma AP42/AB40 ratios with AD patients. A different
study demonstrated that insulin infusion raised plasma AP42
levels in AD patients by 15% but lowered it in normal adults
by 15% (16). Although the study did not mention plasma
AP40 levels, the results suggest that the plasma AP42/Ap40
ratio is inconclusive in hyperinsulinemia. In addition, another
study has reported that insulin infusion significantly increased
plasma AB42 levels but not AP40 levels in healthy adults (17),
demonstrating that hyperinsulinemia affects the plasma Ap42/
AP40 ratio. Some metabolic syndromes, such as obesity, are
also suggested to be associated with insulin resistance and glu-
cose intolerance (46), in which the plasma AP42/AP40 ratio
may be affected. Thus, when using plasma Af levels for the
diagnosis of AD, blood should be taken in the fasting state.
Furthermore, it has been shown that in sporadic inclusion-
body myositis, the levels of BACE1, PS1, and sAPP in plasma
are increased (47). Although that study did not describe plasma
AB levels, it is likely that AP is increased in those patients. We
previously showed that hypercholesterolemia induces cerebral

PNAS 2022 Vol.119 No.12 2117723119

AP production and subsequent AP efflux from the brain to the
periphery along with excess brain cholesterol (48). These find-
ings suggest the possibility that other systemic degenerative and
metabolic disorders also affect plasma AP levels.

Materials and Methods

Mice. C57BL/6 wild-type mice were purchased from Japan SLC, Inc. (Hamama-
tsu, Japan), APP23 mice were kindly provided by Novartis Pharma, Inc., and APP
knockout mice were purchased from the Jackson Laboratory (Bar Harbor, ME).
APP23 and APP knockout mice were mated with C57BL/6 mice and maintained
as heterozygotes in our animal facility. Hetero-knockout mice were crossbred to
produce homo-knockout mice when used. Thus, our APP23 and APP knockout
mice have the same genetic background as C57BL/6 mice. All animal experi-
ments were approved by the ethics committee of Osaka City University and per-
formed in accordance with the Guide for Animal Experimentation, Osaka
City University.

Glucose, Insulin, and Ap Injection to Mice. All mice were fasted for 16 h
prior to glucose, insulin, or AB injection. Glucose and insulin doses were deter-
mined according to Vinué and Gonzalez-Navarro (49), who recommended an
intraperitoneal injection dose for mice of 2.0 g glucose/kg and 0.5 U insulin/kg
in the glucose and insulin tolerance tests. Assuming a mouse body weight of
30 g, these injection doses correspond to 0.06 g glucose/head and 0.015 U
insulin/head, respectively. Saline containing 0.06 g glucose was injected intra-
peritoneally into 10-mo-old wild-type mice (n = 6: 3 male and 3 female),
10-mo-old APP23 mice (n = 6: 3 male and 3 female), and 12- to 15-mo-old
APP knockout mice (n = 6: 3 male and 3 female), and the blood was collected
from the tail vein at 0, 15, 30, 45, 60, 120, and 180 min after the injection.
Blood glucose levels were determined using a blood glucose meter, Glutest Ai
(Sanwa Kagaku Kenkyusho, Nagoya, Japan), while plasma insulin, AB40, and
Ap42 levels were measured by ELISA using the Ultra Sensitive Mouse Insulin
ELISA Kit (Morinaga Institute of Biological Science, Yokohama, Japan), Human/
Rat p Amyloid ELISA Kit Wako Il (measuring range: 1.0-100 pmol/L), and
Human/Rat B Amyloid ELISA Kit Wako, High Sensitive (measuring range: 0.1-20
pmol/L) (Fujifilm-Wako, Osaka, Japan), respectively. No cross reactivities with
amylin peptide (Peptide Institute, Ibaraki, Japan) were observed. In ELISA,
sodium dodecy! sulfate (SDS) was added to the plasma samples at a concentra-
tion of 0.05% to dissociate possible complexes of AB and insulin with other mol-
ecules that may disturb the immune reaction. Then, the samples were properly
diluted with buffers included in the ELISA kits. Saline containing 0.015 U
(~0.58 pg) mouse insulin | (Peptide Institute) was injected intraperitoneally into
11-mo-old wild-type mice (n = 8: 1 male and 7 female), and blood glucose and
plasma AB40 and AB42 levels were measured at 0, 15, 30, 45, and 60 min after
the injection.

The AB injection dose was determined based on our data. Fig. 1 indicates
that the maximum plasma concentration of AB40 in APP23 mice was ~400 pM.
Assuming a mouse total blood volume of 2.4 mL (50), the blood contains at
most 1 pmol AB40. We considered the possibility that Ap injected into the
abdominal cavity is adhered to, adsorbed, and degraded by the surrounding tis-
sues, and only a portion enters the blood circulation. Thus, we used an AB40
injection dose of 6 pmol/head. Saline containing 6 pmol synthetic AB40 peptide
(Peptide Institute) or saline alone was injected intraperitoneally into 12- to
15-mo-old APP knockout mice (n = 6: 3 male and 3 female). Five minutes after
the injection, 0.06 g glucose was injected intraperitoneally into the mice. Blood
glucose and plasma insulin and Ap40 levels were measured at 0, 15, and
30 min after the glucose injection. The AB injection experiments were repeated
with synthetic AB42 and scramble AB42 peptides. Saline containing 6 pmol syn-
thetic AB42 peptide, 6 pmol scramble AB42 peptide (Peptide Institute), or saline
alone was injected intraperitoneally into 11- to 12-mo-old APP knockout mice
(n = 4: 2 male and 2 female for saline; n = 3: 1 male and 2 female for AB).
Five minutes after the injection, 0.06 g glucose was injected intraperitoneally.
Blood glucose and plasma insulin and Ap42 levels were measured. The AB inoc-
ulums were examined for their aggregation state by Western blot analysis with
an anti-Ap antibody, 6E10 (Covance Research Products, Dedham, MA).

https://doi.org/10.1073/pnas.2117723119 9 of 11



10 of 11

Ap Secretion from Isolated Mouse Pancreas, Adipose, Skeletal Muscle,
Liver, and Kidney. After fasted for 16 h, 10-mo-old wild-type mice (n = 3: all

male for pancreas, adipose, liver; n = 4: all female for muscle; and n = 3: 1
male and 2 female for kidneys) were anesthetized, and the blood was removed
by cold PBS infusion. The pancreas, abdominal white adipose tissues, anterior
tibial muscles, liver, and kidneys were collected and cut into small pieces with
surgery scissors and further chopped into fine pieces with a razor edge on ice.
The minced tissues were dispensed into tubes and washed once with cold
Hanks' balanced salt solution. After centrifugation at 100 x g, 4 °C for 1 min,
the weight of the tissue pellets in each tube was measured. Then, 1 mL of high-
glucose (4,500 mg/L) Dulbecco's modified Eagle's medium (DMEM) (Fujifilm-
Wako), 200 nM insulin-containing no-glucose DMEM (Fujifilm-Wako), or
no-glucose DMEM alone was added to the tubes, which were incubated at 37 °C
for 60 min with rotation. After centrifugation at 100 x g, 4 °C for 1 min again,
the supernatants were collected, and the levels of A in the media were mea-
sured by ELISA using the Wako AB kits described above. We did not use collage-
nase or mesh filters for the cell preparation to avoid possible cell damage. The
experiments were performed twice.

Ap Effect on Insulin Secretion from Isolated Mouse Pancreas. The pan-
creas was collected from 16-h fasted 10-mo-old wild-type mice (n = 3: 1 male
and 2 female). The minced tissues were dispensed into tubes and stimulated with
high-glucose medium with or without 100 pM AB40, AB42, or scramble Ap42
peptide for 60 min. This AB dose was selected based on our data in Fig. 1. After
centrifugation, the levels of insulin in the media were measured by ELISA using
the LBIS Mouse Insulin ELISA Kit (Fuijifilm-Wako-Shibayagi, Gunma, Japan).

Immunohistochemistry for Ap in the Pancreas, Adipose, Skeletal
Muscle, and Liver of Mice. The antibodies used are listed in Table 2. The

AB40-specific antibody, Ter40, was generated in our laboratory against the C ter-
minus of AB40 (51), while other antibodies were obtained from Santa Cruz Bio-
technology (Dallas, TX). First, 10-mo-old freely fed wild-type mice (n = 3: 2 male
and 1 female) were anesthetized and fixed by 4% paraformaldehyde perfusion.
The pancreas was removed, and 5-um tissue sections were prepared. To expose
the antigens, sections were boiled in 10 mM citrate buffer, pH6 for 30 min. After
blocking with 20% calf serum for 60 min, the sections were stained with anti-
bodies for AB, insulin, glucagon, and somatostatin at 4 °C overnight and then
with FITC- or thodamine-labeled second antibodies (Jackson Laboratory) at room
temperature for 60 min. The stained sections were mounted with Vectashield
with DAPI (Vector Laboratories, Burlingame, CA) and viewed under a BZ-X800
fluorescence microscope (Keyence, Osaka, Japan).

Next, 10-mo-old wild-type mice (n = 3: 1 male and 2 female) were fasted for
16 h and divided into three groups: one for intraperitoneal glucose injection,
one for intraperitoneal insulin injection, and the third for nontreatment. Fifteen
minutes after the glucose injection, the mice were fixed, and the pancreas tissue
sections were prepared. After pretreatment in pHé6 buffer, the sections were
stained for AB and insulin. Thirty minutes after the insulin injection, the mice
were fixed, and the tissue sections were prepared from abdominal white adipose
tissues, anterior tibial muscles, and the liver. After pretreatment in pH6 buffer,
the sections were stained for AB and each organokine: adipokine Acrp30 for adi-
pocytes, myokine IL-6 for myocytes, and hepatokine IGF1 for hepatocytes.
Images were compared between nontreated and glucose- or insulin-injected
groups. The experiments were performed 5 times, and staining was done with
one section per animal.

Table 2. Antibodies used in the immunohistochemistry

Target Antibody Species Supplier Working dilution
AB40 Ter40  Rabbit Our 500x
laboratory
Insulin 2D11-H5 Mouse Santa Cruz 0.4 pg/mL
Somatostatin -~ H-11 Mouse Santa Cruz 0.4 pg/mL
Glucagon C-11 Mouse Santa Cruz 0.4 pg/mL
Acrp30 31 Mouse Santa Cruz 0.4 pg/mL
IL-6 10E5 Mouse Santa Cruz 0.2 pg/mL
IGF1 H-9 Mouse Santa Cruz 0.4 pg/mL
https://doi.org/10.1073/pnas.2117723119

Cells. The mouse pancreatic B-cell line B-TC-6, mouse embryonic fibroblast line
313-L1, mouse myoblast line C2C12, and mouse hepatocyte line FL83B were
obtained from the ATCC/American Type Culture Collection. p-TC-6, 313-L1, and
€2C12 cells were cultured in low-glucose DMEM (Fuiifilm-Wako) supplemented
with 15% fetal bovine serum (FBS), 10% bovine serum, and 10% FBS, respec-
tively, while FL83B cells were maintained in Kaighn's Modification of Ham's
F-12 medium containing 10% FBS. For the experiments, 3T3-L1 cells were
allowed to differentiate into mature adipocytes by stimulating them with insulin,
dexamethasone, and 3-isobutyl-1-methylxanthine using Adipolnducer reagent
(Takara Bio, Kusatsu, Japan) essentially as described previously (52). C2C12 cells
were differentiated into mature myocytes by reducing FBS from 10 to 1% essen-
tially as described previously (53). The maturation of these cells was confirmed
by the formation of intracellular lipid drops for adipocytes and of myotubes
for myocytes.

Ap Secretion from Cultured -Cells, Adipocytes, Myocytes, and Hepato-
cytes. Prior to the glucose and insulin stimulation, B-TC-6 cells, differentiated
373-L1 and C2C12 cells, and FL83B cells were cultured in serum-free no-glucose
DMEM for 120 min. B-TC-6 cells were then stimulated with serum-free high-
glucose DMEM in the presence or absence of 10 nM GLP-1 (Peptide Institute)
for 60 min. Culture media were collected, and the concentrations of AB40,
Ap42, and insulin were measured by ELISA using the Wako AB kits and LBIS
Insulin kit, respectively. After washing with PBS, the cells were harvested, and the
protein concentrations in cell lysates were measured using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific). Meanwhile, the 313-L1, C2C12, and FL83B
cells were stimulated with 200 nM insulin-containing serum-free no-glucose or
high-glucose DMEM for 60 min. The concentrations of AB40 and AB42 in the cul-
ture media and the protein concentrations in the cell lysates were measured.

A Effect on Insulin Secretion from Cultured p-Cells. -TC-6 cells were
incubated in serum-free no-glucose DMEM for 120 min. The cells were then
stimulated with serum-free high-glucose DMEM in the presence or absence of
50 pM AB40. After a 60-min incubation, insulin concentrations in the culture
media and protein concentrations in the cell lysates were measured by ELISA
and the BCA protein assay, respectively.

To evaluate the influence of endogenous AB, B-TC-6 cells were incubated in
serum-free no-glucose DMEM with or without 1 uM of the y-secretase inhibitor
L685,458 (Bachem, Bubendorf, Switzerland) for 120 min. The cells were then
stimulated with serum-free high-glucose DMEM in the presence or absence of
1 uM L685,458. After a 60-min incubation, insulin concentrations in the culture
media and protein concentrations in the cell lysates were measured.

Ap Effect on GLP-1 Secretion from Cultured Enteroendocrine L Cells.
Human colon cancer NCI-H716 cells were obtained from ATCC and cultured in
RPMI-1640 medium supplemented with 10% FBS. To study GLP-1 secretion, the
cells were cultured on a BD Matrigel Basement Membrane Matrix (BD Bioscien-
ces, Billerica, MA), which promotes cell attachment and differentiation (54). After
washing with no-glucose 4-2-hydroxyethyl)-1-piperazineethanesulfonic acid
(Hepes) buffer (20 mM Hepes, 146 mM NaCl, 5 mM KCI, 1.5 mM CaCly, T mM
MgSOy, pH 7.4), the cells were stimulated with high-glucose Hepes buffer in the
presence or absence of 100 pM AB40 or AB42. After a 120-min incubation, the
culture media were collected, and the GLP-1 concentrations were measured
using the LBIS GLP-1 (Active) ELISA kit (Fujifilm-Wako-Shibayagi). After washing
with PBS, the cells were harvested and counted.

Ap Effect on Glucose Uptake by Cultured Adipocytes. Glucose uptake
experiments were performed essentially as described previously (52). To study
the glucose uptake, differentiated 313-L1 cells were starved in serum-free DMEM
for 5 h. After washing with Krebs-Ringer Hepes buffer (20 mM Hepes, 5 mM
KH,PO4, 136 mM NaCl, 4.7 mM KCI, 1 mM CaCl,, 1T mM MgSO,, pH 7.4), the
cells were stimulated with 1 or 10 nM insulin-containing buffer in the presence
or absence of 100 pM AB40 or AB42 for 20 min. Then, unlabeled 2-deoxy-D-
glucose (2-DG) (Sigma-Aldrich) and 3H-labeled 2-DG (PerkinElmer, Waltham,
MA) were added to the medium at a final concentration of 1 mM and 1 pCi/mL,
respectively. Ten minutes after the incubation, the cells were washed with cold
PBS and lysed in 50 mM NaOH. The amount of internalized H-labeled 2-DG in
the cell lysates was measured using a liquid scintillation counter (PerkinElmer).
Protein concentrations were also measured by a BCA protein assay.
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Statistical Analysis. All experiments and data analyses were performed under
unblinded conditions. Comparisons of means among more than two groups
were performed using ANOVA (for single time point measurements and AUC) or
two-factor repeated measures ANOVA (for multiple time point measurements),
followed by Fisher's PLSD test. Differences with a P value of <0.05 were consid-
ered significant.
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