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Abstract The secreted peptide adropin is highly 
expressed in human brain tissues and correlates with 
RNA and proteomic risk indicators for dementia. 
Here we report that plasma adropin concentrations 
predict risk for cognitive decline in the Multidomain 
Alzheimer Preventive Trial (ClinicalTrials.gov Identi-
fier, NCT00672685; mean age 75.8y, SD = 4.5 years, 
60.2% female, n = 452). Cognitive ability was evalu-
ated using a composite cognitive score (CCS) that 
assessed four domains: memory, language, execu-
tive function, and orientation. Relationships between 
plasma adropin concentrations and changes in CCS 
(∆CCS) were examined using Cox Proportional Haz-
ards Regression, or by grouping into tertiles ranked 
low to high by adropin values and controlling for age, 
time between baseline and final visits, baseline CCS, 
and other risk factors (e.g., education, medication, 

APOE4 status). Risk of cognitive decline (defined as 
a ∆CCS of − 0.3 or more) decreased with increasing 
plasma adropin concentrations (hazard ratio = 0.873, 
95% CI 0.780–0.977, P = 0.018). Between adropin 
tertiles, ∆CCS was significantly different (P = 0.01; 
estimated marginal mean ± SE for the 1st to 3rd ter-
tile, − 0.317 ± 0.064; − 0.275 ± 0.063; − 0.042 ± 0.071; 
n = 133,146, and 130, respectively; P < 0.05 for 1st 
vs. 2nd and 3rd adropin tertiles). Normalized plasma 
Aß42/40 ratio and plasma neurofilament light chain, 
indicators of neurodegeneration, were significantly 
different between adropin tertile. These differences 
were consistent with reduced risk of cognitive decline 
with higher plasma adropin levels. Overall, these 
results suggest cognitive decline is reduced in com-
munity-dwelling older adults with higher circulating 
adropin levels. Further studies are needed to determine 
the underlying causes of the relationship and whether 
increasing adropin levels can delay cognitive decline.
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Introduction

Aging is the most significant risk factor for cognitive 
decline and dementia, a general term used to describe 
disorders adversely affecting intellectual ability (e.g., 
memory impairment, aphasia, confusion, disorien-
tation) [1]. Gains in life expectancy are markedly 
increasing the number of individuals requiring treat-
ment for dementia [2, 3]. Blood-based biomarkers 
have been developed to identify at-risk individuals 
experiencing the early stages of Alzheimer’s disease 
(AD), the most common form of dementia [4–7]. 
Biomarkers reflecting brain amyloid  beta accumula-
tion (plasma Aß42/40 ratio), pathologic tau protein 
(p-tau231, p-tau181, p-tau217), and neurodegenera-
tion (neurofilament light chain (NfL)) have advanced 
the diagnosis of AD and other neurodegenerative dis-
eases [4–7]. However, treatment options remain lim-
ited. Most of the medications target the symptoms of 
dementia, while the efficacy of the recently approved 
medications that target the underlying biology is con-
troversial [1, 8]. An urgent need continues to exist for 
identifying modifiable, easily measurable risk factors 
and new treatment strategies.

Adropin is a short 76 amino acid peptide encoded 
by the Energy Homeostasis Associated (ENHO) gene 
[9]. While originally described as a secreted peptide 
[9], further study suggests  adropin1−76 might also 
reside in the plasma membrane [10]. This conclusion 
is supported by data from AlphaFold’s transmembrane 
protein structure database [11] and the HMMTOP 
algorithm [12]. Adropin immunoreactivity is neverthe-
less observed in blood specimens and in media of cul-
tured cells [9], suggesting release of some part of the 
adropin peptide into the interstitial space. A synthetic 
peptide derived from the putative secreted  domain 
 (adropin34−76) induces biological responses in cultured 
cells and rodent models that parallel changes observed 
with transgenic over expression or deletion of the full-
length protein [13, 14].

Experiments using mouse models suggest adropin 
regulates physiological processes relevant to healthy 
neurological aging. Insulin signaling and glycemic 
control are important drivers of aging processes and 
longevity [15]. In mice, adropin acts as an insulin 

sensitizer and directly regulates glucose metabolism 
[16–22]. Adropin actions also preserve arterial elastic-
ity in the context of aging and type 2 diabetes [23–26]. 
Finally, an emerging literature indicates that adropin 
acts on the cerebral vasculature to preserve neurologi-
cal functions during cerebral ischemia [27–29].

Whether adropin  signaling affects human aging 
is not known. However,  cross-sectional data indi-
cate relationships of circulating adropin levels  with 
risk indicators for diabetes and vascular disease [13, 
14, 24, 26]. Expression profiling supports a more 
direct relationship between brain adropin expres-
sion and aging-related neurological conditions in 
humans. Expression of the transcript encoding adro-
pin is higher by orders of magnitude in the central 
nervous system relative to other tissues, suggesting 
that it functions primarily as a neuropeptide [10, 30, 
31]. Adropin expression in the brain correlates with 
proteomic and transcriptomic signatures for risk of 
cognitive decline [30]. Positive correlations with 
transcriptomic signatures of mitochondrial and syn-
aptic functions suggest adropin enhances synaptic 
plasticity and glucose utilization [30]. On the other 
hand, adropin expression also correlates positively 
with markers of Aβ accumulation and Tau pathology 
[30]. Experiments using mouse models indicate that 
increased adropin activity preserves cognitive ability 
in the context of aging, metabolic stressors associated 
with obesity, or cerebral ischemia [28, 30, 32, 33].

The relationship between circulating adropin lev-
els and aging-related cognitive decline has not been 
investigated. Here we report an investigation of the 
relationships between plasma adropin concentrations 
and cognitive decline in community-dwelling older 
adults.

Methods

Study population

The study participants were from the Multidomain 
Alzheimer Preventive Trial (MAPT, ClinicalTri-
als.gov NCT00672685), a randomized controlled 
trial that assessed the impact of nutritional sup-
plement (omega-3 fatty acid) alone or in combina-
tion with a multidomain intervention. The original 
study examined 1679 dementia-free older adults 
aged ≥ 70  years recruited with any of the following 
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criteria: expressing spontaneous memory complaint, 
having limitation in at least one instrumental activity 
of daily, and slow gait speed (< 0.8 m/s). Participants 
were excluded if any of the following criteria was 
met: a mini-mental state exam (MMSE) score ≤ 24, 
a diagnosis of dementia, exhibiting difficulties in 
performing the basic activities of daily living, and 
already taking polyunsaturated fatty acid supplemen-
tation. The MAPT tested multidomain interventions 
(physical activity, nutritional counseling, and cogni-
tive training) and omega-3 supplementation, com-
bined or alone, against placebo among older adults 
and examined changes in cognitive functions over a 
3-year period [34]. Participants were observed for two 
additional years, without receiving any intervention. 
The MAPT was approved by the ethics committee 
in Toulouse (CPP SOOM II). Written consent forms 
were obtained from all participants. All research was 
performed in accordance with relevant guidelines/
regulations.

Calculation of the Compositive Cognitive Score 
(CCS)

Participants completed a comprehensive assessment 
of four domains: memory (free and total recall of the 
Free and Cued Selective Reminding Test [FCSRT]), 
language (the Category Naming Test), executive 
function (the DSST-WAISR), and orientation (ten 
MMSE orientation items) [35]. There was a total of 
11 visits (V1–V11) during the study. Cognitive test-
ing occurred on the first two visits, and then annu-
ally on the odd-number visits (V1, V2, V3, V5, V7, 
V9, and V11). The plasma used to measure adropin 
concentrations was collected on V3 (n = 419) and V5 
(n = 33).

CCS were calculated using the average of the 
Z-score for each domain using values at V1 as the 
reference point. For calculation of the Z scores, data 
collected at V1 was used to calculate the initial mean 
(mB) and SD (sB) for each specific test result (FCSRT, 
Category Naming Test, DSST-WAISR, MMSE orien-
tation items). These values were used to calculate a 
Z score for the data collected at baseline and subse-
quent visits: Z = (xV − mB)  ÷  sB) where xV is the test 
result score for each test on each visit (V1, V2, etc.), 
mB is the mean of the test scores for each specific test 
at baseline, and sB is the SD of the test scores for each 
specific test at baseline. The CCS was then calculated 

by taking the average Z score for each test result at 
each time point.

Two approaches for comparing adropin values 
with  the changes (∆) in  CCS are presented. Plasma 
used for the study came mostly from V3 (n = 419), 
which was 1  year after V1, or from V5 (n = 33), 
which occurred 2  years after V1. We initially com-
pared plasma adropin concentrations collected at V3/
V5 with ∆CCS calculated over the full duration of the 
study, using CCS at V1 as the baseline. The advantage 
of this approach was in maximizing the time during 
which changes in CCS could happen (up to 5 years). 
The disadvantage is that the actual plasma adropin 
concentrations at baseline are not known, and any 
correlations observed are between adropin values 
collected at an arbitrary mid-point in the study. To 
address this weakness, we also calculated ∆CCS cal-
culated using CCS values at V3 and V5 as baseline. 
This approach allowed us to compare plasma adropin 
concentrations with subsequent changes in CCS using 
the same time points as baseline. This comparison 
provides a more clearly defined test of whether plasma 
adropin concentrations test at any given age in this 
cohort predict risk of subsequent decline. However, 
this approach reduced the effective duration between 
the first and final cognitive tests from 5 to 4 years for 
the V3 timepoint, and to 3 years for the V5 timepoint.

For each approach, changes in CCS over time 
(∆CCS) were calculated by subtracting the final score 
from the baseline score. To control for variability in 
time between the baseline and final visit, we used a 
regression approach with years between the baseline 
and final visit included as a covariate.

This study compared CCS in participants without 
dementia. For this group of 452 participants, 37 were 
diagnosed with dementia. Data from the visit during 
which these participants were diagnosed with demen-
tia was excluded from the analysis.

Measurement of plasma variables

Most plasma samples used to measure adropin con-
centrations were collected at V3 (n = 419), with a 
smaller number collected at V5 (n = 33). This selec-
tion was based on the availability of plasma samples. 
Cross-sectional comparisons of plasma adropin con-
centrations with other plasma variables used plasma 
collected on V3. Cross-sectional comparisons of 
plasma adropin concentrations with physiological 
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measures (BMI, heart rate, blood pressure) used data 
collected on V3 and V5.

Plasma adropin concentrations were measured 
using an enzyme immunoassay kit from Phoenix 
Pharmaceuticals, Inc. (cat. no. EK-032–35) follow-
ing the manufacturer’s protocol. Assay sensitivity 
reported by the manufacturer is 0.3  ng/ml, with a 
linear range from 0.3 to 8.2 ng/ml. Pilot experiments 
determined a 1:5 dilution of serum produced val-
ues within the linear range. Values > 8.2 ng/ml were 
described as “high” and arbitrarily assigned a value 
of 8.5 ng/ml (19 out of 452 samples). The assay was 
performed in duplicates; values with a CV of > 20% 
were discarded. Plate controls included “in-house” 
human plasma and the controls provided by the assay 
manufacturer. The %CV for the plate controls were 
11% and 14%, respectively.

The methods used and a description of the results 
from the measurement of other plasma variables reported 
here have been previously described [34, 36–39].

Statistical analysis

Data were collated and managed in Microsoft Excel 
prior to import into SPSS vers. 28.0.1.0 (IBM). Rela-
tionships between plasma adropin concentration and 
∆CCS were initially modeled using cox binomial 
regression. Significant  cognitive decline for this 
study was defined as a change in ∆CCS of − 0.3 or 
greater. Covariates used for the analysis include the 
number of years between V1 and the final visit used 
to calculate ∆CCS, sex (categorical), APOE status 
(categorical, APOE4 positive or negative), BMI at 
V1, medications, and years of education. Changes in 
CCS  were  also compared between participants with 
lower than normal or higher than normal adropin. 
For this approach, participants were separated into 
adropin tertiles using the 33rd and 67th percentiles of 
ranked data. As plasma adropin concentrations were 
significantly different between sex, assignment was 
performed separately within sex. The 1st, 2nd, and 
3rd tertiles thus corresponded with participants with 
low, normal, or high levels for each sex.

A numerical score was used to control for educa-
tion (1 = no diploma or less than primary school cer-
tificate, 2 = primary school certificate, 3 = secondary 
education, 4 = high school diploma, 5 = university 
level). To control for medication, study participants 
received scores of 0 (not prescribed) or 1 for drugs 

targeting the nervous system (analgesics, anesthet-
ics, anti-epileptics, psychoanaleptics, psycholeptics, 
anti-parkinson drugs), lipid-lowering agents (statins, 
fibrates, bile acid sequestrants, cholesterol absorption 
inhibitors), diabetes drugs (alpha glucosidase inhibi-
tors, sulfonamides, thiazolidinediones, DPP-4 inhibi-
tors, biguanides, insulin analogs), drugs targeting the 
cardiovascular system (ACE inhibitors, ARB block-
ers, anti-adrenergic drugs), drugs for blood disorders 
(antithrombotic and antianemic agents), corticoster-
oids, anti-inflammatory and antirheumatic drugs, and 
thyroid medications. The participants received possi-
bles score between 0 (no medication) and 8.

Tertiling was also used for comparisons of 
morphometry and plasma data between adropin 
tertiles. Data with equal distributions around the mean, 
or which passed the test following transformation 
 (Log10), were analyzed using ANCOVA. The 
covariates used for each analysis are indicated; 
post hoc tests between groups used Bonferroni to 
adjust for multiple comparisons. Data failing test 
for homogeneity of variance were compared using a 
nonparametric test (Quade Nonparametric Analysis 
of Covariance) with covariates applied as indicated. 
Adjusted data are presented as estimated marginal 
means and std. error.

Results

Plasma adropin concentrations did not correlate with 
age, BMI, or educational status, and there were no 
significant differences  for these parameters between 
adropin tertiles (Table 1). Plasma adropin concentra-
tions and CCS were significantly different between 
sex (females > males, Table  1). However, a cross-
sectional comparison of plasma adropin concentra-
tions indicate no correlations with CCS recorded on 
the visit used to collect plasma samples used for this 
study (V3, n = 419; V5, n = 33; r = 0.046) (Table 1).

Slower aging-related cognitive decline with higher 
plasma adropin concentrations.

A decline in cognitive score of − 0.3 or more in one 
calendar year has been reported to predict increased 
risk for a future dementia diagnosis [40]. For this 
study, a ∆CCS of − 0.3 or more during the 5  years 
of the MAPT study was observed in 157 participants 



901GeroScience (2024) 46:897–911 

1 3
Vol.: (0123456789)

(35.5%), and was used to define a significant event. 
Simple modeling using Cox proportional hazards 
regression indicated plasma adropin concentrations 
predict risk of cognitive decline. Controlling for age at 
V1, the number of years between visits used to calcu-
late ∆CCS, and stratification by APOE4 status (null, 
one or more copies) indicated declining risk with 
increasing plasma adropin concentrations (HR = 0.898, 
95% CI 0.808–0.998, P = 0.045). Plasma concentra-
tions of NfL and normalized plasma Aß42/40 ratio are 
biomarkers of neuropathology and were significantly 
different between adropin tertiles (Table  2). APOE4 

status also appeared to be lower (24% vs. 31%) in 
the 3rd versus 1st adropin tertile (Table 2). However, 
years of education and medication usage were similar 
between tertiles (Tables 1, 3, 4, and 5). The addition 
of these and other potentially confounding variables 
to the model (BMI, sex) did not markedly change the 
result (HR = 0.873, 95% CI 0.780–0.977, P = 0.018).

Plotting ∆CCS as a function of age at V1 provided 
further indication that the acceleration of cognitive decline 
with aging was attenuated in the 3rd adropin tertile (Fig. 1). 
Cumulative hazard as a function of age at V1 was calculated 
controlling for APOE status, sex, BMI, normalized plasma 

Table 1  Plasma adropin concentrations, CCS, and morpho-
metric data for subjects grouped into adropin tertiles. Plasma 
adropin concentrations and age are mean and SD. Baseline 
CCS are estimated marginal means and SE adjusted for age, 

medication, and years of education and are measurements 
recorded on the visit plasma samples were collected (V3, V5). 
Sample size is shown in parenthesis (n) below each value

Body mass index (BMI) is presented at estimated marginal means adjusted for age. Sample sizes are indicated in brackets. P values 
for covariates less than 0.05 are shown in italics

Metric Sex Adropin tertile P value

(ALL) 1st 2nd 3rd

Plasma adropin
(ng/ml)

F 4.21 ± 1.70
(272)

2.43 ± 0.77
(90)

4.12 ± 0.39
(91)

6.06 ± 1.16
(91)

 Sex P < 0.01

M 3.73 ± 1.80
(180)

2.05 ± 0.47
(60)

3.38 ± 0.38
(61)

5.80 ± 1.51
(59)

ALL 4.02 ± 1.76
(452)

2.34 ± 1.01
(150)

3.83 ± 0.53
(152)

5.94 ± 1.40
(150)

Tertile
P < 0.01

CCS F  + 0.180 ± 0.042
(265)

 + 0.195 ± 0.072
(88)

 + 0.206 ± 0.071
(91)

 + 0.139 ± 0.073
(86)

Education, Age
P < 0.001

M -0.055 ± 0.051
(174)

-0.015 ± 0.090
(56)

-0.130 ± 0.087
(61)

-0.021 ± 0.091
(57)

ALL 0.062 ± 0.033
(439)

0.090 ± 0.057
(144)

0.038 ± 0.056
(152)

0.059 ± 0.058
(143)

Sex
P < 0.01

Age, V1 (yr) F 75.6 ± 4.4
(272)

76.2 ± 4.7
(90)

75.0 ± 4.2
(91)

75.8 ± 4.3
(91)

M 76.0 ± 4.7
(180)

75.5 ± 4.5
(60)

75.9 ± 4.6
(61)

76.8 ± 5.0
(59)

ALL 75.8 ± 4.5
(452)

75.9 ± 4.6
(150)

75.3 ± 4.3
(152)

76.2 ± 4.6
(150)

BMI
(kg/m2)

F 25.8 ± 0.2
(271)

25.7 ± 0.4
(89)

26.3 ± 0.4
(91)

25.5 ± 0.4
(91)

M 26.7 ± 0.3
(179)

27.0 ± 0.5
(60)

26.8 ± 0.5
(60)

26.3 ± 0.5
(59)

ALL 26.3 ± 0.2
(450)

26.4 ± 0.3
(149)

26.6 ± 0.3
(151)

25.9 ± 0.3
(150)

Education level (%)
Less than primary
Primary
Secondary
High school diploma
University

5%
20%
34%
14%
27%
(N=446)

6%
20%
38%
13%
23%
(N=145)

4%
22%
32%
16%
27%
(N=152)

4%
19%
32%
14%
31%
(N=149)
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Aß42/40 ratio, education, and medications. As predicted, 
cumulate hazard increased as a function of age, and the 
increase was delayed for participants in the 3rd adropin tertile 
(Fig. 2A). Comparing ∆CCS by 2-way ANCOVA (groups: 
sex, adropin tertile) also indicated delayed decline in the 3rd 
adropin tertile (Fig. 2B). When adjusted for CCS and age at 
V1, years between first and final CCS measurement, years 
of education and medication, there was a strong trend for a 
difference between adropin tertiles (F2,446 = 2.931, P = 0.054; 
estimated marginal mean ± SE of ∆CCS for 1st, 2nd, 
and 3rd adropin tertiles, − 0.298 ± 0.059, − 0.253 ± 0.057, 
and − 0.104 ± 0.059, P = 0.065 between 1st and 3rd 
adropin tertiles). There was still a strong trend when other 
confounders (NfL, normalized plasma Aß42/40 ratio, and 
BMI) were included as covariates (F2,417 = 2.720, P = 0.067). 
There was no effect of sex in this analysis (data not shown).

The initial comparison used plasma adropin 
concentrations collected mid-study with changes 
in CCS over the 5  years of data collection. How-
ever, using CCS results collected at the same visits 
used for blood plasma collection (V3, V5) yielded 
similar outcomes. Changes in CCS from V3 or V5 
adjusted for age at V1, years between visits used 
for baseline (V3 or V5), and final measurements of 
CCS, education, medical treatment, and baseline 
CCS values exhibited a strong trend for differences 
between adropin tertiles (F2,413 = 2.999, P = 0.051; 
∆CCS using V3/V5 as baseline for 1st, 2nd, and 3rd 

adropin tertiles, − 0.377 ± 0.053, − 0.330 ± 0.053, 
or − 0.191 ± 0.057, n = 141/145/127; P = 0.054 
between 1st and 3rd adropin tertiles). When con-
trolling for other confounding variables, the differ-
ences between adropin tertiles were statistically sig-
nificant (F2,386 = 4.043, P = 0.018) (Fig. 2B). For the 
covariates used in the analysis, age, plasma Aβ42/40 
ratio, and years between V3/V5 and final visit had 
significant effects (P < 0.05); however, there was 
still no significant effect of sex (data not shown).

The APOE4 allele is the strongest genetic 
risk factor identified for AD [41, 42]. A 2-way 
ANCOVA used adropin tertile and APOE4 status 
as independent variables controlling for age, years 
between visits, plasma Aβ42/40 ratio, NfL, education, 
and medication indicated comparable outcomes 
between APOE genotypes (Fig.  3A, B). As 
predicted, there was a significant difference between 
adropin tertile when using either V1 (F2,382 = 4.705; 
P = 0.010, Fig.  3A) or V3/V5 (F2,381 = 4.306, 
P = 0.014, Fig.  3B) as baseline for calculating 
∆CCS. While there was no interaction between 
APOE e4 genotype and adropin tertile, in the post 
hoc analysis, significant differences between adropin 
tertile were only observed in the APOE4 allele 
group (Fig.  3). Higher than normal adropin levels 
thus still correlate with protection from cognitive 
decline irrespective of APOE genotype.

Table 2  Plasma 
concentrations of markers 
of neurodegeneration (NfL, 
Aß42/40). Plasma normalized 
Aß42/40 ratio and NfL are 
presented as estimated 
marginal means and SE 
adjusted for age

P values for covariates less 
than 0.05 are shown in 
italics. For APOE4 status, 
percent exhibiting at least 
one copy are shown
1 P < 0.05 vs. 1st and 2nd 
adropin tertiles (within row)
2 P < 0.05 vs. 2nd and 3rd 
adropin tertiles (within 
row), P < 0.05 for the 1st 
adropin tertile between sex

Metric Sex Adropin tertile P value

(ALL) 1st 2nd 3rd

Aß42/40
(ratio)

F 0.115 ± 0.001
(251)

0.114 ± 0.002
(83)

0.114 ± 0.002
(85)

0.116 ± 0.002
(83)

M 0.112 ± 0.001
(171)

0.110 ± 0.001
(56)

0.109 ± 0.002
(61)

0.118 ± 0.0021

(54)
ALL 0.114 ± 0.001

(422)
0.112 ± 0.002
(139)

0.111 ± 0.002
(146)

0.117 ± 0.0021

(137)
Tertile
P < 0.05

NfL
(pg/mL)

F 85.8 ± 4.5
(248)

80.0 ± 7.7
(71)

97.4 ± 7.7
(87)

79.9 ± 7.7
(90)

Age, P = 0.005

M 87.9 ± 5.5
(171)

101.3 ± 9.52

(53)
84.4 ± 9.4
(59)

78.1 ± 9.6
(59)

Sex X Adropin 
tertile, 
P < 0.05ALL 86.9 ± 3.5

(419)
90.7 ± 6.1
(124)

90.9 ± 6.1
(146)

79.0 ± 6.2
(149)

APOE4
(%ve)

F 28%
(248)

33%
(82)

24%
(86)

26%
(80)

M 27%
(166)

27%
(55)

33%
(60)

20%
(51)

ALL 28%
(414)

31%
(137)

28%
(146)

24%
(141)
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Table 3  Indices of cardiovascular function. Data shown are estimated marginal means and SE adjusted for age and BMI

The % taking medications for cardiovascular conditions (antihypertensives) during the first 3 years of the study P values for covari-
ates less than 0.05 are shown in italics
1 P < 0.05 vs. 1st adropin tertile within row (All), P < 0.01 vs. 1st adropin tertile and < 0.05 vs. 3rd adropin tertle within row (males)
2 P < 0.001 (3rd tertile) or < 0.05 (1st tertile) between sexes (within column)
3 P < 0.001 vs. 2nd, 3rd adropin tertiles (within row)
4 P = 0.001 between sexes (within column)
5 P < 0.001 vs. 1st adropin tertile (within row)
6 P = 0.005 vs. 1st adropin tertile (within row)

Metric Sex Adropin tertile P value

(ALL) 1st 2nd 3rd

Pulse rate
(standing)

F 75.4 ± 0.7
(269)

73.7 ± 1.22

(89)
75.0 ± 1.2
(91)

77.5 ± 1.21,2

(89)
BMI, P < 0.05

M 71.4 ± 0.9
(178)

69.1 ± 1.5
(59)

74.9 ± 1.51
(60)

70.1 ± 1.5
(59)

Sex, P < 0.001
Tertile, P < 0.05

ALL 73.4 ± 0.5
(447)

71.4 ± 1.0
(148)

75.0 ± 0.91
(151)

73.8 ± 1.0
(148)

Sex X tertile, P < 0.05

Pulse rate
(prone)

F 70.3 ± 0.6
(270)

67.6 ± 1.1
(89)

70.6 ± 1.1
(91)

72.8 ± 1.14,5

(90)
BMI, P < 0.05

M 67.5 ± 0.8
(178)

64.3 ± 1.4
(59)

70.9 ± 1.35

(60)
67.2 ± 1.4
(59)

Sex, P = 0.005
Tertile,P < 0.001

ALL 68.9 ± 0.5
(448)

65.9 ± 0.93

(148)
70.7 ± 0.9
(151)

70.0 ± 0.9
(149)

Sex X Tertile. P = 0.052

Systolic blood pressure
(standing)

F 134.6 ± 1.2
(269)

131.2 ± 2.2
(89)

136.7 ± 2.1
(91)

135.9 ± 2.2
(89)

Age,
P = 0.001

M 137.4 ± 1.5
(178)

138.4 ± 2.7
(59)

136.5 ± 2.6
(60)

137.4 ± 2.7
(59)

BMI
P = 0.001

ALL 136.0 ± 1.0
(447)

134.8 ± 1.7
(148)

136.6 ± 1.7
(151)

136.6 ± 1.7
(148)

Systolic blood pressure
(Prone)

F 137.0 ± 1.1
(270)

134.4 ± 2.0
(89)

138.5 ± 2.0
(91)

137.9 ± 2.0
(90)

Age,
P = 0.003

M 139.1 ± 1.4
(178)

142.1 ± 2.4
(59)

138.7 ± 2.4
(60)

136.7 ± 2.4
(59)

BMI
P = 0.002

ALL 138.0 ± 0.9
(448)

138.3 ± 1.6
(148)

138.6 ± 1.6
(151)

137.3 ± 1.6
(149)

Diastolic blood pressure
(standing)

F 78.7 ± 0.8
(269)

75.9 ± 1.3
(89)

79.2 ± 1.3
(91)

81.2 ± 1.36

(89)
BMI,
P < 0.001

M 79.5 ± 0.9 79.2 ± 1.6 81.5 ± 1.6 77.8 ± 1.6
(178) (59) (60) (59) Sex X tertile

ALL 79.1 ± 0.6
(447)

77.5 ± 1.1
(148)

80.4 ± 1.01

(151)
79.5 ± 1.1
(148)

P = 0.055

Diastolic blood pressure
(prone)

F 77.4 ± 0.7
(270)

76.1 ± 1.3
(89)

76.9 ± 1.3
(91)

79.2 ± 1.6
(90)

BMI,
P < 0.001

M 78.0 ± 0.9 79.8 ± 1.6 78.1 ± 1.6 76.1 ± 1.6
(178) (59) (60) (59) Sex X tertile

ALL 77.7 ± 0.6
(448)

77.9 ± 1.0
(148)

77.5 ± 1.0
(151)

77.7 ± 1.0
(149)

P = 0.056

Cardiovascular medications 
(% prescribed)

ALL 44.9% 42.0% 48.7% 44.0%
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Relationships between plasma adropin concentrations 
and neurodegenerative markers

RNA-seq data indicate that ENHO expression cor-
relates positively with Aß protein levels in post-
mortem brain samples from people of advanced age 
[30]. Low normalized plasma Aβ42/40 ratio correlates 
with higher levels of cortical Aß and increased risk 
of AD [7]. Plasma adropin concentrations correlated 
positively with normalized Aβ42/40 ratio (r = 0.101, 
P < 0.05, n = 422). The normalized plasma Aβ42/40 ratio 
also differed between adropin tertiles (F2,422 = 4.502, 
P = 0.012), with higher ratios in the 3rd adropin tertile 
(Table 2). Removal of a single outlier (male in the 3rd 
adropin tertile with an Aβ42/40 ratio of 0.3341, 12 SD 
from the mean) did not affect the correlation (r = 0.100, 
P < 0.05, n = 421). However, difference between adro-
pin tertiles was now a trend (F2,421 = 2.709, P = 0.068). 
Removal of the outlier reduced the estimated marginal 
mean for the 3rd adropin tertile (0.115 ± 0.014 for both 
sexes, n = 135; 0.114 ± 0.012 for males, n = 53).

Blood levels of NfL are a biomarker of neuroaxonal 
damage that occurs with inflammation, neurodegen-
eration, and cerebrovascular diseases [6]. There was a 
significant interaction between sex and adropin tertile 
(F2,419 = 3.396, P = 0.034). Plasma NfL concentrations 
were elevated in males in the 1st adropin tertile when 

compared to the 2nd and 3rd adropin tertiles, and when 
compared to females in the 1st adropin tertile (Table 2).

The APOE4 allele is the strongest genetic risk 
factor identified for AD [41, 42]. In the participants 
used for this study, the distribution of carriers 
between adropin tertiles was not significantly different 
(Table 2).

Circulating levels of inflammatory markers (C-reac-
tive protein, interleukin-6, soluble tumor necrosis fac-
tor receptor-1, monocyte chemoattractant protein-1, 
and growth/differentiation factor-15) have been linked 
to declining mental and physical capacity in the MAPT 
study [43]. However, we found no consistent pattern 
between tertiles in the levels of other systemic markers 
of inflammatory conditions and cellular stress between 
adropin tertiles (Supplemental Table S1).

Cross-section correlation between adropin levels and 
cardiovascular disease risk factors

Adropin has been linked to vascular function 
[23–26]. Simple modelling using heart rate and 
blood pressure measurement recorded on V3 and 
V5 indicated positive correlations between plasma 
adropin concentrations and heart rate (stand-
ing r = 0.159, P < 0.001, N = 448; prone posi-
tion r = 0.105, P < 0.05, N = 447). Heart rate and 

Table 4  Cross-sectional analysis of indices of glucose and 
lipid homeostasis (age, BMI adjusted) between adropin tertile. 
The values shown were measured during the same visit (V3, 

V5); the percent reporting medications during the first 3 years 
of the study for treating diabetes and dyslipidemia are shown

P values for covariates less than 0.05 are shown in italics

Metric Sex Adropin tertile P value

(ALL) 1st 2nd 3rd

Glucose
(mg/dL)

F 99.3 ± 2.2
(249)

96.0 ± 3.8
(80)

98.1 ± 3.6
(89)

103.7 ± 3.8
(80)

M 104.1 ± 2.6
(165)

100.2 ± 4.5
(58)

95.8 ± 4.6
(54)

116.4 ± 4.7
(53)

ALL 101.7 ± 1.7
(414)

98.1 ± 2.9
(138)

97.0 ± 2.9
(143)

110.0 ± 3.0
(133)

Incident diabetes
(% > 125 mg/dL)

F 9.6%
(24/227)

7.4%
(7/76)

7.9%
(7/82)

13.6%
(11/69)

M 14.6%
(24/142)

13.8%
(8/50)

7.3%
(4/51)

22.6%
(12/41)

ALL 12.1%
(48/417)

10.6%
(14/125)

7.6%
(11/133)

18.1%
(23/111)

χ2(2,417) = 6.607,
P < 0.05 (ALL)

Anti-diabetic medication ALL 10.8% 12.0% 6.6% 14.0%
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diastolic blood pressure measurement adjusted for 
age and BMI were significantly lower in the 1st 
adropin tertile relative to the 2nd and 3rd tertiles 
(Table 3).

Circulating adropin levels correlate with indices 
of metabolic homeostasis, including risk factors of 
cardiovascular disease and diabetes [13, 14]. Fasting 
blood glucose levels  and % taking glucose-lowering 

Table 5  Cross-sectional analysis of indices of lipid homeo-
stasis adjusted for age and BMI between adropin tertile. The 
values shown were measured during the same visit (V3, V5); 

the percent reporting medications during the first 3 years of the 
study for treating diabetes and dyslipidemia are shown

P values for covariates less than 0.05 are shown in italics
1 P < 0.05 vs. 2nd, 3rd adropin tertile
2 P < 0.05 vs. 2nd adropin tertile
3 P ≤ 0.005 vs. 2nd, 3rd adropin tertile
4 P < 0.005 vs. 3rd adropin tertile
5 P < 0.05 within column (between sex), P < 0.001 vs. 2nd adropin tertile, P < 0.05 vs. 3rd adropin tertile
6 P < 0.001 vs. 2nd adropin tertile, P < 0.05 vs. 3rd adropin tertile

Metric Sex Adropin tertile P value

(ALL) 1st 2nd 3rd

Cholesterol
(mg/dL)

F 226.8 ± 2.6
(250)

224.8 ± 4.5
(81)

230.4 ± 4.3
(90)

225.2 ± 4.6
(79)

Age, P < 0.05

M 205.7 ± 3.2
(164)

192.5 ± 5.31

(58)
212.3 ± 5.5
(54)

212.4 ± 5.6
(52)

Sex, P < 0.001

ALL 216.3 ± 2.0
(414)

208.7 ± 3.52

(138)
221.4 ± 3.5
(144)

218.8 ± 3.6
(132)

Tertile, P < 0.05

HDL-cholesterol
(mg/dL)

F 70.2 ± 0.9
(249)

64.8 ± 1.73

(80)
72.1 ± 1.6
(90)

73.9 ± 1.7
(79)

BMI, P < 0.001

M 58.7 ± 1.2
(164)

57.2 ± 2.0
(58)

58.5 ± 2.0
(54)

60.4 ± 2.1
(52)

Sex, P < 0.001

ALL 64.5 ± 0.7
(413)

61.0 ± 1.34

(138)
65.3 ± 1.3
(144)

67.1 ± 1.3
(13`)

Tertile, P < 0.005

ApoA1
(mg/dL)

F 135.4 ± 2.1 130.7 ± 3.9 137.7 ± 3.5 137.7 ± 3.4
(240) (67) (85) (88) BMI, P < 0.001

M 122.7 ± 2.5 116.9 ± 4.4 127.6 ± 4.2 123.5 ± 4.2
(167) (53) (56) (58) Sex, P < 0.001

ALL 129.0 ± 1.6
(407)

123.8 ± 2.9
(120)

132.6 ± 2.7
(139)

130.6 ± 2.7
(140)

ApoB100
(mg/dL)

F 87.3 ± 1.8 85.0 ± 3.4 88.7 ± 3.0 88.1 ± 3.0
(240) (67) (85) (88) Tertile, P < 0.001

M 83.9 ± 2.1 71.7 ± 3.85 94.4 ± 3.7 85.4 ± 3.6
(167) (53) (56) (58) Sex X tertile,

ALL 85.6 ± 1.4
(407)

78.4 ± 2.56

(120)
91.6 ± 2.4
(141)

86.8 ± 2.4
(146)

P < 0.05

Triglycerides
(mg/dL)

F 142.0 ± 4.3 154.9 ± 7.6 141.6 ± 7.2 129.5 ± 7.6
(250) (80) (90) (80) BMI, P < 0.001

M 145.4 ± 5.3
(164)

137.7 ± 8.9
(58)

152.0 ± 9.2
(54)

146.6 ± 9.4
(52)

ALL 143.7 ± 3.4
(414)

146.3 ± 5.8
(138)

146.8 ± 5.8
(144)

138.1 ± 6.0
(132)

Lipid-lowering medication ALL 44.2% 49.3% 44.7% 38.7%
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medications were not significantly different  between 
adropin tertiles, although incident diabetes (fasting glu-
cose > 126 mg/dL on V3 or V5) appeared to be more 

common in the 3rd adropin tertile (Table  4). Plasma 
levels of total and HDL cholesterol were significantly 
lower in the 1st adropin tertile relative to the 2nd 

Fig. 1  Scatterplots showing changes in composite cognitive 
score (∆CCS) as a function of age on the first visit (V1). For 
these plots, ∆CCS was calculated using V1 as the baseline. 
The participants are divided into three groups (adropin ter-
tiles) ranked low (1st) to high (3rd) For the 1st, 2nd, and 3rd 
adropin tertile, n = 151, 152, and 149, respectively. The three 

panels show data for both sexes (left), females only (middle), 
and males only (right). The results from this analysis suggest 
that ∆CCS declines as a function of age for participants in the 
1st and 2nd adropin tertiles, but not for participants in the 3rd 
adropin tertile

Fig. 2  Cumulative hazard as a function of age (A) and com-
paring ∆CCS between adropin tertiles (B). A Cumulative haz-
ard for exhibiting a decline of CCS of − 0.3 or greater increases 
with age. The rate of increase is delayed for participants in the 
3rd adropin tertile relative to those in the 1st or 2nd adropin 
tertiles. B Estimated marginal means ± SEM for the ∆CCS for 
participant grouped into adropin tertiles  (reading left to right 

within V1 or V3/V5, the blue, yellow, or red columns are the 
1st, 2nd, and 3rd tertiles). The data are adjusted for age, sex, 
years between baseline and final measurement, NfL, and 
Aβ42/40 ratio [37, 39], and APOE4 status. For the data using V1 
as baseline, n = 127,140, and 119, respectively; for data using 
V3/V5 as baseline, n = 124,133, and 104, respectively. Signifi-
cantly different from the 3rd adropin tertile, *P < 0.05
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and 3rd adropin tertiles (Table  5). However, plasma 
concentrations of ApoA1 (a component of HDL) 
while correlating HDL cholesterol levels (r = 0.562, 
P < 0.001) were not significantly different between 
adropin tertile (Table 5). High plasma ApoB levels are 
a strong predictor of cardiovascular risk [44]. For these 
participants, there was an interaction between sex and 
adropin tertile. Plasma ApoB100 concentrations were 
lower in the 1st adropin tertile in males relative to the 
other tertile, but there were no differences in females 
(Table  5). Fasting triglyceride concentrations were 
not significantly different between tertiles (Table  5). 
Finally, prescriptions for glucose and lipid lowering 
drugs were also similar between tertiles (Tables 4, 5).

Discussion

The major findings of this study suggest that plasma 
adropin concentrations appear to be a new blood-
based biomarker of risk for cognitive decline. The 
results from mouse studies suggest that plasma adro-
pin concentrations could be a modifiable risk factor. 
Increasing adropin activity in male C57BL/6  J mice 
aged 18–20 months, corresponding to a human age of 
56–69  years, improves cognitive ability as assessed 
by tests of spatial learning and memory [30].

The main outcomes from the current study suggest 
that people of advanced age with higher levels of adropin 
in the circulation are protected from cognitive decline. 
This interpretation is consistent with data from experi-
ments using mouse models that demonstrated increasing 
adropin activity enhances cognitive ability [28–30, 33]. 
This finding is important for two reasons. First, it sug-
gests an opportunity for developing an additional plasma 
biomarker indicating risk of cognitive decline. Secondly, 
results from preclinical experiments using mouse models 
indicate the people with lower-than-normal circulating 

adropin levels might benefit from therapies that increase 
adropin signaling. Knowledge of the source and 
sequences of the adropin peptides will be critical for the 
development of adropin analogs for use in clinical studies.

Fig. 3  Comparing the differences in ∆CCS between adropin 
tertile for participants identified by APOE status. The data 
shown are estimated marginal means and SEM adjusted for 
age, years between baseline and final measurement, education, 
and medications. For data using V1 as baseline (A), n = 123, 
140, and 119 (APOE4 either negative or positive); n = 95, 105, 
100 (APOE4 negative), or n = 42, 41, and 31 (APOE4 posi-
tive). For data using V3/5 as baseline (B), n = 130, 139, and 
112 (APOE4 either negative or positive); n = 93, 99, or 87 
(APOE4 negative or), or n = 41, 40, and 26 (APOE4 positive). 
Significantly different from the 3rd adropin tertile, *P < 0.05

▸
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Data from The Aging, Dementia, and TBI Study 
indicated relationships between expression of the ENHO 
transcript encoding adropin and transcriptomic and pro-
tein signatures of brain health that could be interpreted 
in two ways [30]. On the one hand, there was a posi-
tive correlation with transcriptomic signatures of mito-
chondrial function and synaptic plasticity. High adropin 
activity in the brain could therefore correlate positively 
with brain energy metabolism and neural activity. How-
ever, positive associations with protein markers of Ab 
accumulation and Tau pathology in the brain were also 
noted. While the results from mouse studies suggest the 
relationship between adropin and cognitive health would 
be positive as opposed to negative, either outcome was 
considered possible for the current study.

The relationships between plasma adropin levels 
and either normalized plasma Aβ42/40 ratio or plasma 
NfL concentrations are also an interesting observation. 
Both results are consistent with higher-than-normal 
circulating adropin levels indicating neuroprotection 
in the context of aging. Higher plasma Aβ42/40 ratios 
are an indicator of reduced risk of amyloidosis, cog-
nitive decline, or developing AD dementia [7]. The 
higher levels in participants in the 3rd adropin tertile 
is therefore consistent with delayed neurodegeneration 
which could contribute to protection from cognitive 
decline. For NfL, there appears to be sexual dimor-
phism with higher levels observed in participants with 
lower-than-normal plasma adropin concentrations. 
On the other hand, there was no relationship between 
plasma adropin concentrations and systemic markers 
of inflammation. This suggests that plasma adropin 
concentrations are more closely correlated to neuro-
degenerative conditions, as opposed to inflammation. 
Clearly, further studies examining the relationship 
between circulating adropin levels and neurodegen-
eration are warranted. Indeed, one of the limitations 
of the current study is the study population, who were 
selected for expressing spontaneous memory com-
plaint and/or other signs of frailty. Of the group stud-
ied here, all but one had low plasma Aβ42/40 ratios. 
It would be of interest to extend the study to include 
people of advanced age with a broader spectrum of 
cognitive abilities and neuropathology.

A significant caveat to interpreting the results 
from this study is that the lack of information on the 
source of adropin peptide in the circulation. In mice, 
both protein and mRNA expression of adropin are 
high in the brain relative to other tissues [9, 10]. In 

nonhuman primates and humans, expression of the 
mRNA encoding adropin is far higher in the nervous 
system relative to other tissues [30, 31]. Whether cir-
culating adropin levels correlate with expression in 
the nervous system, or with levels in cerebrospinal 
fluid, is not known and needs to be studied.

The interpretation of this data is that circulating 
adropin levels correlate with activity in the nerv-
ous system is one possible interpretation. However, 
experiments using mouse models of ischemia indicate 
the blood–brain barrier is a critical target for adropin 
[28, 29]. The blood–brain barrier has a critical role 
in maintaining brain health and preventing dementia 
during aging [45, 46]. Further experiments are needed 
to determine whether circulating adropin levels corre-
late directly with activity of the peptide in the brain 
or indicate an indirect relationship reflecting the rela-
tive health of the blood brain barrier. Advances in our 
knowledge of the signaling mechanisms involved are 
also required. The only signaling pathway currently 
known to be necessary for adropin activity in the 
brain involves eNOS signaling [29].

The current study also compared plasma adropin 
concentrations with indicators of cardiovascular and 
metabolic homeostasis. In a cross-sectional analysis 
of the data collected at V3 and V5, participants with 
high adropin appear to be more at risk for cardiovas-
cular disease, indicated by higher levels of total cho-
lesterol and ApoB100. This result is starkly different 
from studies comparing plasma adropin concentra-
tions with indices of cholesterol in younger people 
which showed the opposite but in males only [47]. It 
is possible that relationships between plasma adro-
pin concentration and indices of cholesterol metabo-
lism are age specific. Another possible explanation 
involves differences in the environments experienced 
by populations living in the USA and France.

In the current study, people with lower-than-normal 
circulating adropin concentrations also had a relatively 
low heart rate. There was also trend for an interaction 
between sex and adropin tertile for diastolic blood 
pressure. These observations could indicate an inverse 
relationship between circulating adropin levels and 
vascular condition in this population. The increased 
relative risk of cognitive decline with lower-than-nor-
mal plasma adropin concentrations thus does not cor-
relate with cardiovascular risk factors in this study.

The variables explaining differences in plasma 
adropin concentrations between people are not clearly 
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defined. However, increased adropin expression and/or 
release could be a protective-adaptive response to stress. 
Indeed, experiments in mice indicate that increased 
adropin expression in non-neural tissues is a compo-
nent of a cellular-stress response [17, 48]. In addition, in 
humans, the development of insulin resistance and dys-
lipidemia due to the consumption of fructose beverages 
associates with an increase in plasma adropin concentra-
tions [49]. On the other hand, there was no correlation 
with circulating markers of axonal damage, inflamma-
tion, or cellular stress response in this study. Moreover, 
there was no difference in the prescription of medica-
tions against diabetes, dyslipidemia, or diabetes between 
adropin tertile. The relationships observed between 
plasma adropin concentrations and indices of cardiovas-
cular health and lipid metabolism thus reflect the condi-
tions in each of the participants on the day of measure-
ment. The relationship between circulating adropin and 
risk of cognitive decline thus appears to involve other 
pathways that require further study.

In conclusion, the results of this study indicate 
that high plasma adropin concentrations associate 
with attenuated cognitive decline in older people. 
Measurement of circulating adropin levels could have 
added value in that modification through enhance-
ment of adropin signaling using synthetic protein or 
genetic approaches could be possible [28, 30, 33]. 
Further studies exploring the relationships between 
circulating adropin and neurological aging, and the 
mechanisms that underlie this association, are clearly 
warranted.
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