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Abstract.

Background: Evidence suggests that type 2 diabetes (T2D) is an independent risk factor for Alzheimer’s disease (AD),
sharing similar pathophysiological traits like impaired insulin signaling.

Objective: To test the association between plasma insulin and cerebrospinal fluid (CSF) AD pathology.

Methods: A total of 304 participants were included in the Alzheimer’s Disease Neuroimaging Initiative, assessing plasma
insulin and CSF AD pathology. We explored the cross-sectional and longitudinal associations between plasma insulin and
AD pathology and compared their associations across different AD clinical and pathological stages.

Results: In the non-demented group, amyloid-3 (Ap)+ participants (e.g., as reflected by CSF A3,,) exhibited significantly
lower plasma insulin levels compared to non-demented AB— participants (p <0.001). This reduction in plasma insulin was
more evident in the A+T+ group (as shown by CSF A4, and pTaul81 levels) when compared to the A—T— group within the
non-dementia group (p =0.002). Additionally, higher plasma insulin levels were consistently associated with more normal CSF
ARy, levels (p <0.001) across all participants. This association was particularly significant in the AB— group (p =0.002) and
among non-demented individuals (p <0.001). Notably, baseline plasma insulin was significantly correlated with longitudinal
changes in CSF AB4, (p=0.006), whereas baseline CSF A4, did not show a similar correlation with changes in plasma
insulin over time.

Conclusions: These findings suggest an association between plasma insulin and early A pathology in the early stages of
AD, indicating that plasma insulin may be a potential predictor of changes in early A3 pathology.
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INTRODUCTION

Alzheimer’s disease (AD), the most common cause
of dementia, is characterized by two main patholog-
ical features, including the extracellular aggregation
of amyloid-3 (AB) plaques and the intraneuronal for-
mation of tau-related neurofibrillary tangles [1-3].
There is mounting evidence from epidemiological,
clinical, and neuropathology studies that suggests
individuals with type 2 diabetes (T2D) are at higher
risk of developing AD [4, 5], particularly when diag-
nosed at a younger age [6]. Subjects with AD were
found to have a greater severity and longer duration of
T2D [7]. Additionally, AD and T2D share many sim-
ilar characteristics. For instance, patients with T2D
exhibit brain structural alterations that are similar to
those observed in patients with AD, such as reduced
volumes of grey matter, white matter, hippocam-
pus, and whole brain when compared to individuals
without diabetes [8, 9]. In addition, one typical char-
acteristic of AD is glucose hypometabolism, which
is associated with dysfunction of insulin signaling,
which is also a key feature of T2D. Nonetheless,
the mechanisms underlying the relationship between
T2D and AD remain unclear.

Several studies indicate that the brain is an insulin-
responsive organ and that insulin resistance (IR) is the
key factor between T2D and AD [10-12]. Dysfunc-
tion in peripheral insulin signaling can worsen brain
IR [13], resulting in reduced glucose metabolism in
the hippocampus, decreased volume of grey matter,
impaired cognitive performance [8, 9], reduced clear-
ance of A [14], and exacerbated AD-like symptoms
[15, 16]. Autopsy studies have shown that reduced
insulin and IR in AD brains are associated with neu-
ropathology [17], particularly in the hippocampus
and cerebellar cortex, which is inversely correlated
with cognitive function [18]. However, the relation-
ship between IR and AD pathology, particularly
amyloid pathology, has been inconsistently reported
in population-based studies [19-21]. Similarly, the
association between plasma insulin levels and AD
pathology has shown varying results. Some studies
have found that higher peripheral insulin is associ-
ated with lower cerebrospinal fluid (CSF) AR4»/tau
[22], indicating more severe amyloid pathology,
while others have linked increased peripheral insulin
to reduced amyloid positivity in positron emission
tomography (PET) scans [23, 24]. These conflicting
results highlight the need for a thorough investiga-
tion into the complex relationships between insulin
and AD pathology, especially to explore how insulin

changes in different stages of AD and its effect on
AD pathology.

To systematically assess the impact of plasma
insulin on AD pathology, we aimed to test the changes
in plasma insulin levels across diverse clinical and
pathological AD stages, examine the cross-sectional
and longitudinal associations between plasma insulin
and CSF AD key pathologies, and explore the diag-
nostic value of plasma insulin on AD pathology. We
hypothesized that plasma insulin would be signifi-
cantly associated with AD pathology and could serve
as an important biomarker for AD pathology.

MATERIALS AND METHODS

Study participants

The data used in this study was obtained
from the Alzheimer’s Disease Neuroimaging Initia-
tive (ADNI) database (http://adni.loni.usc.edu). The
ADNI project was established in 2003 as a public-
private partnership to validate and develop early
diagnostic measures for AD by integrating clini-
cal, genetic, imaging, and biochemical biomarkers.
ADNI received approval from the institutional review
boards of all participating institutions. All partici-
pants have provided written informed consent follow-
ing the Declaration of Helsinki before enrollment.

The study involved 304 participants in the ADNI
database who received measurements of CSF AB4;
and CSF pTaul8l, plasma insulin, serum fasting
glucose, and serum creatinine. For the longitudinal
analyses, each participant completed at least one
follow-up assessment of CSF samples or plasma
insulin samples (baseline plus one follow-up visit).
We also obtained information on the history of
alcohol abuse and smoking for each participant. Fur-
thermore, we included information on the baseline
history of diabetes (type 2 diabetes and other type
diabetes) and the use of diabetes-related medications,
including commonly used hypoglycemic agents and
therapeutic insulin. The participants underwent clin-
ical assessments, which included the Mini-Mental
State Examination (MMSE) and Clinical Dementia
Rating (CDR). The assigned MMSE and CDR scores
describe the clinical diagnosis as cognitively nor-
mal (CN, MMSE > 24, CDR =0), mild cognitively
impaired (MCI, MMSE > 24, CDR =0.5), or demen-
tia based on anticipated criteria [25]. We included
participants with CN and MCI as non-dementia and
then divided all participants into non-dementia and
dementia groups.
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Measurements of CSF biomarker

CSF AB4; and CSF pTaul81 levels were measured
using Elecsys electrochemiluminescence immunoas-
says conducted on a cobas 601 instrument [26].
For more information on analyte measurements,
please refer to the ADNI LONI Data & Image
Archive (http://adni.loni.usc.edu). In addition, we
defined the positive status of CSF AB4; and pTaul81
using previously suggested thresholds: AR+ (CSF
AB42<976.6 pg/ml or >976.6 pg/ ml) and pTaut
(pTaul81>21.8 pg/ml or <21.8 pg/ml) [26].

Measurements of plasma biomarker

The blood samples were according to the ADNI
protocol [27]. Plasma samples were obtained using
EDTA tubes after an overnight fasting period and
were frozen within 120 minutes. Plasma insulin
levels were analyzed using a multiplex immunoassay
panel based on the Luminex xXMAP platform, which
was provided by Rules-Based Medicine (Austin,
RBM, TX, USA). The Luminex xMAP technology is
an immunological method that allows for the simul-
taneous quantification of multiple target proteins by
detecting fluorescent microspheres. Further informa-
tion on the quantification methods can be found at
http://adni.loni.usc.edu/wpcontent/uploads/2010/11/
BC_Plasma_Proteomics_Data_Primer.pdf.  Additi-
onally, serum glucose and serum creatinine were
selected as covariates in this study due to their
well-documented associations with plasma insulin
levels [28-30]. Recognizing the potential impact of
these factors on insulin dynamics, it was imperative
to account for them in our analysis to ensure a more
accurate interpretation of the results. Their levels
were analyzed using a nuclear magnetic resonance
based blood biomarker analysis assay. This advanced
method allows for the quantification of over 220
metabolic biomarkers from a single blood sample.
Detailed information about analyzed methods can
be found at http://adni.loni.usc.edu.

Statistical analysis

The statistical analyses were conducted using R
version 4.1.0 software. Statistical significance was
defined as a two-sided p value < 0.05. We assessed the
normal distribution of each biomarker was assessed
using the Kolmogorov-Smirnov test. For variables
that did not follow a normal distribution, we applied
a logl0 transformation for statistical analysis. To

enable comparison across different scales and units,
we standardized the data by converting them into Z-
scores using the ‘scale()’ function in R. This function
centers the data by subtracting the mean and then
scales it by dividing by the standard deviation. The
standardized values were used for subsequent statis-
tical analyses and graphical representations.

Baseline characteristics of the A/T group were
compared among all participants using one-way
analysis of covariance for continuous variables and
chi-squared tests for categorical variables. Post-hoc
tests were conducted using Tukey HSD for continu-
ous variables. For categorical variables, chi-squared
tests were followed by Bonferroni corrections to
adjust p-values for multiple testing. To investigate the
associations between plasma insulin and serum glu-
cose with AD biomarkers, we used multivariate linear
regression (MLR) in different various clinical groups,
A/T groups, and AP status plus clinical groups. We
adjusted for sex, age, apolipoprotein (APOE) 4 car-
rier status, education, smoking, alcohol use, serum
glucose, and serum creatinine. In this study, subject-
specific slopes for CSF AB42, CSF pTaul81, and
plasma insulin were computed using linear mixed-
effect (LME) models. The model used the year as the
independent variable and the variable intended to cal-
culate the rate of change as the dependent variable,
adjusted for age and gender and incorporating ran-
dom slopes and intercepts. The MLR model was used
to assess associations involving baseline or slope val-
ues for CSF AB4>, CSF pTaul81, and plasma insulin,
adjusting for the same covariate as above. In sensi-
tivity analyses, we further adjusted for the history
of diabetes and diabetes medication use in the MLR
model. Finally, we used receiver operating curve
(ROC) statistics to evaluate the predictive accuracy
of plasma insulin for AD pathology among clinical
groups. We constructed three ROC models: (1) abase-
line model (BM) including sex, age, and APOE €4
status, (2) plasma insulin alone, and (3) a combina-
tion of BM and plasma insulin (BM + plasma insulin).
The model of BM and BM + plasma insulin used
multivariable binary logistic regression to extract the
predicted probabilities. We used the DeLong test to
compare the AUC of the two ROC curves.

RESULTS

Participant characteristics

Table 1 shows the demographic, clinical, and
biomarker data of 304 participants in our study,
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Table 1
Participant characteristics at baseline by biomarker-defined groups
A-T- A+T- A+T+ A-T+ P
N 67 41 159 37 -
Age, mean (SD), y 74.6 (7.0) 76.2 (5.7) 73.7 (7.8) 76.4 (7.3) 0.08
Sex, n (%) Female 40 (59.7) 30 (73.2) 97 (61.0) 24 (64.9) 0.48
Education, mean (SD), y 15.6 (2.9) 16.0 (3.0) 15.6 (3.0) 14.9 (3.5) 0.35
APOE &4 carriers, n (%) 9 (13.4) 19 (46.3) 116 (73.0) 8 (21.6) <0.001&b.c.d
Dementia diagnosis, n (%) 4 (6.0) 10 (24.4) 59 (37.1) 8 (21.6) <0.001&b.c.d
Diabetes diagnosis, n (%) 5(7.5) 1(2.4) 8(5.0) 3(8.1) 0.625
Diabetes medications use, n (%) Yes 4 (6.0) 0(0) 8(5.0) 3(8.1) 0.625
Ever smoker, n (%) Yes 37 (55.2) 18 (43.9) 62 (39.0) 16 (43.2) 0.17
History of alcohol abuse, n (%) Yes 4 (6.0) 2(4.9) 6(3.8) 3(8.1) 0.70
CSF biomarkers, mean (SD), pg/ml
CSF AB42 1,473.8 (270.7) 588.4 (217.5) 586.1 (156.1) 1,735.2 (520.4) <0.001&:b-d.e
CSF pTaul81 16.8 (2.8) 16.4 (3.5) 37.3(10.7) 32.0 (12.3) <0.001b-c.de.f
Blood biomarkers, mean (SD)
Plasma insulin, ulU/mL 0.40 (0.26) 0.26 (0.30) 0.26 (0.31) 0.36 (0.39) 0.007°
Serum glucose, mmol/l 4.3 (0.7) 4.1 (0.6) 4.1 (0.8) 4.2 (0.6) 0.29
Serum creatinine, mmol/l 80.3 (20.0) 85.8 (20.6) 81.7 (19.1) 77.9 (15.5) 0.25

AR, amyloid-B; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; pTau, phosphorylated tau; *p value derived from comparison between
A+T-and A-T-. ®p value derived from comparison between A+T+ and A—T—. °p value derived from comparison between A+T+ and A+T—.
dp value derived from comparison between A—T+ and A+T+. ®p value derived from comparison between A-T+ and A+T-. fp value derived
from comparison between A—T+ and A-T—-. p values were computed using the one-way analysis of covariance test for age, education, CSF
biomarkers, and blood biomarkers. The chi-squared test was used for sex, APOE &4 status, dementia diagnosis, ever smoked, history of
alcohol abuse, history of diabetes, and history of diabetes medication use. Tukey HSD post-hoc tests were employed for continuous variables.

For categorical variables, chi-squared tests followed by Bonferroni corrections were applied to adjust p-values for multiple testing.

including 67 A-T—, 41 A+T—, 159 A+T+, and 37
A-T+ individuals. The average age was 75.2 years
(£7.0), with 64.7% being female. Significant differ-
ences were observed among the A/T groups in plasma
insulin (F3 300 =4.149, p=0.007), APOE €4 carrier
status (p<0.001), dementia diagnosis (p<0.001),
and levels of CSF AB4> (F3,300=331.3, P<0.001)
and pTaul81 (F3 300 =112.6, p <0.001). The specific
results of the post hoc tests comparing these groups
are detailed in Table 1. However, there were no sig-
nificant differences observed in age, sex, education,
smoking history, alcohol abuse history, serum cre-
atinine, or serum glucose. Table 2 details similar
demographic, clinical, and biomarker characteris-
tics for 229 participants in the longitudinal analysis,
which were similar to the distribution observed in the
baseline participants. In addition, there are no differ-
ences in plasma insulin between APOE &4 carriers
and APOE &4 non-carriers (Fy 302 =2.083, p=0.15)
(Supplementary Figure 1).

Comparison of plasma insulin among different
clinical and pathological stages of AD

Plasma insulin levels were compared among
groups based on clinical and biological diagnoses.
The non-demented AR+ group had significantly

lower plasma insulin levels compared to the non-
demented AB- group (adjusted p <0.001; Fig. 1A).
Additionally, within the non-dementia group, lower
plasma insulin levels were observed in the A+T+
group compared to the A-T- group (adjusted p=
0.002; Fig. 1B). A similar pattern was found between
the A+T+ and A+T- groups, but no significant differ-
ences were found in the A+T— group when compared
to the A-T- group. However, there were no signif-
icant differences in plasma insulin levels between
A/T groups within the dementia group (Fig. 1C).

Associations between plasma insulin and AD
pathology

Regardless of clinical or A status, higher plasma
insulin levels were associated with increased lev-
els of CSF AB4y (3=0.17, p<0.001; Fig. 2A). To
further explore whether the relationship between
plasma insulin and AD pathology exists in early
or late AD, we categorized participants into AR—
or non-dementia groups as early stage and AR+
or dementia groups as late stages. The positive
correlation between plasma insulin and CSF A4,
was observed only in the AB— (=0.34, p=0.002)
and non-dementia groups (B =0.21, p<0.001) when
stratified by clinical and AP status (Fig. 2A, C).
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Table 2
The characteristics of longitudinal participant
A-T- A+T- A+T+ A-T+ P
N 48 33 123 25
Age, mean (SD), y 75.1 (6.6) 76.8 (4.2) 74.1(7.3) 76.3 (7.9) 0.154
Sex, n (%) Female 17 (35.4) 10 (30.3) 45 (36.6) 8(32.0) 0.906
Education, mean (SD), y 154 (2.9) 15.8 (3.1) 15.8 (3.0) 15.2(2.9) 0.752
APOE &4 carriers, n (%) 4(8.3) 16 (48.5) 88 (71.5) 6 (24.0) <0.0012-b-d
Dementia diagnosis, n (%) 2(4.2) 8(24.2) 42 (34.1) 4 (16.0) <0.0018D.c.def
Diabetes diagnosis, n (%) 14 (6.1) 5(10.4) 1(3.0) 6(4.9) 0.462
Diabetes medication use, n (%) Yes 12(5.2) 4(8.3) 0(0.0) 6 (4.9) 0.367
Ever smoker, n (%) Yes 26 (54.2) 16 (48.5) 49 (39.8) 11 (44.0) 0.375
History of alcohol abuse, n (%) Yes 3(6.2) 2(6.1) 5@4.1) 3(12.0) 0.475
CSF biomarkers, mean (SD), pg/ml
CSF AB42 1,491.2 (252.4) 610.4 (215.9) 586.6 (159.3) 1,677.1 (509.2) <0.001&:b-d.e
CSF pTaul81 17.2 (2.8) 16.8 (3.3) 37.2 (10.6) 31.1(11.9) <0.001b-c.de.f
CSF AB4y pery 11.8 (23.6) -3.5(10.4) -5.7(8.2) 9.8 (35.8) <0.001%0-d.¢
CSF pTaul81 per y -0.2 (0.2) -0.2 (0.2) 0.1(0.6) 0.1 (0.4) <0.001b-¢f
CSF follow up, y 3.0(2.6) 22(1.9) 2.2(2.0) 2.7 (2.6) 0.136
Blood biomarkers, mean (SD)
Serum glucose, mmol/l 4.3 (0.8) 4.1 (0.6) 4.1(0.8) 4.0 (0.6) 0.246
Serum creatinine, mmol/l 83.2 (21.7) 84.6 (22.0) 82.3 (18.3) 79.4 (16.1) 0.775
Plasma insulin, ulU/mL 0.43 (0.27) 0.27 (0.32) 0.24 (0.32) 0.42 (0.29) 0.001>4
Plasma insulin, ulU/mL per y -0.04 (0.26) 0.01 (0.20) 0.03 (0.33) —-0.05 (0.24) 0.467
Plasma insulin follow up, y 1.0 (0.0) 1.0 (0.0) 1.0 (0.0) 1.0 (0.0) 0.84

AB, amyloid-B; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; pTau, phosphorylated tau; p value derived from comparison between
A+T—and A-T—. ®p value derived from comparison between A+T+ and A—T—. °p value derived from comparison between A+T+ and A+T—.
dp value derived from comparison between A—T+ and A+T+. ¢p value derived from comparison between A-T+ and A+T—. {p value derived
from comparison between A—T+ and A-T—. p values were computed using the one-way analysis of covariance test for age, education, CSF
biomarkers, and blood biomarkers. The chi-squared test was used for sex, APOE &4 status, dementia diagnosis, ever smoked, history of
alcohol abuse, history of diabetes, and history of diabetes medication use. Tukey HSD post-hoc tests were employed for continuous variables.
For categorical variables, chi-squared tests followed by Bonferroni corrections were applied to adjust p-values for multiple testing.
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Fig. 1. Comparison of plasma insulin in different clinical and pathological groups. The panels showed group differences in plasma
insulin among A positive and clinical diagnosis (A), A/T scheme in the non-dementia group (B), and A/T scheme in the dementia group
(C). The Box plots depicted the median (horizontal bar), interquartile range (IQR) (hinges), and 1.5 x IQR (whiskers). The Tukey honestly
significant difference test was used for multiple group comparisons in different subgroups. The significant p values of group comparisons

were shown at the top.

However, there was no significant association found
between plasma insulin and CSF pTaul81 in the

whole cohort or its subgroups (Fig. 2B, D).

Longitudinal data were used to further investi-
gate the relationship between plasma insulin and AD

pathology. It is noteworthy that higher plasma insulin
levels at baseline exhibited a positive association with

annual changes in CSF AB4> (B=0.19, p=0.006;

Fig. 3A), but baseline CSF AB4, did not correlate
with annual changes in plasma insulin (Fig. 3B). No
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Fig. 2. Cross-sectional relationship between plasma insulin and CSF AD pathology. Scatter plots show the cross-sectional associations
of plasma insulin with CSF AB4, and CSF pTaul81 in all participants and in different groups defined by clinical groups (A, B) and A
status (C, D). The normalized regression coefficients (8) and p values shown in scatter plots were derived from multiple linear regression.
Linear model fits are indicated together with 95% confidence intervals. These models were adjusted for age, sex, APOE &4 status, education,

smoking, alcohol use, serum glucose, and serum creatinine.

significant associations were found between annual
changes or baseline CSF pTaul81 and plasma insulin
(Supplementary Figure 2).

Accuracy of plasma insulin in predicting AD
pathology

We evaluated the efficacy of plasma insulin in dif-
ferentiating AP+ from A - participants (Fig. 4). The
results showed that plasma insulin alone had modest

accuracy across all participants (AUC =0.61), as well
as in non-dementia (AUC =0.65) but not in dementia
groups (AUC =0.52). Notably, adding plasma insulin
to the baseline model (age, sex, APOE &4 status) sig-
nificantly enhanced its accuracy. The AUC improved
from 0.75 to 0.80 (DeLong test p=0.014) in the
overall cohort and from 0.75 to 0.79 (DeLong test
p=0.12) in the non-dementia group. However, incor-
porating plasma insulin did not improve the model’s
accuracy in the dementia group (DeLong test p =0.8).
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Fig. 4. Accuracy of plasma insulin in predicting CSF A status. The receiver operating characteristic (ROC) curves were used to assess
the predictive accuracy of plasma insulin for CSF AR positive versus CSF AP negative in all participants (A) and in individuals with non-
dementia (B) and dementia (C). AUC statistic and 95% CI were calculated using predicted probabilities from multivariable binary logistic
regression that included age, sex, and APOE &4 status (0 =non-carriers, 1=¢4 carriers) (BM: baseline model) and based on biomarker alone
(plasma insulin only), as well as using predicted probabilities from multivariable binary logistic regression that included plasma insulin, age,
sex, and APOE &4 status (BM + plasma insulin).

Sensitivity analysis DISCUSSION

The primary analysis was further adjusted to In the present study, we examined changes in
consider the effects of diabetes history and dia- plasma insulin levels across different pathologi-
betes medication use. Following the adjustment, the cal and clinical stages of AD. We also tested the
association between plasma insulin and CSF A4 cross-sectional and longitudinal association between
remained significant. This association was consistent plasma insulin and AD pathology. The results sug-
across all participant groups, including those in the gest a significant decrease in plasma insulin levels in
non-dementia group and those in the Af— category, the non-demented AR+ group compared to the non-

as detailed in Supplementary Tables 1 and 2. demented AB- group. In addition, the non-demented
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A+T+ group had lower plasma insulin levels com-
pared to the non-demented A-T— group. However,
no significant differences were observed within the
dementia group. Regression analyses showed a sig-
nificant correlation between plasma insulin and CSF
AB42 but not CSF pTaul8l. It is worth noting that
baseline plasma insulin levels were associated with
longitudinal changes in CSF A4, whereas base-
line CSF AR4> did not affect longitudinal changes
in plasma insulin. Plasma insulin, combined with
AD risk factors such as age, sex, and APOE &4 sta-
tus, demonstrated high accuracy in discriminating
between AR+ and AB- individuals. These findings
provide valuable human evidence supporting plasma
insulin as a potential biomarker for predicting early
A pathology in the early stages of AD.

Peripheral insulin signaling may affect the clear-
ance and deposition of amyloid pathology in both
the brain and blood [31]. Patients with AD exhibit
impaired insulin function, which has been corre-
lated with severe amyloid pathology [32] and a high
risk of AD [13, 33]. Our study has identified a sig-
nificant association between higher plasma insulin
levels and reduced CSF amyloid pathology, which is
evident in both cross-sectional and longitudinal anal-
yses. However, these findings differ from a previous
study that reported an inverse relationship between
high plasma insulin levels and lower CSF A4;/tau
ratio [22], which is a better marker for reflecting amy-
loid pathology [34]. We hypothesize that there are
several reasons that may account for the observed
discrepancies in results [22]. Firstly, the focus of our
study differs from that of previous research. While
our study investigates the influence of plasma insulin
on AD biomarkers, the previous study examined the
impact of insulin resistance on AD biomarkers. Addi-
tionally, our study includes both male and female
subjects, whereas the previous study only had male
participants. Furthermore, our sample size is larger,
with 304 participants and longitudinal repeated mea-
surement data, compared to their relatively small
sample of 58 cases. Finally, the statistical findings
were limited and did not take into account the impact
of covariates on the relationship between plasma
insulin and AD biomarkers. In contrast, our study
considered multiple factors that could potentially
affect this relationship. Consistent with our study,
two previous studies found a significant association
between higher blood insulin and lower PET-based
AP deposition positivity [23, 24].

Our study did not find an association between
plasma insulin and CSF pTaul81. A previous study

explored the association with tau pathology and
found a relationship between plasma insulin and
CSF tTau [22]. However, there were several differ-
ences between that study and ours, as previously
described. Most previous research has concentrated
on the correlation between diabetes diagnosis and
insulin resistance with AD pathology. These stud-
ies have identified an association between diabetes
and higher insulin resistance with increased levels of
CSF pTaul81 and CSF tTau, but not CSF AB42 [8,
35]. Other studies have suggested that A3 mediates
the relationship between insulin resistance and tau
biomarkers [36, 37]. Additionally, there are reports
linking diabetes and insulin resistance with brain
AR pathology [20, 38]. It is worth noting that this
correlation of insulin resistance may be induced by
dietary factors rather than genetics [39]. In summary,
these varying findings emphasize the need for further
research to systematically investigate the relation-
ship between blood glucose, plasma insulin, insulin
resistance, diabetes, and AD pathology.

In 2018, the NIA-AA introduced the pathological
AD classification, AT(N), which is useful for defin-
ing various stages of AD [34]. Our study reveals that
plasma insulin levels are reduced exclusively in the
non-dementia A3+ group compared to the demen-
tia group. Even lower levels were observed in A+T—
and A+T+ compared to A—T- in the non-dementia
group, indicating changes in plasma insulin along
the AD continuum. Furthermore, it was observed
that the correlation between plasma insulin and CSF
A4 was only present in the AB— and non-dementia
groups. It is worth noting that the initial plasma
insulin levels were associated with changes in CSF
AB42 over time, while the initial CSF AB4; did not
affect changes in plasma insulin over time. The study
suggests that changes in plasma insulin may occur
before the full deposition of amyloid pathology. This
is supported by an in vivo study that indicates the pres-
ence of a pre-diabetic phenotype, characterized by
compromised peripheral glucose tolerance, precedes
the formation of A3 plaques [15, 16]. Furthermore,
our longitudinal data indicates no significant asso-
ciation between plasma insulin and CSF pTau. This
suggests that plasma insulin signaling may primarily
affect early amyloid pathology rather than later stages
of AD pathology. These findings reinforce the role of
peripheral insulin signaling in the development and
progression of amyloid pathology in AD.

The amyloid cascade hypothesis, which is consid-
ered central to AD, suggests that A accumulation
triggers AD pathogenesis that leads to tau pathol-
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ogy, synaptic loss, and cognitive decline [40]. Early
detection of amyloid pathology is crucial. However,
current detection methods, relying on CSF and PET,
are costly, invasive, and technologically demanding,
thus limiting their clinical use for amyloid pathol-
ogy screening [41, 42]. Blood-based biomarkers offer
a scalable, minimally invasive solution for amyloid
pathology screening in AD patients. Plasma pTau
species, including pTaul81, pTau217, and pTau231,
have demonstrated strong potential in identifying
underlying amyloid pathology in AD [42-46]. Whilst
plasma insulin alone has limited accuracy in identi-
fying CSF A status, it significantly enhances the
predictive accuracy of established AD risk factors
(age, sex, APOE &4 status). Adding plasma insulin
as a predictor offers valuable additional information
(AUC=0.8). Our longitudinal study further reveals
that baseline plasma insulin levels effectively forecast
future amyloid changes. These findings, coupled with
our previous observations of early plasma insulin
alterations preceding amyloid deposition, suggest its
potential in predicting early amyloid deposition in the
early stages of AD.

The precise mechanisms underlying the associ-
ation between plasma insulin and AP pathology
remain unclear. Potential mechanisms may include
impacts on glucose metabolism, insulin signaling
[10, 14], disruption of the insulin-like growth factor-
1 (IGF-1) signaling pathway [47], and modulation
of extracellular matrix (ECM) gene expression [47],
among others. These mechanisms are commonly
shared in both diabetes and AD. Enhancing our com-
prehension of the connection between plasma insulin
and AD pathology is essential for uncovering the
underlying links between diabetes and AD.

This study has several strengths, including being
the first longitudinal investigation into the rela-
tionship between plasma insulin and CSF AD
pathology. The incorporation of clinical and patho-
logical AD diagnoses enhances our understanding
of this relationship. However, it is important to con-
sider several caveats when interpreting our findings.
Firstly, our participants were predominantly of Euro-
pean descent, so our results need to be replicated
in diverse ethnic populations for broader applica-
bility. Secondly, our study primarily focused on
the relationship between plasma insulin and AD
pathology, specifically the biomarkers of AB4> and
pTaul81. We acknowledge that other pTau species,
such as MTBR-tau243 [47] and pTau217 [48-50],
may offer superior performance for predicting tau
pathology, but unfortunately, these were not avail-

able in the ADNI database at present. Thirdly, our
study primarily included non-diabetic individuals,
with only a small fraction having a history of diabetes
(6%). Therefore, it is uncertain whether the correla-
tion between plasma insulin and amyloid pathology
applies to diabetic patients. Further studies are needed
to validate our findings in larger cohorts, with longer
follow-up durations, and using different designs, such
as prospective designs. In particular, these studies
should include participants with conditions that could
affect insulin levels or AD biomarkers to fully con-
sider the potential impact on the results.

In summary, this study provides new insights into
the relationship between plasma insulin and CSF AD
pathology. The findings suggest that plasma insulin
could predict early AP pathology in the early stages of
AD. These findings have implications for clinical set-
tings, as plasma insulin may offer a promising target
to slow the progression of AD pathology. The early
detection of AD pathology through plasma insulin
levels may lead to timely interventions, potentially
altering the disease course. Furthermore, understand-
ing the mechanistic links between insulin and A3
pathology might open new avenues for treatment
strategies. Importantly, incorporating plasma insulin
measurements may enable more precise stratification
of patients in clinical settings, thereby enhancing the
efficacy of anti-A therapies. This encourages further
research into the connection between insulin signal-
ing and AD pathology.
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