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Abstract

Background: Metabolic dysfunction links to cognitive deficits in Alzheimer’s disease (AD).
Leptin is an anti-obesity hormone that modulates energy homeostasis and memory function.
Although leptin deregulation is implicated in mouse models of AD-like brain pathology, clinical
studies have shown inconsistent results regarding an association of leptin with the development of
this neurodegenerative disorder.

Objective: We investigated the changes of plasma leptin and the correlation of sex-stratified
circulating leptin with cognitive performance, AD-related biological markers, and metabolic status
in patients with AD and cognitively unimpaired (CU) counterparts.

Methods: We used nonobese AD patients and CU controls in a University of Kansas Medical
Center (KUMC) cohort. Plasma leptin levels, circulating AD-related molecules and metabolic
profiles were examined and analyzed.

Results: In contrast to unchanged circulating leptin in females, male patients exhibited decreased
plasma leptin levels compared with male CU counterparts. Moreover, plasma leptin showed no
correlation with cognitive performance and AD blood biomarkers in patients with either sex. Of
note, females but not males demonstrated an association of plasma leptin with body mass index,
high density lipoprotein-cholesterol and its ratio with total cholesterol and triglycerides.

Conclusion: Our findings suggest that leptin deficiency is associated with nonobese male
AD patients, supporting systemic dysmetabolism in the development of this neurodegenerative
disorder in certain populations. Although plasma leptin may have limited capacity to reflect
disease severity or progression, future mechanistic studies on the regulation of leptin in
nonobese patients with AD would deepen our understanding of the sex-related disparity of AD
etiopathogenesis.
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INTRODUCTION

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder in which cognitive
decline and systemic changes converge [1, 2]. In consistency with clinical findings of
dysmetabolism in patients, increasing evidence accentuates a contribution of metabolic
dysfunction in the development of this devastating neurological disorder [3-6]. Leptin is a
metabolic hormone primarily produced by adipocytes and plays a crucial role in controlling
fat metabolism [7]. In recent years, a critical role of leptin in the regulation of cognition
and behavior through the brain-gut axis is emerging. Previous studies have linked leptin

to the modulation of hippocampal synaptic activity and highlighted leptin’s regulation of
memory-related long-term potentiation and long-term depression as well as hippocampal
neurogenesis [8-11]. The neurotrophic effect of leptin and decreased leptin production with
age [12] implicate a relevance of leptin deregulation to age-related cognitive disorders such
as AD. In addition, because obesity constitutes a key risk factor for AD [13], elevated
circulating leptin in response to increased body mass index (BMI) and fat mass [7] seems to
support leptin as a potential anti-dementia agent [14, 15].

Studies using rodent and cell models have reported protective effects of leptin in
ameliorating AD-like pathologies, especially through the inhibition of amyloid-g (Ap)
generation and pathological tau formation [16-19]. Although these preclinical findings
endorse an involvement of leptin deficiency in the pathogenesis of AD, clinical studies
have shown inconsistent results regarding leptin levels in the blood and/or cerebrospinal
fluid (CSF) from patients with AD and mild cognitive impairment (MCI) [20-25]. The
discrepancy in leptin levels in biofluids from AD patients may arise from many confounding
factors such as patient base composition. The inclusion of obese subjects with mixed

sexes may complicate the results in view of the intertwined relationship between leptin
production and body fat mass [26] as well as sex-based differences in leptin production
and metabolism [27, 28]. To this end, in this study we sought to compare plasma leptin
between nonobese patients with AD and their cognitively unimpaired (CU) controls. In
addition, we performed sex-stratified analysis and examined an association of circulating
leptin with cognitive performance, AD-related biological markers as well as metabolic
status. Our results showed that only male patients with AD demonstrated decreased plasma
leptin. Moreover, in contrast to females, no association of circulating leptin with BMI or
lipid metabolism was detected with males. Lastly, plasma leptin had a poor correlation
with cognitive performance or AD-related biomarkers regardless of biological sex. The
simplest interpterion of our findings is that nonobese male AD patients are vulnerable to
leptin signaling deregulation. Although plasma leptin might have limited capacity to predict
AD severity and progression, the decreased circulating leptin in male patients supports a
potential sex-based disparity in the etiopathogenesis of this neurodegenerative disorder.
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MATERIALS AND METHODS

Participants

Frozen human plasma samples were requested from University of Kansas (KU) Alzheimer’s
Disease center under a protocol approved by KU Medical Center supported by NIH
GRANT (P30 AG035982). Informed consent was collected from all subjects and the study
adhered to the Declaration of Helsinki principles. Subjects with metabolic and endocrinal
disorders including hypothalamic disorders, diabetes, familial hypercholesterolemia and
hyperlipidemia, and hyper- or hypo-thyroidism, inflammatory diseases, liver and renal
disorders as well as those under treatment with weight-control drugs, lipid-lowering agents,
amylin mimetics, and leptin analogues were excluded from the study.

ELISA assay

Patients with BMI <25 kg/m? were chosen and the plasma were subjected to the following
tests using commercially available kit: leptin (RAB0333, Millipore Sigma), glucose
(TR15421, Thermo Fisher), cholesterol (MAKO043, Sigma-Aldrich), triglyceride (10010303,
Cayman), HDL (80059, Crystal Chem), AB4g (KHB3481, Invitrogen), Ap4»> (KHB3441,
Invitrogen), p-Taul81 (KHO0631, Invitrogen). All tests were performed following standard
protocols.

Statistical analysis

Statistical analyses were performed using Graph-Pad Prism 8 software. Unpaired Student’s
ttest was applied in data analysis. Correlation was calculated using Pearson’s correlation
coefficient. All data were expressed as means and 95% CI. Significance was concluded
when the p value was less than 0.05. Significance was indicated by *p < 0.05, **p < 0.01.

RESULTS

Sex difference in plasma leptin in nonobese patients with AD

Twenty-four participants diagnosed with AD and 19 CU controls with a BMI lower than

25 kg/m? in a University of Kansas Medical Center (KUMC) cohort were included in the
present study. Participant characteristics are presented in Table 1. The two study groups were
comparable regarding age, sex, race, educational level, and BMI. In comparison with the CU
subjects, the AD group showed decreased Mini-Mental State Exam (MMSE) scores (CU:
29.06 £ 0.372 versus AD: 21.72 + 2.026, p< 0.0001). Although ELISA assay for plasma
leptin showed no change between AD and CU subjects (Fig. 1A), an association between
circulating leptin and biological sex was observed (Table 2). We therefore stratified the data
and performed a sex-based analysis. Despite comparable baseline characteristics including
age, BMI, and MMSE scores across the two biological sexes (Table 1), male patients with
AD exhibited a reduction in plasma leptin as compared with their CU counterparts (Fig.

1B). In contrast, there was no disease-related change in plasma leptin levels between female
patients and their control subjects (Fig. 1B). Furthermore, circulating leptin in patients of
either sex was not affected by conventional AD symptom-modifying therapies including
single or combined treatment using acetylcholinesterase inhibitors and/or glutamate receptor
antagonists (Fig. 1C), indicating that the reduction of leptin in nonobese male patients is a
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disease-related pathological change. These findings suggest a sex difference in plasma leptin
deregulation in nonobese patients with AD.

No association of circulating leptin with plasma AD-related molecules

To determine whether plasma leptin levels are affected by AD-associated pathological
molecules, we examined plasma AB4g, APa42, and p-Taul81 using ELISA assays. Except for
increased plasma AB4g (Fig. 2A), AD patients in the tested cohort demonstrated no change
in plasma AB42 (Fig. 2B), ABayag ratio (Fig. 2C), or p-Taul81 (Fig. 2D) as compared with
their CU controls. Moreover, there were no sex-dependent changes in plasma AB4q (Fig.
2E), AB42 (Fig. 2F), AB4sao ratio (Fig. 2G), or p-Taul81 (Fig. 2H) between male and female
patients. Further correlation analysis showed no association of plasma leptin with A0,
ABa2, ABayao ratio, or p-Taul81 in studied groups of mixed sexes or separated by sex (Table
3). The results implicate no interaction of leptin production with circulating pathological
biological markers of AD.

No association of circulating leptin with cognitive performance

Previous studies reported inconsistent results regarding the correlation between leptin and
cognition in patients with AD or MCI [20-24]. To determine whether leptin is associated
with cognitive performance in the nonobese cohort, we examined the relationship between
plasma leptin and patients’ cognitive performance, by proxy, the MMSE scores. Further
analysis showed no correlation between plasma leptin and MMSE scores in the tested
groups of mixed sexes (Fig. 3A), male only (Fig. 3B), or female only (Fig. 3C).

Sex difference in the association of metabolic profiles with plasma leptin

The production of leptin is regulated by metabolic status and is consequently responsive to
glucose and lipid metabolism [29]. BMI has been used to measure metabolism but suffers
from inaccuracy in reflecting metabolic profiles [30]. To this end, in addition to BMI, we
examined total free triglycerides (TG), total cholesterol (TC), and high-density lipoprotein
(HDL)-cholesterol (HDL-C) and calculated the lipid-related indexes including TC/HDL-C
ratio (TC/HDL-C) and TG/HDL-C ratio (TG/HDL-C) to reflect lipid metabolism (Table 4).
In addition, we tested fasting blood glucose (FG) and TG-FG (TyG) index to reflect glucose
regulation and insulin resistance [31] (Table 4). Neither disease-associated nor sex-related
effects on these metabolic parameters were present (Table 4). Further analysis showed that
male subjects had no correlation of plasma leptin with BMI (Fig. 4A), FG (Fig. 4B), TG
(Fig. 4C), TC (Fig. 4D), HDL-C (Fig. 4E), TC/HDL-C (Fig. 4F), TG/HDL-C (Fig. 4G), or
TyG (Fig. 4H); whereas a positive relationship of circulating leptin with BMI (Fig. 4A), TC/
HDL-C (Fig. 4F), and TG/HDL-C (Fig. 4G) as well as a negative association of circulating
leptin with HDL-C (Fig. 4E) were observed with female subjects. In view of the impact of
leptin on lipid metabolism [32], the results suggest that the metabolism-regulating effect of
leptin is preserved, at least, in nonobese aged females regardless of AD diagnosis.

DISCUSSION

Although leptin has been associated with cognitive function in aged population [33], the
role of leptin deregulation in the development of age-related cognitive disorders such as AD
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remains as a long-standing scientific question. Previous studies using genetic leptin receptor
depleted diabetic (DB/DB) mice have established a link between obesity, diabetes, and AD-
like brain pathologies and further implicates a contribution of leptin signaling perturbations
to the development of AD [34, 35]. A direct association of leptin with AD-related brain
damages is supported by findings that leptin functions through its influence on B-secretase
and -y-secretase, resulting in reduced AP production in cell and animal models of AD
[16-19]. Moreover, leptin also attenuates tau phosphorylation via AMP-activated protein
kinase [36] and Wnt signaling [37]. Those preclinical data suggest leptin deficiency as a
contributing factor to the development of AD and further underscore a therapeutic potential
of leptin-boosting agents for the treatment of this neurodegenerative disorder. However,
there is thus far no consensus in clinical studies on whether leptin deficiency constitutes

a characteristic AD pathology or predicts the risk of AD dementia in aged population. A
previous study showed lowered leptin levels in the plasma and CSF samples from patients
with MCI and AD [25]. Moreover, females exhibited increased baseline levels of circulating
leptin [25]. In consistency, Holden and colleagues examined circulating leptin and cognitive
changes in cognitive norms [12]. After adjusting for BMI and body fat mass, they found a
negative relationship between baseline serum leptin and cognitive decline within a 4-year
observation window [12]. These results imply a deleterious impact of leptin deficiency on
the development of cognitive impairment in aged individuals at risk of AD, which agrees
with studies done by Littlejohns in Italian populations [38] as well as by Lieb using the
Framingham Original cohort [20]. Moreover, Yaffe and colleagues reported an increased
risk of developing AD in aged nonobese females with lowered circulating leptin [22]. In
contrast, McEvoy did not detect altered plasma leptin levels or correlation of leptin levels
with cognitive function in patients with MCI [23]. Furthermore, another study on nonobese
patients with AD showed no association of plasma leptin with disease diagnosis, MMSE
score, or brain atrophy [21]. The results agree with our observations of unchanged plasma
leptin levels in nonobese AD patients with mixed sexes. However, we found that male, but
not female patients exhibited decreased circulating leptin, implicating a sex-based difference
in leptin regulation accompanying AD. In addition, we found a marginal increase in plasma
leptin levels in females regardless of AD diagnosis, which is in agreement with Johnston’s
report [25]. But Johnston’s study showed no sex difference in disease-associated plasma
leptin reduction [25], which is inconsistent with our observation of preserved leptin in
nonobese female patients. Such a discrepancy regarding leptin levels in female patients
may arise from selection of patients. In contrast to the majority of patients with MCI

in Johnston’s study [25], we examined plasma leptin in patients with diagnosed AD. In
addition, we only recmited nonobese (that is, BMI <25 kg/m?2) patients and there was

no difference regarding the BMI between CU and AD subjects. However, in Johnston’s
study the control groups had a higher level of BMI [25]. Because of a positive relationship
between leptin production and BMI [39], it cannot be excluded the possibility that the
decreased leptin levels in female patients is, at least in part, reflects a difference of BMI in
the tested groups. Indeed, we cannot exclude the possibility that aged subjects of both sexes
with lowered baseline levels of plasma leptin may have higher odds of developing AD or
MCI in later years as shown in previous studies [12]. Further follow-up studies will help to
address this question.
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Another finding merits discussion is that nonobese females, but not males exhibited a strong
relationship between circulating leptin and BMI, HDL-C, and TC/HDL-C as well as TG/
HDL-C. Such a correlation of leptin with the lipid metabolism-related parameters indicates
that aged nonobese females have preserved leptin regulation to lipid metabolism, which
corroborates previous findings [40, 41] and further indicates impaired leptin regulation

in nonobese males with AD. Previous studies have determined a sex-based disparity in
leptin metabolism and reported increased leptin in females independent of fat distribution
or adipocyte size [28, 42-44]. Furthermore, females have increased leptin production per

fat mass as compared with males in health [28] and enhanced leptin secretion rate by
adipose tissues [44]. In this regard, it is possible that AD is associated with decreased

leptin production by adipocytes, and females are more resistant to such a disease-related
change of adipocyte function. Aside from adipocyte regulation, the impact of sex hormones
should not be overlooked. It is well-documented that postmenopausal females have higher
odds to develop dysmetabolism and AD dementia as compared with premenopausal females
and age-matched males, indicating a critical influence of sex hormone deregulation in the
development of AD, especially in females [45, 46]. Previous studies have suggested a
complicated interaction between leptin, estrogen, and follicle-stimulating hormone (FSH)
[47, 48]. Elevated FSH has been associated with females with AD [49] and blockade of
FSH signaling is protective against AD symptoms in mouse models [50]. In this regard, the
maintained levels of leptin may potentially be a result of and, meanwhile, a promoting factor
for gonadotropin perturbations in female AD patients. In this context, unchanged leptin

in female patients may instead serve as a demonstration of an AD-associated pathological
change resulting from a perplexing mixture of dysmetabolism, sex hormone deregulation,
and aging process. Further elucidation of the sex-related leptin regulation in AD patients
and subjects at risk to develop AD will have the impact to advance our understanding of

the sex disparity in AD pathogenesis and address potential mechanisms of sex difference

in vulnerability to this devastating disease. Nevertheless, based on our current findings,
nonobese male patients exhibited increased sensitivity to suppressed leptin production,
which may potentially lead to deleterious consequences of both metabolic aberrations and
cognitive decline with disease progression.

In our current study, we also examined potential association of circulating leptin with
blood-based biological markers of AD including AB4g, AP42, and ABa4p;a ratio as well as
p-Taul81. Our results showed no association of plasma leptin with these blood biomarkers
of AD. These findings are consistent with our observation of lack of correlation between
leptin and cognitive performance in patients with AD of either sex. In addition, our assays
for the association of AD-related biomarkers with leptin also supplement previous studies,
which primarily focused on brain volume assay with little information about plasma AR,
ABa2, ABagao ratio, and p-Taul81 in the tested subjects [20, 21]. Although the capacity

of blood Ap in reflecting AD severity and brain pathology is still under debate [51], our
results suggest limited impact of circulating AD-related pathological molecules on leptin
production. Moreover, the results have undermined the capacity of plasma leptin to predict
AD and/or monitor disease progression to some extent.

In summary, our current study showed a sex difference in circulating leptin in nonobese
patients with AD. These findings warrant our further investigation into the detailed
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mechanisms of leptin downregulation in nonobese male patients and the contribution of
leptin deficiency to the development of AD. Several limitations of this study are present
such as a relatively small cohort size. Moreover, whether plasma leptin levels are associated
with disease progression and the potential risk of CU controls with low leptin to develop
AD in our tested cohort remains unknown. These questions will be addressed in our

future longitudinal study on a large-scale cohort. Lastly, a previous clinical study showed
elevated leptin in the CSF samples from AD patients alongside decreased leptin receptor
mMRNA levels in the AD brains, while female patients displayed substantially increased CSF
leptin [24]. These results implicate a possibility of “leptin resistance” accompanying AD.
Indeed, “insulin resistance” and “ghrelin resistance” have previously been associated with
AD brain damages [52-55], which highlights an involvement of dysfunctional metabolic
hormone receptors in the development of synaptic injuries and cognitive impairment in
AD. In current study, we only included nonobese subjects and excluded those with obesity
and diagnosed diabetes. Moreover, we did not observe insulin resistance in the tested
subjects. Previous studies have established an association between leptin deregulation and
insulin resistance [39, 56] and determined shared downstream signaling between insulin
and leptin in neural cells [57]. It is possible that leptin may play a distinct role in patients
with insulin resistance from those without glucose and insulin deregulation, which forms
the ground-work for our future study. Moreover, leptin-boosting agents may benefit AD
patients from their “anti-diabetic” and “anti-obesity” effects. However, such a therapeutic
effect of leptin analogues for the treatment and prevention of AD may be diminished

by the development of leptin resistance in patients. To this end, further efforts should

be put forth towards the functional status of leptin receptor in AD patients, which will
deepen our understanding of leptin signaling deregulation in AD and help to reconcile
current discrepancy regarding the capacity of leptin in mitigating AD symptoms in clinical
settings. Therefore, the most parsimonious interpretation of our results is that reduced
plasma leptin is associated with nonobese male patients with AD. Although circulating
leptin may not accurately reflect disease severity, changes of circulating leptin in nonobese
male patients not only implicate a potential contribution of systemic dysmetabolism to the
development of AD in certain populations, but also support the heterogenous nature of this
neurodegenerative disorder. Further mechanistic study on leptin regulation in patients would
foster a better understanding of sex-related disparity in the etiopathogenesis of AD.
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Plgsma AB4g significantly increased in patients with AD. Plasma AD-related molecules
including ABao (A), ABa2 (B), ABa2/40 (C), p-Taul81 (D) were examined and compared
between cognitively unimpaired (CU) controls and AD. Unpaired Student’s ftest, *p < 0.05.
n=19 CU, 24 AD. Sex effect on AB4g (E), APa2 (F), ABaz/ao (G), p-Taul81 (H) were
compared. Unpaired Student’s ttest. 7= 16 males, 27 females.
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Table 2

Correlation between plasma leptin and demographic characters

r p
Age -0.1776 0.2546
Race 0.1447 0.4069
Education -0.1807  0.2988
Sex 04096 (.006a**

The correlation between plasma leptin and age, race, education, and sex. Two-tailed Pearson correlation coefficients,

Ak
p<0.01. n= 19 cognitively unimpaired (CU) controls, 24 AD.

J Alzheimers Dis. Author manuscript; available in PMC 2022 October 11.

Page 17



Page 18

Tian et al.

"av ¥z ‘sjosu0d (ND) pasredwiun A[dAINUB0I 6T = ¢ "SIUBIDILB0I UOITR[3II0I UOSIBad Pajlel-om| "Tg|nel-d pue ‘onel OV/CYdy ‘Crdy ‘Ovgy pue unds| ewsejd usamiag Uo1e|a1I09 8y L

Author Manuscript

TIVE'0 898T°0 8/9¢0  €T¥20  L0S€0 8SyT0  (jw/Bd) TgneL-d

Zr8€'0  OTLT'0 68260  ¥v200  2ZIE0  8LSTO ojes 07erdy
69600 ¢€0  €9¥6'0 TEBTOO- ¥.00  6¥.T0 (lw/Bd) g
LyZ€0 2E6T'0 6590  96TT'0O-  ¥I8S0 L9800 (1w/6d) O"dy
d ] d 1 d ]
EEIE=E] EIE uorze|ndod (1

sa|ndsjow parejal-Qy pue unds| ewsejd UssAa( UONE|B1I0D

€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript

J Alzheimers Dis. Author manuscript; available in PMC 2022 October 11.



Page 19

Tian et al.

"SJUBIDIYB0D UOIR|9II0D UOSIead pajiel-om] Buisn pawloylad alam Xas 10 QV pue sisleweled anoge syl Usamiaq Uone|aliod ‘av vZ ‘N 6T = ‘1s817 S, uspms
pairedun ‘swualied Qv pue sjoauod (ND) pairedwiun AjaAniubod ussmiaq pasedwod usyl parejnaled Jo painseaw alam xapul (9A1) 8s0an|H pue sapiiadk|Biuy pue ‘(D-1aH/91) onel |0481sajoyd-1aH
/s9p1B0A|61} ‘(D-T1AH/D L) O1el |0131S8I0YI-T1AH/0481S3]040 [el0} ‘|043)s8|0y-(T1aH) utslododi Aususp ybiy (O1) 10481881040 [el0) ‘(9 .1) sap1iaak|Biiy 8814 {(D4) 8s0on|f poojq Bunsey Jo [aA3] ewseld

Author Manuscript

180 ¥00- 690 2900 ¥¥69'0 TZ9T TYST'OF/208  L0TTOF¥i6L xaput 9AL
T080 6€00 G20 GO0 SYSL0 ¥EFT T9SYOFL69E  6ET0F9.GE 2-1aH/OL
620 LT0- 960 8000 69560 ZET'T 8SET'OF 9840 EYT0FOELFO 2-1aH/OL
860 000 SY'0 2T0- <2€SP0 G6LC 8ELTSFLOVS  2,6¥F6085  (p/Bw) O/1aH
vT0 €20 T80 B8E00 29080 TS¥'T Z8TTFv8'88T  9E LT F8T'98T (Ip/Bw) 01
L0 900- 960 8000 06560 ¥8yT €86€FLEEZ  SYSFOTEZ (p/Bw) o1
S00 €0- 960 000 9Y96'0 2/ZT  YOOFEELEBZ  99°L FITEBT (p/bw) o4
d 1 d 1 d E| (10wse)av  (10%S6) ND
Sfews av
snseABR N SnseA ND
s1a1oweled o1jogeIaW BWSR|d
¥ a|qeL

Author Manuscript

Author Manuscript

Author Manuscript

J Alzheimers Dis. Author manuscript; available in PMC 2022 October 11.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	ELISA assay
	Statistical analysis

	RESULTS
	Sex difference in plasma leptin in nonobese patients with AD
	No association of circulating leptin with plasma AD-related molecules
	No association of circulating leptin with cognitive performance
	Sex difference in the association of metabolic profiles with plasma leptin

	DISCUSSION
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1
	Table 2
	Table 3
	Table 4

