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Abstract

Background: The adipokine adiponectin (APN)’s role in Alzheimer’s disease (AD) is controversial. Some studies suggest APN is neuroprotective
while others propose it has harmful effects. We have used Multiple Indicators Multiple Causes (MIMIC) models to evaluate the effects of serum
protein biomarkers on cognitive performance in the Texas Alzheimer’s Research and Care Consortium (TARCC) (Royall DR, Bishnoi R]J,
Palmer RFE. Serum IGF-BP2 strongly moderates age’s effect on cognition: a MIMIC analysis. Neurobiol Aging. 2015;36:2232-2240; Bishnoi
R]J, Palmer RE, Royall DR. Vitamin D binding protein as a serum biomarker of Alzheimer’s disease. J Alzheimers Dis. 2015;43:37-45; Bishnoi
R]J, Palmer RE, Royall DR. Serum interleukin (IL)-15 as a biomarker of Alzheimer’s disease. PLoS One. 2015;10:e0117282).

Methods: MIMIC models were constructed and replicated in randomly selected 50% splits of TARCC’s data (Group 1 N = 1,691; Group 2
N =1,690) and used to evaluate the relationship between serum APN levels and cognition. Our approach has been to divide general intelligence
(Spearman’s g) (Spearman C. The Abilities of Man: Their Nature and Measurement. 1932) into two latent variables, 8 (ie, a dementia-specific
phenotype representing the disabling fraction of cognitive variance) and g prime (g’) (ie, the residual non-disabling fraction). Only effects on
d are likely to be dementing.

Results: Serum APN was significantly related to 6 scores (r = .10, p = .015). APN had no significant effect on g’ (r = -.25, p = .66), nor did it
have any independent direct effects on cognitive performance. These results were replicated across random subsets (ACHISQ = 2.8(7), p > .90).
Conclusions: APN’s effect on cognition is mediated through intelligence (ie, ), likely to be disabling, and therefore to mediate one or more
dementing processes. We have previously shown APN to partially mediate age’s-specific effect on & (Royall DR, Al-Rubaye S, Bishnoi R, Palmer
RE Serum protein mediators of dementia and aging proper. Aging (Albany NY). 2016;8:3241-3254). However, because the current model is
age adjusted, APN must mediate one or more additional age-independent dementing process(es), possibly AD.
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There has been growing interest in the role of obesity and
adipocytokines in the pathogenesis of dementia and Alzheimer’s
disease (AD). It has been proposed that adipose tissue is associated
with cognitive impairment via cerebrovascular disease, alterations in
brain structure, and the release of cytokines (1). Obesity and aging
can lead to dysregulated adipokine release (2). Adiponectin (APN)
is one of the most abundant adipocytokines. It is synthesized and
secreted by white adipose tissue and acts by binding to APN recep-
tors: AdipoR1, AdipoR2, and T-Cadherin which have been found
throughout the body including in adipose tissue, skeletal muscle,
liver, and endothelial cells (2—4 ). In the brain, APN’s receptors have
been found in the nucleus basalis of Meynert, hypothalamus, pitu-
itary, and hippocampus (4).
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APN regulates glucose and fatty acid catabolism and sensitizes
cells to insulin (1,2,4,5). Serum APN levels are inversely correlated
with body mass index (BMI), insulin resistance, type 2 diabetes
mellitus, and cardiovascular disease (1,2), all of which have been
associated with cognition, dementia and/or dementia risk. APN ex-
hibits anti-inflammatory effects by acting to decrease production of
pro-inflammatory cytokines, including tumor necrosis factor alpha
(TNF-a), interleukin-6 (IL-6), and interferon gamma (INFy) and
by increasing interleukin-10 (IL-10) and interleukin-1 (IL-1) ex-
pression (3).

Studies evaluating the role of APN in AD have had mixed results.
Several have shown serum levels to be significantly lower in patients
with Mild Cognitive Impairment (MCI) and AD (6,7). Other studies
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have suggested that higher APN levels adversely affect cognition
or are associated with the pathogenesis of AD (5,8,9). Additional
studies have found no differences in the levels of APN in patients
with AD compared to controls (10,11). These conflicting data indi-
cate a need for additional research evaluating APN’s role in dementia
and AD.

We have advocated an empiric reconceptualization of dementia
as “the cognitive correlates of functional status.” Our approach sep-
arates cognition into disabling and non-disabling factions through
confirmatory factor analysis (CFA) in a Structural Equation Model
(SEM) framework. One potential advantage of our method is that
it generates latent variables that are relatively free of measurement
error and may improve power to detect biomarker effects (ie, relative
to categorical clinical diagnoses).

Our approach results in a latent variable & (for dementia), which
is empirically strongly correlated with dementia severity, as measured
by Clinical Dementia Rating (CDR) scale scores (12) and achieves
very high areas under the receiver operating curve (AUC /ROC) for
dementia’s diagnosis (13-16). & is derived from Spearman’s general
intelligence factor g (17). &’ empirically non-disabling residual in
Spearman’s g is relabeled g prime (g') by our method. g” is empirically
weakly related to dementia severity and poorly distinguishes demented
persons 13,15,16,18). Because both & and g” are manifested independ-
ently in the same patients, our approach distinguishes dementia-specific
cognitive performance from cognitive impairment. Biomarkers may in-
fluence cognitive performance via either compartment (19,20).

We have previously tested g and &% associations with serum
protein biomarkers in the Texas Alzheimer’s Research and Care
Consortium (TARCC) using Multiple Indicators Multiple Causes
(MIMIC) models (19-22). The MIMIC model allows us to distinguish
a serum protein’s direct effects on cognition from any indirect effects,
mediated through either 8, g/, or both. APN is among the serum pro-
teins in TARCC’s panel. This study aims to determine whether APN’s
association with cognitive performance is mediated through 8, g’, or
whether it might be independent of them. If APN has effects on 8, it
could be a potential target for dementia-modifying interventions.

Method

Subjects

MIMIC models were constructed and replicated in randomly
selected 50% splits of TARCC’s sample (Group 1 N = 1,691;
Group 2 N = 1,690; Total N = 3,381, ca. 2016). The participants
were examined annually in a standardized assessment, and a diag-
nosis of normal control (NC), MCI, or AD was made. Institutional
Review Board (IRB) approval was obtained from each site. Written
consent was obtained from all participants.

Clinical Variables

Dementia severity was evaluated using the Clinical Dementia Rating
Sum of the Boxes (CDR-SB) scale (12) which assesses the patient’s cogni-
tive ability in six domains including memory, orientation, judgment and
problem solving, community affairs, home and hobbies, and personal
care through an interview with the caregiver (23). Depressive symptoms
were evaluated using the Geriatric Depression Scale (GDS) (24).

Cognitive Battery

General cognitive ability was assessed using the Mini-Mental
Status Exam (MMSE) (25). The Controlled Oral Word Association

(COWA) test was used to evaluate verbal fluency (26), Digit Span test
(DST) measured memory (27), The Boston Naming Test (BOSTON)
evaluated verbal skills (28), and Trail-Making tests A and B meas-
ured nonverbal ability (29). Dementia severity was measured by the
CDR-SB (12) which was used to validate the & homolog.

Biomarkers

Non-fasting samples were collected, centrifuged, pipetted by ali-
quots, frozen, and sent in four batches for assay to Rules-Based
Medicine (RBM) in Austin, TX. Over 100 proteins were quantified
by fluorescent microspheres with protein-specific antibodies. A com-
plete listing of the biomarker panel employed is available at http://
www.rulesbasedmedicine.com. The TARCC methodology has been
further described elsewhere (30).

Raw biomarker data were inspected to ascertain their nor-
mality, and data points beyond 3.0 standard deviations (SD) about
the mean were labeled as “outliers” and deleted. Logarithmic trans-
formation was used to normalize highly skewed distributions. The
data were then standardized to a mean of zero and unit variance.
All serum biomarkers were adjusted for age, gender, education, and
ethnicity.

The serum biomarkers in TARCC have a significant batch effect
which was primarily but incompletely explained by subject char-
acteristics (age, gender, education, ethnicity, and APOEe4 status).
The observed serum biomarker values were adjusted for batch ef-
fects using covariate-adjusted batch variables. Biomarker data from
batch 1 was excluded after serial analyses could not be replicated.
The missing biomarker data was handled using modern missing data
methods including Full Information Maximum Likelihood (FIML)
methods (31).

Statistical Analyses

We tested APN’s effects on cognitive performance in a MIMIC
model incorporating the same & homolog employed by Bishnoi and
colleagues in previous studies (20). The bifactor & homolog was con-
structed by CFA in an SEM framework and divides the cognitive
battery’s shared variance (ie, Spearman’s g) into 6 (ie, the portion of
variance related to functional status, as estimated by CDR-SB) and
g (ie, the variance unrelated to functional status and the dementing
process). Similar & homologs have been validated in multiple co-
horts and validated as predictors of diagnostic outcomes in TARCC
(13,18). This particular & homolog has previously been associated
with IL-15 in TARCC (20). The observed variables were fit to linear
measurement models and adjusted for age, gender, education, eth-
nicity, and depression. Measurement errors were assumed uncorrel-
ated, and latent variable means and variances were fixed allowing
loadings to be freely estimated. Residual error for cognitive perform-
ance indicators and CDR-SB were unconstrained and co-variances
were estimated. Serum APN levels were adjusted for batch effects as
previously described (19,20).

Next, the model was used to apply & and g” as potential inde-
pendent latent variable mediators of the direct associations between
the serum biomarker APN and cognitive performance measures
with the final model representing a set of nested MIMIC models
(22,32). All indicator variables were adjusted for age, gender, edu-
cation, and ethnicity, and biomarkers were further adjusted batch
effects. Analysis of Moment Structures software (AMOS) was
used to perform CFA and MIMIC analyses (33). The validity of
the structural models was assessed by simultaneously considering
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chi-square, chi-square to degree of freedom ratio (CMIN/DF), com-
parative fit index (CFI), and root mean square error of approxima-
tion (RMSEA). Data is consistent with the model when chi-square is
nonsignificant and CMIN/DF ration <5 (34). CFL with values 0-1,
compares the model with a null model, and values of 0.95 or greater
indicate adequate or excellent fit (35). RMSEA evaluates closeness of
fit to the data, and models below 0.05 are considered “good fit” and
up to 0.08 are “acceptable” (36).

The models were constructed in randomly selected 50% splits of
TARCC’s data (Group 1 N = 1,691; Group 2 N = 1,690). The Group 1
model was replicated in Group 2 by comparing the CHI SQ fit in un-
constrained versus (cross-group) constrained versions of the model.

This method of analysis through MIMIC modeling of APN’s in-
fluences on cognitive and functional measures of dementia through
latent variables 6 and g” allows for the assessment of APN as a bio-
marker for AD. The hypothesis was that serum APN levels could
predict 6 as well as performance on individual cognitive tests. Given
APN’s inverse correlation with known risk factors for dementia
including BMI, insulin resistance, type 2 diabetes mellitus, and car-
diovascular disease (1,2) and its anti-inflammatory actions (3), it was
hypothesized that APN levels would be inversely related to & and
poorer performance on cognitive tests.

Results

The demographic characteristics of TARCC’s sample are presented
in Table 1. The latent variables & and g’, which are orthogonal to
each other and together represent the latent shared variance across
observed cognitive performance variables (Spearman’s g), were again
replicated by CFA in this larger TARCC sample (13).  was signifi-
cantly negatively associated with performance on each of its cogni-
tive indicators (all p < .001) and was strongly related to CDR-SB
(r=.79,p <.001) (Figure 1).

APN was then added into the model as a predictor of g/, 8, and
the cognitive performance measures (Figure 1). The fit indices were
evaluated. The chi-square test (x> = 253.4 (52), p < .001) rejects the
model. However, that statistical measure is sensitive to large sample
sizes. Alternative fit indices which are not sensitive to sample size

Table 1. Descriptive Statistics

Variable N Mean (SD)
Age (observed) 3,381 70.88 (9.48)
Boston (observed) 3,228 7.88 (4.26)
CDR (sum of boxes) 3,306 2.42 (3.35)
COWA 3,381 8.41 (3.49)
DIS 3,381 8.89 (3.01)
EDUC (observed) 3,381 13.24 (4.25)
Ethnicity (1 = MA, 7 = 1,189) 3,381 0.36 (0.47)
GDS,, (observed) 3,005 5.60 (5.25)
Gender (G = 1,7 =1,281) 3,312 0.39 (0.49)
TADL (summed) 3,381 10.48 (4.52)
MMSE (observed) 3,311 25.52 (4.76)
Trails A (observed) 3,106 8.25 (3.74)
Trails B (observed) 2,807 7.95 (3.82)
Complete cases 2,861

Note: CDR = Clinical Dementia Rating scale; COWA = Controlled Oral Word Associ-
ation Test; DIS = Digit Span Test; GDS = Geriatric Depression Scale (24); IADL = Instru-
mental Activities of Daily Living; MMSE = Mini-mental State Exam (25); SD = standard
deviation; Trails A = Trail-Making Test part A; Trails B = Trail-Making Test part B.

Chi SQ = 253.5
RMSEA = .03
CFl=.99

— )

Figure 1. APN MIMIC Model. Abbreviations: BOSTON, Boston Naming
Test; CDR-SB, Clinical Dementia Rating Sum of Boxes; COWA, Controlled
Oral Word Association Test; DIS, Digit Span Test; MMSE, Mini-Mental
Status Examination; Trails A, Trail-Making Test A; Trails B, Trail-Making Test
B. Observed indicators are adjusted for age, education, ethnicity, Geriatric
Depression Scale (GDS) scores, gender, and batch effects (paths not shown
for clarity).

(CMIN /DF = 4.88; CFI = 0.99; RMSEA = 0.03) showed that the
model fit the data well.

APN was significantly related to & scores (7 = .10, p =.015). APN
was not significantly related to g’ (r = -.25, p = .66), nor did it have
and independent direct effects on cognitive performance. These re-
sults were replicated across random subsets (ACHISQ = 2.8(7), p >
.90). Since only &’ variance is related to functional status, APN’s
effect on cognition is likely to be disabling.

Discussion

Previous studies have had conflicting results regarding the relation-
ship between APN and cognitive function. We found APN to be
directly related to dementia exclusively through the latent variable
5. The association was positive (adverse). This finding is consistent
with some previous studies in which higher APN serum levels were
significantly related to cognitive impairment (5,8,9). This was, how-
ever, contrary to the original hypothesis that APN levels would be
inversely correlated to & which was based on the inverse relationship
between APN levels and known risk factors for dementia (BMI, in-
sulin resistance, type 2 diabetes mellitus, and cardiovascular disease)
(1,2) as well as APN’s anti-inflammatory properties (3). This would
suggest that APN may have effects on cognition independent of these
properties and dementia risk factors.
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There are several theories connecting higher levels of APN with
increased risk of AD. Waragai et al., have suggested a “gain of func-
tion” and “loss of function” hypothesis in which APN is sequestered
by tau causing neurotoxic aggregation as well as APN misfolding
impairing its intended neuroprotective and neurotrophic activities
(37). Others have theorized that elevated APN levels represented
and contributed to the weight loss which occurs in patients with
dementia (5,8). In the Mayo Clinic Study of Aging, a gender-specific
finding among elders without dementia showed that women with
higher APN levels had smaller hippocampal volume (9). APN has re-
ceptors in the brain including in the nucleus basalis of Meynert and
hippocampus (4) which are known areas of involvement in AD. We
have previously shown APN to partially mediate age’s specific effect
on 8 (38). However, because the current model is age-adjusted, APN
must mediate one or more additional age-independent dementing
process(es), possibly AD.

Another notable feature of our analysis is that the MIMIC model
suggests that APN’s effects on observed cognitive performance are
mediated exclusively through & and neither by g’ nor via direct ef-
fects. This constrains serum APN’s impact to an effect on intelli-
gence. The association(s), if any, between APN in other tissues or
biofluids (eg, brain or cerebrospinal fluid [CSF]) are not addressed
by this analysis and remain unconstrained in this regard.

Regardless, g and & are indifferent to their indicators and are un-
likely to be impacted by local CNS dysfunctions. Instead, & appears
to be agnostic to dementia’s etiology, while domain-specific cognitive
performance appears to be disease-specific (39). APN’s unique asso-
ciation with g supports that it may contribute to all-cause dementia
risk, rather than an AD-specific one. This finding is consistent with
the prospective results from the Framingham Heart Study in which
APN level was an independent risk factor for development of AD as
well as all-cause dementia in women (35).

While the association between APN and 6 is weak, it may yet be
meaningful for several reasons. By definition, the latent variable &
represents the functionally-salient and therefore dementia-relevant
cognitive variance. Any biomarker associated with 8, even by a weak
relationship, is potentially clinically meaningful because it is inher-
ently related to disability and therefore dementia. Biomarkers likely
have multiple functions, and similarly, dementia severity as measured
by 6 is likely to reflect multiple independent &-related processes me-
diated through unique sets of biomarkers. Therefore, knowledge of
§-related biomarkers may provide clues as to a dementia’s etiology
and/or its mechanism(s) which could provide further information on
potential interventions. It may seem counterintuitive that the cor-
relation between APN and & (the weaker correlation) is significant
while the correlation between APN and g (the stronger correlation)
is not. This is because the variance of the two variables is different,
and the weaker correlation’s sample had less error. This magnitude is
similar to other biomarkers we have studied (20).

There were certain limitations of our study including our adjust-
ment for gender and ethnicity. This may have affected our findings
as O’ serum protein biomarkers in TARCC appear to be ethnicity-
specific (40). Similarly, the Framingham Heart and Mayo Clinic
studies found serum APN to predict AD and all-cause dementia in
women only (5,9), and our analysis was adjusted for gender. An
additional limitation to our analysis is that CSF samples are not
available in TARCC. While some studies have shown that APN, at
certain molecular weights, is able to cross the blood-brain barrier,
there has been debate as to whether APN has a separate intrathecal
synthesis which could cause an inconsistency between serum and
CSF levels (8). Thus, our findings do not preclude an effect of CNS

APN expression on dementia. This study also does not differentiate
between different isoforms of APN.

The MIMIC model offers an advantageous approach to bio-
marker associations because it clarifies the potentially complex
paths by which a biomarker might be associated with cognitive test
performance. Our analysis is additionally advantaged by TARCC’s
large sample size and the potential for longitudinal follow-up. Future
studies can assess APN’s possible role in determining the rate of
change in cognitive performance. 8’ rate of change is strongly asso-
ciated with concurrent change in dementia severity as measured by
CDR (15,18), independently of &’ intercept, while the intercept and
slope of g’ make very little independent contribution (15).

In conclusion, this study applied CFA and the MIMIC model in
SEM to clarify the potential paths by which APN, a serum protein
biomarker, can be associated with cognitive performance. We found
APN to be directly related to & through a statistically weak relation-
ship. This adds to a growing literature of analyses linking serum pro-
teins with cognitive performance. More research is needed to clarify
the particular mechanism(s) by which APN and other serum proteins
produce their effects on cognition.
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