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Abstract

Background Apoprotein A-I (ApoA-l) and Apoprotein B (ApoB) have emerged as novel cardiovascular risk biomarkers
influenced by feeding behavior. Hypothalamic appetite peptides regulate feeding behavior and impact lipoprotein
levels, which effects vary in different weight states. This study explores the intricate relationship between body mass
index (BMI), hypothalamic appetite peptides, and apolipoproteins with emphasis on the moderating role of body
weight in the association between neuropeptide Y (NPY), ghrelin, orexin A (OXA), oxytocin in cerebrospinal fluid (CSF)
and peripheral ApoA-l and ApoB.

Methods In this cross-sectional study, we included participants with a mean age of 31.77+10.25 years, categorized
into a normal weight (NW) (n=73) and an overweight/obese (OW/OB) (n=117) group based on BMI. NPY, ghrelin,
OXA, and oxytocin levels in CSF were measured.

Results In the NW group, peripheral ApoA-I levels were higher, while ApoB levels were lower than in the OW/

OB group (all p<0.05). CSF NPY exhibited a positive correlation with peripheral ApoA-I in the NW group (r=0.39,
p=0.001). Notably, participants with higher CSF NPY levels had higher peripheral ApoA-I levels in the NW group

and lower peripheral ApoA-I levels in the OW/OB group, showing the significant moderating effect of BMI on this
association (R2=0.144, B=-0.54, p<0.001). The correlation between ghrelin, OXA and oxytocin in CSF and peripheral
ApoB in both groups exhibited opposing trends (Ghrelin: r=-0.03 and r=0.04; OXA: r=0.23 and r=-0.01; Oxytocin: r=-
0.09 and r=0.04).

Conclusion This study provides hitherto undocumented evidence that BMI moderates the relationship between CSF
NPY and peripheral ApoA-I levels. It also reveals the protective role of NPY in the NW population, contrasting with its
risk factor role in the OW/OB population, which was associated with the at-risk for cardiovascular disease.

Keywords Neuropeptide Y, Moderation, ApoA-l, ApoB, Cerebralspinal fluid

fDanyang Zhao, Xiaoli Han and Qingshuang Mu contributed equally
to this work.

*Correspondence:
Yimin Kang
kangym@immu.edu.cn
Fan Wang
FanWang@bjmu.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12986-024-00828-6&domain=pdf&date_stamp=2024-7-24

Zhao et al. Nutrition & Metabolism (2024) 21:52

Introduction

Abnormal lipoprotein metabolism represents a signifi-
cant risk factor for cardiovascular disease (CVD), espe-
cially within the obese population, where CVD incidence
and mortality rates are significantly increased [1]. CVD,
a leading cause of global morbidity and mortality [2],
affects approximately 330 million individuals, as reported
in the 2019 China Cardiovascular Disease Health and
Disease study [3]. As the Chinese population contin-
ues to grow and age, the prevalence of CVD continues
to rise [4]. A cohort study tracking individuals for 6-19
years identified abnormal lipid metabolism as a relative
risk factor for cardiovascular and all-cause mortality,
particularly when high-density lipoprotein (HDL) levels
fall below 1.3 mmol/L [5]. Therefore, early attention to
abnormal lipoprotein profiles can help in reducing CVD
risk and maintaining cardiovascular health.

Lipoproteins mainly encompass apolipoprotein A-I
(ApoA-I), apolipoprotein B (ApoB), HDL, low-density
lipoprotein (LDL), and very low-density lipoprotein
(VLDL) [6]. LDL and HDL are the conventional car-
diovascular risk biomarkers used during clinical prac-
tice [7]. Numerous clinical studies have suggested that
ApoA-I and ApoB are superior predictors of cardiovas-
cular risk compared to conventional lipid parameters like
LDL and HDL [8]. ApoA-I, a primary apolipoprotein of
HDL, facilitates cholesterol efflux from macrophage foam
cells, initiating the reverse cholesterol transport pathway.
This process involves hepatic uptake and subsequent gut
excretion to prevent excessive cholesterol accumula-
tion in macrophages [9-11]. ApoA-I also modulates the
inflammatory response [12] and mitigates endothelial cell
toxicity [13], making it a widely recognized cardiovascu-
lar protective factor [14]. ApoB, as the primary choles-
terol transporter to the vascular artery wall, is linked to
an increased risk of CVD [6, 15]. A reduction in ApoA-I
or an elevation in ApoB can contribute to atherosclero-
sis and raise the risk of cardiovascular events [8, 16—18].
Recent research indicates that transgenic mice expressing
high levels of human ApoA-I exhibit increased HDL lev-
els, potentially offering important therapeutic insights for
safeguarding against endothelial damage and reducing
the incidence of CVD events [19]. While the association
of ApoA-I and ApoB with CVD has been extensively doc-
umented, their interplay with feeding behavior-related
hormones remains less explored [20].

Hypothalamic appetite peptides acting as appetite-
stimulating neurotransmitters or neuromodulators not
only regulate feeding behavior [21] but also exert a cer-
tain influence on lipid metabolism [22, 23]. These hypo-
thalamic appetite peptides encompass neuropeptide Y
(NPY), ghrelin, orexin A (OXA), and oxytocin. Central
administration of NPY has been shown to elevate adipos-
ity and plasma triglyceride (TG) levels [24—26]. Animal
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studies have demonstrated that NPY can enhance VLDL
production in rat livers by activating the sympathetic
nerves in the liver, potentially accompanied by increased
levels of ApoB [27]. Additionally, another study indicated
that NPY receptor activation could stimulate the expres-
sion and secretion of ApoA-I in the liver [28]. There is an
increasing consensus suggesting an interaction between
Ghrelin with TG-rich lipoproteins, HDL, VHDL, and
certain LDL [29, 30]. A study revealed that higher serum
ghrelin concentrations were associated with an elevated
ApoA-I/ApoB ratio in an adult Chinese population [31].
Serum levels of OXA have shown a negative correlation
with unfavorable plasma lipoproteins, specifically LDL
and VLDL, in a population study related to coronary
heart disease [32]. In a study involving male subjects aged
50-85, higher oxytocin levels were associated with lower
levels of protective plasma lipoprotein HDL [33]. While
it is evident that hypothalamic appetite peptides can
impact lipoprotein metabolism, it remains essential to
comprehend how body weight influences this effect.

It has been observed that appetite peptides have vary-
ing effects on lipoproteins in different weight states. Neu-
ropeptide Y, primarily synthesized by the hypothalamus,
plays a crucial role in lipid metabolism and CVD [34-36].
While NPY exhibits a negative correlation with energy
expenditure in the general population [37], in the obese
population, NPY levels tend to increase [37, 38] and stim-
ulate the proliferation of peripheral white adipose tissue
[39], possibly through neuron transmission or the blood-
brain barrier [37]. Ghrelin, a growth hormone-releasing
peptide secreted by the stomach during fasting, serves
diverse biological functions [40, 41]. Serum ghrelin lev-
els rise during fasting or in underweight patients [42]
and are positively correlated with LDL and HDL levels
in healthy males [43]. Interestingly, fasting CSF ghrelin
levels in obese individuals are reportedly approximately
16% lower than in individuals with a normal weight [44],
which may represent a protective mechanism to maintain
energy balance. Ghrelin exerts direct peripheral effects
on lipid metabolism, including increased white adipose
tissue mass and stimulation of hepatic lipogenesis [45].
However, further research is warranted to ascertain
whether different body weights influence the effect of
ghrelin on peripheral lipid metabolism. OXA is produced
by orexin neurons primarily located in the lateral and
posterior hypothalamus, and its role in promoting appe-
tite and lipid accumulation has been well-documented
[46]. Serum OXA levels have been significantly reduced
in obese individuals [47] and increased after weight loss
[48]. Animal studies have revealed that OXA neurons in
obese rats are sensitive to fat and are closely associated
with elevated TG levels [49]. Oxytocin and its receptors
have been implicated in regulating energy metabolism
and food intake. Several studies have shown that oxytocin
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levels are positively correlated with BMI [33, 50]. Con-
versely, a study revealed that in obese patients, oxytocin
levels were decreased, accompanied by an increase in TG
and LDL levels. Oxytocin exhibited a negative correlation
with LDL and TG [51]. Different BMI statuses result in
varying oxytocin expressions and lipid metabolism, high-
lighting the influence of body weight on the relationship
between appetite peptides and lipid metabolism.

Although ApoA-I and ApoB are currently considered
better risk markers of CVD than lipoproteins, current
research predominantly focuses on the impact of periph-
eral appetite peptides on lipoproteins despite appetite
regulation primarily originating in the central nervous
system [52]. Therefore, this study aims to investigate
the relationship between four appetite peptides in CSF
and ApoA-I and ApoB in obese individuals and explore
how body weight influences appetite peptides and lipid
metabolism. These findings may provide valuable insights
for preventing and treating dyslipidemia and CVD.

Materials and methods

Participants

In this study, we recruited 190 Chinese men between
September 2014 and January 2016. Participants were
patients who had planned to undergo anterior cruciate
ligament reconstruction surgery. According to the obe-
sity diagnostic criteria outlined in the “Guidelines for the
Prevention and Control of Overweight and Obesity in
Chinese Adults’, the participants were divided into two
groups: the normal weight group (NW), consisting of 117
individuals (with a BMI ranging from 18.5 kg/m? to less
than 24 kg/m?®), and the overweight/obese group (OW/
OB), comprising 73 individuals (with a BMI of 24 kg/m®
or higher). Besides sociodemographic data such as age,
years of education, and smoking status, we also collected
information on substance abuse and dependence through
self-reporting, which was subsequently verified by the
subjects’ next of kin and family members.

The exclusion criteria for this study encompassed the
following: (1) a family history of mental or nervous sys-
tem diseases or central nervous system disorders, as
assessed through the international neuropsychiatric
interview; (2) systemic diseases identified through medi-
cal history and admission diagnosis; and (3) individuals
taking lipid-lowering medications. None of the partici-
pants had a history of drug dependence or abuse, includ-
ing cigarettes, which was confirmed by their next of kin.

This study received approval from the Institutional
Review Committee of Inner Mongolia Medical Uni-
versity (approval number: YKD2015003) and adhered
to the principles of the Helsinki Declaration. To ensure
that both the subjects and their guardians comprehended
the study’s content, an anesthesiologist explained the
research plan. We obtained written informed consent
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from adult participants and the guardians of minors. No
financial compensation was provided to the subjects in
this study.

Assessments, biological sample collection, and laboratory
tests

Upon admission, the height and weight of the subjects
were measured with an accuracy of 0.5 cm and 0.1 kg,
respectively, to calculate the body mass index (BMI)
using the formula BMI (kg/m?)=weight (kg)/ height (m)?.
All subjects were required to fast for at least 8 h over-
night, after which peripheral venous blood was drawn
from the elbow in the morning on an empty stomach
for various analyses, including blood routine, liver func-
tion, renal function, and blood lipid levels. These analyses
included alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), y-glutamyltransferase (GGT), total
cholesterol (CHO), TG, HDL, LDL, ApoA-I and ApoB.
The measurements were conducted using a biochemi-
cal automatic analyzer (HITACH 7600, Hitachi, Tokyo,
Japan).

For patients undergoing anterior cruciate ligament
reconstruction in China, lumbar puncture is a rou-
tine part of the preoperative procedure. In the morning
before surgery, an anesthesiologist performed lumbar
puncture and collected 5 ml of CSF sample and 3 ml of
peripheral blood samples. Each CSF and plasma sample
was transferred to 0.5 ml test tubes and frozen at -80 °C.

The quantification of OXA levels in CSF was carried
out using an enzyme-linked immunosorbent assay kit
(Cloud Clone Corp., Houston, TX, USA). Additionally,
NPY and oxytocin levels were assessed using radioim-
munoassay kits (Phoenix Pharmaceuticals, Inc., Burlin-
game, CA, USA), and Ghrelin levels were measured using
a radioimmunoassay kit (DIAsource InmunoAssays S.A.,
Louvain-la-Neuve, Belgium). Laboratory technicians
conducting these analyses were blinded to clinical data.

Statistical analysis

The Shapiro-Wilk and Levene tests were used to assess
the distribution normality and variance homogeneity
for continuous variables, respectively. Continuous vari-
ables with homogeneity of variance were compared using
unpaired t-test, while the variables without homogene-
ity of variance, such as TG, GGT, and NPY, were used
the Mann-Whitney test to compare differences between
groups. Categorical variables were assessed using the
chi-square test. Descriptive statistics, such as means
and standard deviations (SD), were used for continu-
ous variables, whereas frequencies and percentages were
employed for categorical variables. Correlation analysis
was conducted using partial correlation, adjusting for
smoking status. Hierarchical regression was used to ana-
lyze the moderating effect, with adjustments for smoking
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status as covariates, and bonferroni correction for mul-
tiple comparisons was applied. A simple slope test was
performed to assess the moderating effect in cases where
the moderating effect was statistically significant. All sta-
tistical analyses were conducted using IBM SPSS, version
27.0 (IBM, Armonk, N.Y., USA), and the chart was gen-
erated using the corrplot function in the R programming
language 4.3.1. All tests were two-tailed, with a signifi-
cance threshold set at p<0.05.

Results

Demographic and clinical characteristics

In comparison to the OW/OB group, the NW group
had a lower rate of smoking and higher levels of HDL
(1.34£0.30 vs. 1.21%£0.32), ApoA-I (1.55+0.59 wvs.
1.43+£0.19), and CSF Ghrelin (1501.65+£194.90 vs.
1455.30+229.65). Conversely, the NW group had
lower levels of LDL (2.45+0.61 vs. 2.81%£0.75), ALT
(25.72+22.27 vs. 33.51%£21.93), CHO (4.47%0.92
vs. 4.8410.96), TG (1.48%£1.11 vs. 2.05%£0.91), GGT
(30.28+26.77 vs. 48.25136.28), and ApoB (0.89%0.23
vs. 1.0310.24) (all p<0.05, Table 1). There were no sig-
nificant differences in age, years of education, NPY, OXA,
and oxytocin levels in CSF between the two groups (all
p>0.05, Table 1).

Correlation analysis

To investigate the relationship between CSF appetite
peptides and peripheral ApoA-I and ApoB in the two

Table 1 Demographic and clinical characteristics of groups
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groups, we conducted a partial correlation analysis,
adjusting for smoking status [53] (Table 2; Fig. 1). In the
NW group, a positive correlation was observed between
CSF NPY and peripheral ApoA-I (r=0.39, p=0.001),
while no correlation was found in the OW/OB group
(p>0.05). Notably, the correlation between CSF NPY
and peripheral ApoA-I in the NW and OW/OB groups
exhibited opposite directions (NPY: r=0.39 and r=-0.13).
Neither group had a significant correlation between CSF
NPY and peripheral ApoB (p>0.05). Furthermore, there
was no correlation between CSF ghrelin, OXA, oxytocin,
and peripheral ApoA-I and ApoB (all p>0.05). However,
the correlation between ghrelin, OXA and oxytocin lev-
els in CSF and peripheral ApoB in the NW and OW/OB
groups exhibited opposite trends (Ghrelin: r=-0.03 and
r=0.04; OXA: r=0.23 and r=-0.01; Oxytocin: r=-0.09 and
r=0.04, Table 2; Fig. 1). These findings suggest that differ-
ent weight groups may influence the relationship between
NPY, ghrelin, OXA, and oxytocin in CSF and peripheral
ApoA-I and ApoB. To confirm these hypotheses, we con-
structed a moderated model to assess the role of BMI in
the relationship between the four appetite peptides in
CSF and peripheral ApoA-I and ApoB, respectively.

Moderation analysis for CSF appetite peptides and
peripheral ApoA-l and ApoB

We next performed hierarchical multiple regression
analysis on the peripheral ApoA-I, and standardized all
variables. In Model 1, where peripheral ApoA-I served as

Variables NW(n=73) OW/OB(n=117) F/t/z p
Smoke status, n(%)

Non-smokers 48(65.8) 55(47.0) 6.36 0.012*%
Active-smokers 25(34.2) 62(53.0)

Age(years) 2989+11.14 31.31+937 -0.87 0.388
Education (years) 1298+2.77 12.73+2.78 0.81 0421
HDL (mmol/L) 1.34+0.30 1.21+0.32 3.29 0.001*
LDL (mmol/L) 245+061 281+0.75 -3.74 <0.001*
ALT (U/L) 257242227 335142193 -2.50 0.013*
CHO (mmol/L) 447+092 4.84+0.96 -3.12 0.002*
TG (mmol/L) 148+1.11 2.05+091 -5.22 <0.001*
GGT(U/L) 30.28+26.77 48.25+36.28 -5.28 <0.001*
AST(U/L) 19.74+£9.01 22174873 -1.84 0.068
ApoA-I(g/L) 1.55+£0.59 143+0.19 2.05 0.042*
ApoB(g/L) 0.89+0.23 1.03+0.24 -4.42 <0.001*
CSF NPY(pg/ml) 170.95+28.06 173.92+31.64 -049 0.623
CSF Ghrelin (pg/ml) 1501.65+194.90 1455.30+229.65 212 0.035%
CSF OXA (ng/ml) 183.74+31.88 176.82+39.24 0.99 0321
CSF Oxytocin (pg/ml) 4503+8.08 44.94+8.50 0.07 0.942

Abbreviations HDL, high-density lipoprotein; LDL, low-density lipoprotein; ALT, alanine aminotransferase; CHO, cholesterol; TG, triglyceride; GGT, gamma-glutamyl
transferase; AST, aspartate aminotransferase; ApoA-1, Apolipoprotein A-I; ApoB, Apolipoprotein B; CSF, cerebral spinal fluid; NPY, neuropeptide Y; OXA, Orexin A; NW,

normal weight group; OW/OB, overweight/obese group

Note All data were reported by meanxSD and using unpaired t-test, in addition to smoking status using Chi-square test, and TG, GGT, CSF NPY using Mann Whitney

test, *p<0.05
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Table 2 Partial correlation analysis between CSF appetite hormone and peripheral ApoA-l and ApoB

Groups Variables ApoA-I ApoB

r p r p

NW CSF NPY(pg/ml) 0.39 0.001* 0.18 0.153
CSF ghrelin 0.02 0.851 -0.03 0.780
CSF OXA 0.14 0277 0.16 0.196
CSF Oxytocin 0.13 0336 -0.05 0.736

OW/OB CSF NPY(pg/ml) -0.13 0.188 0.03 0.761
CSF ghrelin 0.04 0.669 0.04 0.718
CSF OXA 0.01 0.955 -0.00 0.978
CSF Oxytocin 0.04 0.756 0.04 0.746

Abbreviations ApoA-1, Apolipoprotein A-I; ApoB, Apolipoprotein B; CSF, cerebral spinal fluid; NPY, neuropeptide Y; OXA, Orexin A; NW, normal weight group; OW/OB,

overweight/obese group

Note Partial correlation was used for the calculation of associations between variables. p<0.05 was considered significant. *p<0.05

Adjusted for smoke status

A
ApoA-I - 0.387* 0.023 0.137 0.1383  0.205
CSF NPY — | 0.387* -0.099 0.099 -0.194 0.175
CSF Gherlin =4 0.023  -0.099 -0.216  0.196  -0.034
CSF OrexinA = 0.137  0.099 -0.216 -0.057  0.162
CSF Oxytocin - 0.133  -0.194 0.196 -0.057 -0.047
ApoB - 0205 0.175 0.034  0.162 0.047
[ ! I I ! 1
A SN T SN, SR
Ov QQQ \(\?}\ e:\-\(\ \'0(/ ?.Q
wos & R
S <
C & S

B
ApoA-I - -0.13 0.042 0.006 0.036 0.124
CSF NPY = -0.13 -0.002 0.163 -0.19 0.03
CSF Gherlin = 0.042  -0.002 0.029 | 0.302** 0.036
CSF OrexinA - 0.006 0.163 0.029 0.013  -0.003
CSF Oxytocin = 0.036 -0.19  0.302** 0.013 0.038
ApoB - 0.124 0.03 0.036 0.003  0.038
I I I I I 1
?f\ éf\ N o Qéb
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Fig. 1 Correlation of CSF appetite peptide with peripheral ApoA-l and ApoB between NW group and OW/OB group. Note: Adjusted for smoke status.
*p<0.05, **p<0.01. (A) The correlation between CSF appetite peptide and peripheral ApoA-I and ApoB in the NW group. (B) The correlation between
general demographic variables, CSF appetite peptide, and peripheral ApoA-l and ApoB in the OW/OB group

the dependent variable, we included smoking status, BMI
groups, and CSF NPY. Model 2 introduced the interac-
tion term BMI groupsxNPY.

The results from Model 2 indicated that, after control-
ling for smoking status, BMI groups exhibited a negative
correlation with peripheral ApoA-I (=-0.16, p<0.001),
while CSF NPY displayed a positive correlation with
peripheral ApoA-I (f=0.61, p<0.001). Importantly, the
BMI groupsxNPY interaction was negatively correlated
with peripheral ApoA-I (p=-0.54, p<0.001) (Table 3).

To further explore the moderating effect of BMI, we
conducted a simple slope analysis. In the NW group,
individuals with higher levels of CSF NPY exhibited a sig-
nificantly higher level of peripheral ApoA-I. In contrast,
in the OW/OB group, individuals with higher levels of

CSF NPY displayed a significantly lower level of periph-
eral ApoA-I (Fig. 2).

We employed the same hierarchical multiple regres-
sion analysis method to examine the influence of BMI
on ghrelin, OXA, and oxytocin in CSF and their relation-
ship with peripheral ApoA-I. The results revealed that
BMI did not moderate the relationship between ghrelin,
OXA, and oxytocin in CSF and peripheral ApoA-I (all
p>0.05). Additionally, analysis of the impact of BMI on
the four appetite peptides in CSF and their relationship
with peripheral ApoB showed that BMI did not regulate
these relationships (all p>0.05).
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Table 3 Hierarchical multiple regression of peripheral ApoA-|

Model Variables ApoA-I

B SEB B t p

1 Smoke status -0.07 0.06 -0.09 -1.15 0.251
BMI groups -0.11 0.06 -0.15 -1.91 0.058
CSF NPY(pg/ml) 0.06 0.03 0.16 202 0.045

2 Smoke status -0.08 0.06 -0.11 -1.40 0.165
BMI groups -0.12 0.06 -0.16 -2.16 0.032
CSF NPY(pg/ml) 0.23 0.05 061 4.76 <0.001*
BMI groups x CSF NPY -0.25 0.06 -0.54 -4.33 <0.001*

Abbreviations B, non-standardized coefficient; SE, standard error; B, standardized coefficient beta; ApoA-I, Apolipoprotein A-I; CSF, cerebral spinal fluid; NPY,

neuropeptide Y

Note Hierarchical multiple regression was used to analyze ApoA-I. All data have been standardized. Smoke status, BMI groups, and CSF NPY were entered in Step 1;
BMI groupsxCSF NPY were entered in Step 2. *Significant after Bonferroni correction for multiple comparisons

25

1.5

Peripheral ApoA-I

0.5

Low

@—@® Normal Weight

&= =4 Over Weight /
Obesity

High

CSF NPY (pg/ml)

Fig. 2 Simple slope test of the interaction between BMIG and CSF NPY on peripheral ApoA-|

Discussion

This study marks the first attempt to explore the mod-
erating effect of body weight on appetite peptides NPY,
ghrelin, OXA, and oxytocin in CSF, and peripheral ApoA-
I and ApoB in males. While many studies have employed
ApoB/ApoA-I as a predictor of cardiovascular risk [17], it
remains unclear whether the correlation between appe-
tite peptides and ApoB/ApoA-I hinges on the presence of
ApoA-I or ApoB alone or their combination through the
ApoB/ApoA-I ratio. Therefore, we analyzed the relation-
ships between appetite peptides and ApoA-I and ApoB,
as well as the moderating role of body weight in these
relationships. Our primary findings revealed that differ-
ent BMI groups moderated the relationship between CSF
NPY and peripheral ApoA-I. In individuals with normal
weight, high CSF NPY levels were associated with high
peripheral ApoA-I levels, indicating that NPY is a pro-
tective factor for peripheral ApoA-I. In contrast, among

OW/OB individuals, high CSF NPY levels were linked to
low peripheral ApoA-I levels, making NPY a risk factor.
It is widely acknowledged that NPY is synthesized
within the arcuate nucleus of the hypothalamus and
transported to the paraventricular nucleus via axons for
secretion, participating in the regulation of food intake
[54]. Research has shown that intracerebroventricular
administration of NPY in normal-weight rats induces
hyperphagia, weight gain, and increased fat mass accu-
mulation [55]. NPY acts as a communication bridge
between the hypothalamus and adipose tissue, with cir-
culating NPY levels closely related to the central brain
source of NPY. It can be integrated into the metabolic
response of both the central and peripheral nervous
systems [56]. The central nervous system (CNS) NPY
potentially regulates peripheral lipoproteins through the
hypothalamus-sympathetic nervous system-adipose tis-
sue innervation pathway and within adipose tissue [39].
Animal studies have shown that the activation of NPY
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receptors in normal-weight rats can promote the syn-
thesis and secretion of ApoA-I in hepatocytes through
the extracellular signal-regulated kinase 1/2 and protein
kinase A signal transduction pathways [28]. Although
there is no direct evidence of the impact of intracere-
broventricular NPY injection on ApoA-I, Y5 receptors,
primarily expressed in the CNS [57], act as a peripheral
signal of energy availability [58]. CSF NPY can directly
access circulating hormones due to a semi-permeable
blood-brain barrier [59]. Therefore, it is highly con-
ceivable that CNS NPY also promotes the secretion of
ApoA-I in the liver through these channels. ApoA-I is
the principal apolipoprotein of HDL and plays a crucial
role in cholesterol metabolism. It removes cholesterol
from tissues, transports cholesterol back to the liver
from arterial walls, and facilitates its excretion through
bile [60, 61]. In the NW population, increased CSF NPY
levels promoted food intake and fat accumulation and
enhanced cholesterol efflux, modulating free choles-
terol and cholesterol esters in cells to maintain liver lipid
metabolism balance. This, in turn, prevented lipid accu-
mulation and reduces the formation of foam cells [62],
potentially preventing atherosclerosis [63]. Hence, in
this study, an increase in NPY levels was associated with
higher ApoA-I concentrations, a potentially protective
mechanism to maintain lipid balance in the liver [64, 65].

Animal experiments revealed chronically elevated
hypothalamic NPY activity in genetically obese ob/ob
mice [66]. The expression of NPY mRNA increased in the
hypothalamus of rats that are made obese by an early diet
[67], particularly in cases of chronic obesity where NPY
was highly expressed in the dorsal hypothalamic nucleus
[68, 69]. CSF NPY levels have been reported to signifi-
cantly increase with body weight [37, 38]. While NPY is
predominantly secreted by CNS neurons, there are lower
concentrations in the peripheral system [39]. Thus, the
effect of CNS NPY on peripheral adipose tissue may be
achieved indirectly through bidirectional neuronal and
hormonal communication and possibly through direct
circulation across the blood-brain barrier [39]. NPY is
secreted by sympathetic neurons to regulate inflamma-
tion [70]. In obese tissues, NPY binds to macrophage
Y1 receptors, increasing cholesterol uptake and intra-
cellular cholesterol content. It significantly inhibits the
efflux of extracellular cholesterol receptors ApoAl and
HDL in macrophages [71], reducing peripheral ApoA-
I levels. This process is accomplished by decreasing the
expression of ATP-binding cassette transporter A1, ATP-
binding cassette G1, and scavenger receptor Bl in obese
tissues [72—74]. These findings suggest that ApoA-I lev-
els are decreased with increasing CSF NPY levels among
obese individuals.

Another noteworthy discovery in this study is the
absence of an interaction between CSF NPY and
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peripheral ApoB and the interaction between CSF ghre-
lin, OXA, and oxytocin and peripheral ApoA-I and ApoB.
In lean rats, intracerebroventricular administration of
NPY into the third ventricle was found to stimulate sym-
pathetic innervation of the liver and enhance VLDL-TG
secretion through the CNS NPY Y1 receptor [24, 75].
However, in mice, acute central administration of NPY
did not affect hepatic VLDL production [27]. This dif-
ference may be attributed to variations in basal hepatic
VLDL-TG production rates between rats and mice
[24, 76], indicating that species-specific factors influ-
ence hepatic VLDL metabolism. The interspecies differ-
ences may influence ApoB, a critical apolipoprotein in
VLDL [77]. Genetic association studies in humans have
reported conflicting results regarding the role of NPY
gene and receptor polymorphisms in serum TG metabo-
lism [78, 79], further underscoring the impact of species
differences. This variability might explain why no correla-
tion between CSF NPY and ApoB was observed in this
study.

Ghrelin is the only appetite peptide hormone pro-
duced by the stomach [80], which promotes the uptake
and synthesis of lipids in the fat and liver, and inhibits
lipolysis [81]. Some studies have reported that periph-
eral ghrelin affects TC, LDL, HDL, and more [29, 30,
82]. In the human bloodstream, ghrelin circulates in
two forms: octanoylated ghrelin and deacylated ghre-
lin, which interact with ApoB-containing and ApoA-I-
containing lipoproteins, respectively [30]. However, our
study found that there was no correlation between cen-
tral ghrelin and peripheral ApoA-I and ApoB. On the one
hand, circulating ghrelin crosses the blood-brain barrier
and indirectly promotes appetite by binding to growth
hormone secretagogue receptor la (GHS-R1a), which
has no direct effect on peripheral lipoprotein. On the
other hand, although studies have confirmed that central
ghrelin can also directly regulate adipocyte metabolism
[41], its role is reflected in increasing the expression of
fat storage—promoting enzymes in white adipocytes and
decreasing the expression of the thermogenesis-related
mitochondrial uncoupling proteins 1 and 3 in brown
adipocytes, and no direct effect on lipoprotein has been
reported [41]. Thus, further investigation is required to
better understand the impact of CSF ghrelin on periph-
eral ApoA-I and ApoB.

The central OXA is able to cross the blood-brain barrier
and promote lipogenesis and inhibit lipolysis in periph-
eral tissues [83, 84]. A clinical study revealed that indi-
viduals in the OXA increase group experienced a greater
decrease in serum ApoB after bariatric surgery compared
to the OXA decreased group. These results indicate a
positive association between increasing orexin levels
and ApoB improvement [85]. However, these conflicting
findings may be attributable to variations in the action
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of OXA receptors, emphasizing the need for further
research to elucidate the specific mechanisms. Our study
found no association between OXA and apolipoproteins,
which may also be influenced by gender. Notably, endog-
enous androgens have been found to reduce the activa-
tion of OXA neurons in males [86]. This factor might
contribute to our inability to obtain positive results. Fur-
thermore, the influence of CNS OXA on energy metabo-
lism primarily centers on the thermogenesis and energy
consumption of brown adipose tissue (BAT). Therefore,
further research is needed to determine whether these
effects align with lipid accumulation in white adipose tis-
sue (WAT).

It was reported that the oxytocin receptor increases
energy expenditure by stimulating BAT thermogenesis
and promoting the browning of WAT [87]. Neverthe-
less, this study did not reveal a relationship between oxy-
tocin and peripheral apolipoproteins, possibly because
oxytocin promotes the browning of WAT rather than its
formation. Therefore, it may not affect triglyceride accu-
mulation or apolipoprotein levels.

Several limitations should be noted in this study. Firstly,
the study participants were individuals with anterior
cruciate ligament injuries, and the preoperative stress
response in these participants might have influenced
CSF appetite peptide levels [88]. Nonetheless, central
CSF samples reflect more accurately human neuroen-
docrine metabolism than blood samples. Secondly, the
study included only male participants. To generalize the
results, further studies with female participants should be
conducted. Lastly, the study did not include a low-weight
group (BMI<18.5 kg/m?). It is known that the secretion
of appetite peptides varies in individuals with low body
weight [44, 89, 90], which may have different effects on
peripheral ApoA-I and ApoB. Further research is war-
ranted to explore this specific scenario.

Conclusion

This study provides preliminary evidence of the moderat-
ing role of BMI in the relationship between CSF NPY and
peripheral ApoA-I levels. Our findings reveal that NPY
plays a protective role in individuals within the normal
weight range while acting as a risk factor for those who
are overweight or obese. This distinction is crucial, given
that it is associated with risk for cardiovascular disease.

Abbreviations

ApoA-| Apolipoprotein A-l
ApoB Apolipoprotein B

BMI Body mass index

NPY Neuropeptide Y

OXA Orexin A

CSF Cerebralspinal fluid
NW Normal weight
OW/OB  Over weight/obese
CVvD Cardiovascular disease

HDL High-density lipoprotein

Page 8 of 11

LDL Low-density lipoprotein
VLDL Very low-density lipoprotein
TG Triglyceride

VHDL Very high-density lipoprotein
ALT Alanine aminotransferase
AST Aspartate aminotransferase
GGT Gamma-glutamyl transferase

CHO Cholesterol

ANOVA  One-way analysis of variance
SD Standard deviation

CNS Central nervous system

BAT Brown adipose tissue

WAT White adipose tissue

Acknowledgements
We thank all participants for their willingness to participate in the study and
the time that they devoted to the study.

Author contributions

FW, DZ, and YK designed the study. FW and LS secured funding for the study.
DZ, XH, and QM led the drafting of the manuscript. DZ finished the statistical
analyses. LS and LS collected the clinical data. YW input the data. WW and
PW finished the experiments. All authors approved the final manuscript for
submission.

Funding

This work was supported by the following grants: The Technology Support
Project of Xinjiang (2017E0267), the 10th Inner Mongolia Autonomous
Region'Prairie excellence’ Project, “Qingmiao” program of Beijing Municipal
Hospital Management Center (QML20212003), Natural Science Foundation
of Xinjiang Province (2018D01C228 and 2021D01C371), Xinjiang Outstanding
Youth Science Grant (2017Q007), Natural Science Foundation of China
(81560229), Beijing Natural Science Foundation (7152074), and Natural
Science Foundation of Fujian Province (2022J011393).

Data availability

The data that support the findings of this study are available from the
corresponding authors. Requests to access these datasets should be directed
to Fan Wang.

Declarations

Competing interests
The authors declare no competing interests.

Author details

'Medical Neurobiology Lab, Inner Mongolia Medical University,

Huhhot 010110, China

“Clinical Nutrition Department, Friendship hospital of Urumagi in Xinjiang,
Urumgi 830049, China

3Xinjiang Key Laboratory of Neurological Disorder Research, the Second
Affiliated Hospital of Xinjiang Medical University, Urumqi 830063, China
“Beijing Hui-Long-Guan Hospital, Peking University, Beijing 100096, China
°Department of Anesthesiology, the Second Affiliated Hospital of Xiamen
Medical College, Xiamen 361021, China

Department of Anesthesiology, the Third Affiliated Hospital of Inner
Mongolia Medical University, BaoGang Hospital, Baotou 014010, China
’School of Pharmacy, Yantai University, Yantai 264005, China

Received: 10 November 2023 / Accepted: 8 July 2024
Published online: 25 July 2024

References

1. Powell-Wiley TM, Poirier P, Burke LE, Després JP, Gordon-Larsen P, Lavie CJ,
Lear SA, Ndumele CE, Neeland 1), Sanders P, et al. Obesity and Cardiovascular
Disease: A Scientific Statement from the American Heart Association. Circula-
tion. 2021;143:2984-1010. https://doi.org/10.1161/cir.0000000000000973.

2. Global regional. National age-sex-specific mortality for 282 causes of death
in 195 countries and territories, 1980-2017: a systematic analysis for the


https://doi.org/10.1161/cir.0000000000000973

Zhao et al. Nutrition & Metabolism

20.

21

22.

(2024) 21:52

global burden of Disease Study 2017. Lancet. 2018;392:1736-88. https://doi.
0rg/10.1016/50140-6736(18)32203-7.

Liu'S, LiY, Zeng X, Wang H, Yin P,Wang L, Liu Y, Liu J, Qi J, Ran S, et al. Burden
of Cardiovascular diseases in China, 1990-2016: findings from the 2016
global burden of Disease Study. JAMA Cardiol. 2019;4:342-52. https://doi.
0rg/10.1001/jamacardio.2019.0295.

Zhao L, Li D, Zheng H, Chang X, Cui J, Wang R, Shi J, Fan H, Li Y, Sun X, et al.
Acupuncture as adjunctive therapy for chronic stable angina: a Randomized
Clinical Trial. JAMA Intern Med. 2019;179:1388-97. https://doi.org/10.1001/
jamainternmed.2019.2407.

Gu X, LiY,Chen S,Yang X, Liu F, Li Y, Li J, Cao J, Liu X, Chen J, et al. Association
of lipids with ischemic and hemorrhagic stroke: a prospective cohort study
among 267 500 Chinese. Stroke. 2019;50:3376-84. https://doi.org/10.1161/
strokeaha.119.026402.

Pirillo A, Casula M, Olmastroni E, Norata GD, Catapano AL. Global epide-
miology of dyslipidaemias. Nat Rev Cardiol. 2021;18:689-700. https://doi.
0rg/10.1038/541569-021-00541-4.

deGoma EM, Rader DJ. High-density lipoprotein particle number: a

better measure to quantify high-density lipoprotein? J Am Coll Cardiol.
2012;60:517-20. https://doi.org/10.1016/jjacc.2012.03.058.

Sniderman AD, Furberg CD, Keech A, Roeters van Lennep JE, Frohlich J,
Jungner |, Walldius G. Apolipoproteins versus lipids as indices of coronary
risk and as targets for statin treatment. Lancet. 2003;361:777-80. https://doi.
0rg/10.1016/50140-6736(03)12663-3.

Lund-Katz S, Phillips MC. High density lipoprotein structure-function and role
in reverse cholesterol transport. Subcell Biochem. 2010;51:183-227. https://
doi.org/10.1007/978-90-481-8622-8_7.

Kane JP, Malloy MJ. Prebeta-1 HDL and coronary heart disease. Curr Opin
Lipidol. 2012;23:367-71. https://doi.org/10.1097/MOL.0b013e328353eef1.
Lee-Rueckert M, Blanco-Vaca F, Kovanen PT, Escola-Gil JC. The role of the
gut in reverse cholesterol transport-focus on the enterocyte. Prog Lipid Res.
2013;52:317-28. https://doi.org/10.1016/j.plipres.2013.04.003.

Mineo C, Shaul PW. Regulation of signal transduction by HDL. J Lipid Res.
2013;54:2315-24. https://doi.org/10.1194/jIrR039479.

Van Linthout S, Spillmann F, Graiani G, Miteva K, Peng J, Van Craeyveld E, Mel-
oni M, Tolle M, Escher F, Subasiguller A, et al. Down-regulation of endothelial
TLR4 signalling after apo A-I gene transfer contributes to improved survival in
an experimental model of lipopolysaccharide-induced inflammation. J Mol
Med (Berl). 2011;89:151-60. https://doi.org/10.1007/500109-010-0690-6.
Reimers GJ, Jackson CL, Rickards J, Chan PY, Cohn JS, Rye KA, Barter PJ,
Rodgers KJ. Inhibition of rupture of established atherosclerotic plaques by
treatment with apolipoprotein A-I. Cardiovasc Res. 2011;91:37-44. https://doi.
0rg/10.1093/cvr/cvr057.

Balling M, Nordestgaard BG, Langsted A, Varbo A, Kamstrup PR, Afzal S.
Small Dense Low-Density Lipoprotein Cholesterol predicts atherosclerotic
Cardiovascular Disease in the Copenhagen General Population Study. J Am
Coll Cardiol. 2020;75:2873-5. https://doi.org/10.1016/j jacc.2020.03.072.
Walldius G, Jungner |, Holme 1, Aastveit AH, Kolar W, Steiner E. High apoli-
poprotein B, low apolipoprotein A-l, and improvement in the prediction

of fatal myocardial infarction (AMORIS study): a prospective study. Lancet.
2001;358:2026-33. https://doi.org/10.1016/50140-6736(01)07098-2.
Walldius G, Jungner I. The apoB/apoA-I ratio: a strong, new risk fac-

tor for cardiovascular disease and a target for lipid-lowering therapy-a
review of the evidence. J Intern Med. 2006;259:493-519. https://doi.
0org/10.1111/j.1365-2796.2006.01643 X.

Walldius G, de Faire U, Alfredsson L, Leander K, Westerholm P, Malmstrom H,
Ivert T, Hammar N. Long-term risk of a major cardiovascular event by apoB,
apoA-1, and the apoB/apoA-1 ratio-experience from the Swedish AMORIS
cohort: a cohort study. PLoS Med. 2021;18:21003853. https://doi.org/10.1371/
journal.pmed.1003853.

Rubin EM, Krauss RM, Spangler EA, Verstuyft JG, Clift SM. Inhibition of early
atherogenesis in transgenic mice by human apolipoprotein Al. Nature.
1991;353:265-7. https://doi.org/10.1038/353265a0.

Magun AM, Mish B, Glickman RM. Intracellular apoA-l and apoB distribution
in rat intestine is altered by lipid feeding. J Lipid Res. 1988,29:1107-16.
Timper K, Briining JC. Hypothalamic circuits regulating appetite and energy
homeostasis: pathways to obesity. Dis Model Mech. 2017;10:679-89. https://
doi.org/10.1242/dmm.026609.

Frondelius K, Borg M, Ericson U, Borné Y, Melander O, Sonestedt E. Lifestyle
and dietary determinants of serum apolipoprotein A1 and apolipoprotein B
Concentrations: cross-sectional analyses within a Swedish cohort of 24,984
individuals. Nutrients. 2017;9. https://doi.org/10.3390/nu9030211.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 9 of 11

Grundler F, Plonné D, Mesnage R, Mller D, Sirtori CR, Ruscica M, Wilhelmi

de Toledo F. Long-term fasting improves lipoprotein-associated athero-
genic risk in humans. Eur J Nutr. 2021;60:4031-44. https://doi.org/10.1007/
500394-021-02578-0.

Stafford JM, Yu F, Printz R, Hasty AH, Swift LL, Niswender KD. Central nervous
system neuropeptide Y signaling modulates VLDL triglyceride secretion.
Diabetes. 2008;57:1482-90. https://doi.org/10.2337/db07-1702.

Zarjevski N, Cusin |, Vettor R, Rohner-Jeanrenaud F, Jeanrenaud B. Intracere-
broventricular administration of neuropeptide Y to normal rats has divergent
effects on glucose utilization by adipose tissue and skeletal muscle. Diabetes.
1994;43:764-9. https://doi.org/10.2337/diab.43.6.764.

Zarjevski N, Cusin |, Vettor R, Rohner-Jeanrenaud F, Jeanrenaud B. Chronic
intracerebroventricular neuropeptide-Y administration to normal rats mimics
hormonal and metabolic changes of obesity. Endocrinology. 1993;133:1753-
8. https://doi.org/10.1210/endo.133.4.8404618.

Geerling JJ, Wang Y, Havekes LM, Romijn JA, Rensen PC. Acute central
neuropeptide Y administration increases food intake but does not affect
hepatic very low-density lipoprotein (VLDL) production in mice. PLoS ONE.
2013;8:55217. https://doi.org/10.1371/journal.pone.0055217.

Liu B, Chen F. Neuropeptide Y promotes hepatic apolipoprotein Al

synthesis and secretion through neuropeptide Y Y5 receptor. Peptides.
2022;154:170824. https://doi.org/10.1016/j.peptides.2022.170824.

Beaumont NJ, Skinner VO, Tan TM, Ramesh BS, Byrne DJ, MacColl GS, Keen
JN, Bouloux PM, Mikhailidis DP, Bruckdorfer KR, et al. Ghrelin can bind to a
species of high density lipoprotein associated with paraoxonase. J Biol Chem.
2003;278:8877-80. https://doi.org/10.1074/jbc.C200575200.

De Vriese C, Hacquebard M, Gregoire F, Carpentier Y, Delporte C. Ghrelin
interacts with human plasma lipoproteins. Endocrinology. 2007;148:2355-62.
https://doi.org/10.1210/en.2006-1281.

Su C, DuW, Wang H, Zhang B. [Relationships between serum ghrelin and
body composition and lipid metabolism-related cytokines among 591 adult
Chinese from 3 provinces]. Wei Sheng Yan Jiu. 2015;44:904-7.

Jasim RF, Allwsh TA. Orexin a hormone and its relation to coronary heart
diseases. Res J Pharm Technol. 2021;14:1417-22.

Szulc P, Amri EZ, Varennes A, Panaia-Ferrari P, Fontas E, Goudable J, Chapurlat
R, Breuil V. High serum oxytocin is associated with metabolic syndrome

in older men - the MINOS study. Diabetes Res Clin Pract. 2016;122:17-27.
https://doi.org/10.1016/j.diabres.2016.09.022.

Zhang L, Lee IC, Enriquez RF, Lau J, Véhatalo LH, Baldock PA, Savontaus E,
Herzog H. Stress- and diet-induced fat gain is controlled by NPY in catechol-
aminergic neurons. Mol Metab. 2014;3:581-91. https://doi.org/10.1016/.
molmet.2014.05.001.

Huang Y, Lin X, Lin S, Neuropeptide Y, Syndrome M. An update on perspec-
tives of clinical therapeutic intervention strategies. Front Cell Dev Biol.
2021,9:695623. https://doi.org/10.3389/fcell.2021.695623.

Tan CMJ, Green P, Tapoulal N, Lewandowski AJ, Leeson P, Herring N. The

role of Neuropeptide Y in Cardiovascular Health and Disease. Front Physiol.
2018;9:1281. https://doi.org/10.3389/fphys.2018.01281.

Kaye WH, Berrettini W, Gwirtsman H, George DT. Altered cerebrospinal fluid
neuropeptide Y and peptide YY immunoreactivity in anorexia and bulimia
nervosa. Arch Gen Psychiatry. 1990;47:548-56. https://doi.org/10.1001/
archpsyc.1990.01810180048008.

Nam S-Y, Kratzsch J, Wook Kim K, Rae Kim K, Lim S-K, Marcus C. Cerebrospinal
fluid and plasma concentrations of Leptin, NPY, anda-MSH in obese women
and their relationship to negative energy balance. J Clin Endocrinol Metabo-
lism. 2001;86:4849-53.

Zhang W, Cline MA, Gilbert ER. Hypothalamus-adipose tissue crosstalk:
neuropeptide Y and the regulation of energy metabolism. Nutr Metab (Lond).
2014;11:27. https://doi.org/10.1186/1743-7075-11-27.

Mao Y, Tokudome T, Kishimoto I. Ghrelin as a treatment for cardiovas-

cular diseases. Hypertension. 2014;64:450-4. https://doi.org/10.1161/
hypertensionaha.114.03726.

Theander-Carrillo C, Wiedmer P, Cettour-Rose P, Nogueiras R, Perez-Tilve D,
Pfluger P, Castaneda TR, Muzzin P, Schiirmann A, Szanto |, et al. Ghrelin action
in the brain controls adipocyte metabolism. J Clin Invest. 2006;116:1983-93.
https://doi.org/10.1172/jci25811.

Otto B, Cuntz U, Fruehauf E, Wawarta R, Folwaczny C, Riepl RL, Heiman ML,
Lehnert P, Fichter M, Tschép M. Weight gain decreases elevated plasma
ghrelin concentrations of patients with anorexia nervosa. Eur J Endocrinol.
2001;145:669-73.

Fagerberg B, Hultén LM, Hulthe J. Plasma ghrelin, body fat, insulin resistance,
and smoking in clinically healthy men: the atherosclerosis and insulin


https://doi.org/10.1016/s0140-6736(18)32203-7
https://doi.org/10.1016/s0140-6736(18)32203-7
https://doi.org/10.1001/jamacardio.2019.0295
https://doi.org/10.1001/jamacardio.2019.0295
https://doi.org/10.1001/jamainternmed.2019.2407
https://doi.org/10.1001/jamainternmed.2019.2407
https://doi.org/10.1161/strokeaha.119.026402
https://doi.org/10.1161/strokeaha.119.026402
https://doi.org/10.1038/s41569-021-00541-4
https://doi.org/10.1038/s41569-021-00541-4
https://doi.org/10.1016/j.jacc.2012.03.058
https://doi.org/10.1016/s0140-6736(03)12663-3
https://doi.org/10.1016/s0140-6736(03)12663-3
https://doi.org/10.1007/978-90-481-8622-8_7
https://doi.org/10.1007/978-90-481-8622-8_7
https://doi.org/10.1097/MOL.0b013e328353eef1
https://doi.org/10.1016/j.plipres.2013.04.003
https://doi.org/10.1194/jlr.R039479
https://doi.org/10.1007/s00109-010-0690-6
https://doi.org/10.1093/cvr/cvr057
https://doi.org/10.1093/cvr/cvr057
https://doi.org/10.1016/j.jacc.2020.03.072
https://doi.org/10.1016/s0140-6736(01)07098-2
https://doi.org/10.1111/j.1365-2796.2006.01643.x
https://doi.org/10.1111/j.1365-2796.2006.01643.x
https://doi.org/10.1371/journal.pmed.1003853
https://doi.org/10.1371/journal.pmed.1003853
https://doi.org/10.1038/353265a0
https://doi.org/10.1242/dmm.026609
https://doi.org/10.1242/dmm.026609
https://doi.org/10.3390/nu9030211
https://doi.org/10.1007/s00394-021-02578-0
https://doi.org/10.1007/s00394-021-02578-0
https://doi.org/10.2337/db07-1702
https://doi.org/10.2337/diab.43.6.764
https://doi.org/10.1210/endo.133.4.8404618
https://doi.org/10.1371/journal.pone.0055217
https://doi.org/10.1016/j.peptides.2022.170824
https://doi.org/10.1074/jbc.C200575200
https://doi.org/10.1210/en.2006-1281
https://doi.org/10.1016/j.diabres.2016.09.022
https://doi.org/10.1016/j.molmet.2014.05.001
https://doi.org/10.1016/j.molmet.2014.05.001
https://doi.org/10.3389/fcell.2021.695623
https://doi.org/10.3389/fphys.2018.01281
https://doi.org/10.1001/archpsyc.1990.01810180048008
https://doi.org/10.1001/archpsyc.1990.01810180048008
https://doi.org/10.1186/1743-7075-11-27
https://doi.org/10.1161/hypertensionaha.114.03726
https://doi.org/10.1161/hypertensionaha.114.03726
https://doi.org/10.1172/jci25811

Zhao et al. Nutrition & Metabolism

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

(2024) 21:52

resistance study. Metabolism. 2003;52:1460-3. https://doi.org/10.1016/
50026-0495(03)00274-9.

Tritos NA, Kokkinos A, Lampadariou E, Alexiou E, Katsilambros N, Maratos-
Flier E. Cerebrospinal fluid ghrelin is negatively associated with body mass
index. J Clin Endocrinol Metab. 2003;88:2943-6. https://doi.org/10.1210/
j.2003-030300.

LvY, Liang T, Wang G, Li Z. Ghrelin, a gastrointestinal hormone, regulates
energy balance and lipid metabolism. Biosci Rep. 2018;38. https://doi.
0rg/10.1042/bsr20181061.

Imperatore R, Palomba L, Cristino L. Role of Orexin-A in hypertension

and obesity. Curr Hypertens Rep. 2017;19:34. https://doi.org/10.1007/
$11906-017-0729-y.

Adam JA, Menheere PP, van Dielen FM, Soeters PB, Buurman WA, Greve JW.
Decreased plasma orexin-A levels in obese individuals. Int J Obes Relat Metab
Disord. 2002;26:274-6. https://doi.org/10.1038/5}.ijo.0801868.

Heinonen MV, Purhonen AK, Miettinen P, Paakkonen M, Pirinen E, Alhava E,
Akerman K, Herzig KH. Apelin, orexin-A and leptin plasma levels in morbid
obesity and effect of gastric banding. Regul Pept. 2005;130:7-13. https://doi.
0rg/10.1016/j.regpep.2005.05.003.

Wortley KE, Chang GQ, Davydova Z, Leibowitz SF. Peptides that regulate food
intake: orexin gene expression is increased during states of hypertriglyceride-
mia. Am J Physiol Regul Integr Comp Physiol. 2003;284:R1454-1465. https://
doi.org/10.1152/ajpregu.00286.2002.

Weingarten MFJ, Scholz M, Wohland T, Horn K, Stumvoll M, Kovacs P, Tonjes A.
Circulating oxytocin is genetically determined and Associated with obesity
and impaired glucose tolerance. J Clin Endocrinol Metab. 2019;104:5621-32.
https://doi.org/10.1210/jc.2019-00643.

Qian W, ZhuT,Tang B, Yu S, Hu H, Sun' W, Pan R, Wang J, Wang D, Yang L, et

al. Decreased circulating levels of oxytocin in obesity and newly diagnosed
type 2 diabetic patients. J Clin Endocrinol Metab. 2014;99:4683-9. https://doi.
0rg/10.1210/jc.2014-2206.

Schwartz MW, Woods SC, Porte D Jr, Seeley RJ, Baskin DG. Central nervous
system control of food intake. Nature. 2000;404:661-71. https://doi.
0rg/10.1038/35007534.

Freeman DJ, Packard CJ. Smoking and plasma lipoprotein metabolism. Clin
Sci (Lond). 1995,89:333-42. https://doi.org/10.1042/cs0890333.

Bai FL, Yamano M, Shiotani Y, Emson PC, Smith AD, Powell JF, Tohyama M.

An arcuato-paraventricular and -dorsomedial hypothalamic neuropep-

tide Y-containing system which lacks noradrenaline in the rat. Brain Res.
1985;331:172-5. https://doi.org/10.1016/0006-8993(85)90730-9.

Billington CJ, Briggs JE, Grace M, Levine AS. Effects of intracerebroven-
tricular injection of neuropeptide Y on energy metabolism. Am J Physiol.
1991,260:R321-327. https://doi.org/10.1152/ajpregu.1991.260.2.R321.
Matsuda K, Matsumura K, Shimizu SS, Nakamachi T, Konno N. Neuropeptide
Y-Induced Orexigenic Action is attenuated by the orexin receptor antagonist
in Bullfrog Larvae. Front Neurosci. 2017;11:176. https://doi.org/10.3389/
fnins.2017.00176.

Durkin MM, Walker MW, Smith KE, Gustafson EL, Gerald C, Branchek TA.
Expression of a novel neuropeptide Y receptor subtype involved in food
intake: an in situ hybridization study of Y5 mRNA distribution in rat brain. Exp
Neurol. 2000;165:90-100. https://doi.org/10.1006/exnr.2000.7446.

Campbell RE, ffrench-Mullen JM, Cowley MA, Smith MS, Grove KL. Hypotha-
lamic circuitry of neuropeptide Y regulation of neuroendocrine function and
food intake via the Y5 receptor subtype. Neuroendocrinology. 2001;74:106-
19. https://doi.org/10.1159/000054676.

Rodriguez EM, Blazquez JL, Guerra M. The design of barriers in the hypo-
thalamus allows the median eminence and the arcuate nucleus to enjoy
private milieus: the former opens to the portal blood and the latter to the
cerebrospinal fluid. Peptides. 2010;31:757-76. https://doi.org/10.1016/.
peptides.2010.01.003.

Xu X, Song Z, Mao B, Xu G. Apolipoprotein A1-Related Proteins and Reverse
Cholesterol Transport in Antiatherosclerosis Therapy: recent progress

and future perspectives. Cardiovasc Ther. 2022;2022:4610834. https://doi.
0rg/10.1155/2022/4610834.

van der Velde AE. Reverse cholesterol transport: from classical view to new
insights. World J Gastroenterol. 2010;16:5908-15. https://doi.org/10.3748/wjg.
v16.i47.5908.

Zhang M, Li L, Xie W, Wu JF, Yao F, Tan YL, Xia XD, Liu XY, Liu D, Lan G, et al.
Apolipoprotein A-1 binding protein promotes macrophage cholesterol efflux
by facilitating apolipoprotein A-1 binding to ABCA1 and preventing ABCA1
degradation. Atherosclerosis. 2016;248:149-59. https://doi.org/10.1016/j.
atherosclerosis.2016.03.008.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 10 of 11

Oram JF. HDL apolipoproteins and ABCA1: partners in the removal of excess
cellular cholesterol. Arterioscler Thromb Vasc Biol. 2003;23:720-7. https://doi.
org/10.1161/01.Atv.0000054662.44688.9a.

Azzu 'V, Vacca M, Virtue S, Allison M, Vidal-Puig A. Adipose tissue-liver Cross
Talk in the control of whole-body metabolism: implications in nonalco-
holic fatty liver disease. Gastroenterology. 2020;158:1899-912. https://doi.
0rg/10.1053/j.gastro.2019.12.054.

Hodson L, Gunn PJ. The regulation of hepatic fatty acid synthesis and parti-
tioning: the effect of nutritional state. Nat Rev Endocrinol. 2019;15:689-700.
https://doi.org/10.1038/541574-019-0256-9.

Pralong FP, Gonzales C, Voirol MJ, Palmiter RD, Brunner HR, Gaillard RC,
Seydoux J, Pedrazzini T. The neuropeptide Y Y1 receptor regulates leptin-
mediated control of energy homeostasis and reproductive functions. Faseb j.
2002;16:712-4. https://doi.org/10.1096/f.01-0754fe.

Stofkova A, Skurlova M, Kiss A, Zelezna B, Zorad S, Jurcovicova J. Activation
of hypothalamic NPY, AGRP, MC4R, AND IL-6 mRNA levels in young Lewis rats
with early-life diet-induced obesity. Endocr Regul. 2009;43:99-106.

Guan XM, Yu H, Trumbauer M, Frazier E, Van der Ploeg LH, Chen H.

Induction of neuropeptide Y expression in dorsomedial hypothalamus

of diet-induced obese mice. NeuroReport. 1998;9:3415-9. https://doi.
0rg/10.1097/00001756-199810260-00015.

Lee SJ, Kirigiti M, Lindsley SR, Loche A, Madden CJ, Morrison SF, Smith MS,
Grove KL. Efferent projections of neuropeptide Y-expressing neurons of the
dorsomedial hypothalamus in chronic hyperphagic models. J Comp Neurol.
2013;521:1891-914. https://doi.org/10.1002/cne.23265.

Zhang Y, Liu CY, Chen WG, ShiYC, Wang CM, Lin S, He HF. Regulation of
neuropeptide Y in body microenvironments and its potential application

in therapies: a review. Cell Biosci. 2021;11:151. https://doi.org/10.1186/
$13578-021-00657-7.

CaiY,Wang Z LiL, He L, Wu X, Zhang M, Zhu P. Neuropeptide Y regulates
cholesterol uptake and efflux in macrophages and promotes foam cell
formation. J Cell Mol Med. 2022;26:5391-402. https://doi.org/10.1111/
jemm.17561.

O'Reilly ME, Kajani S, Ralston JC, Lenighan YM, Roche HM, McGillicuddy FC.
Nutritionally derived metabolic cues typical of the obese microenvironment
increase cholesterol efflux capacity of adipose tissue macrophages. Mol Nutr
Food Res. 2019,63:1800713. https://doi.org/10.1002/mnfr.201800713.
Frisdal E, Le Lay S, Hooton H, Poupel L, Olivier M, Alili R, Plengpanich W, Villard
EF, Gilibert S, Lhomme M, et al. Adipocyte ATP-binding cassette G1 pro-
motes triglyceride storage, fat mass growth, and human obesity. Diabetes.
2015;64:840-55. https://doi.org/10.2337/db14-0245.

Xu H, Thomas MJ, Kaul S, Kallinger R, Ouweneel AB, Maruko E, Oussaada SM,
Jongejan A, Cense HA, Nieuwdorp M, et al. Pcpe2, a Novel Extracellular Matrix
protein, requlates adipocyte SR-Bl-Mediated high-density lipoprotein uptake.
Arterioscler Thromb Vasc Biol. 2021;41:2708-25. https://doi.org/10.1161/
atvbaha.121.316615.

Rojas JM, Bruinstroop E, Printz RL, Alijagic-Boers A, Foppen E, Turney MK,
George L, Beck-Sickinger AG, Kalsbeek A, Niswender KD. Central nervous
system neuropeptide Y regulates mediators of hepatic phospholipid
remodeling and very low-density lipoprotein triglyceride secretion via sym-
pathetic innervation. Mol Metab. 2015;4:210-21. https://doi.org/10.1016/j.
molmet.2015.01.004.

Bruinstroop E, Pei L, Ackermans MT, Foppen E, Borgers AJ, Kwakkel J, Alke-
made A, Fliers E, Kalsbeek A. Hypothalamic neuropeptide Y (NPY) controls
hepatic VLDL-triglyceride secretion in rats via the sympathetic nervous
system. Diabetes. 2012,61:1043-50. https://doi.org/10.2337/db11-1142.
Borén J, Taskinen MR. Metabolism of Triglyceride-Rich Lipoproteins. Handb
Exp Pharmacol. 2022;270:133-56. https://doi.org/10.1007/164_2021_520.
Blumenthal JB, Andersen RE, Mitchell BD, Seibert MJ, Yang H, Herzog H,
Beamer BA, Franckowiak SC, Walston JD. Novel neuropeptide Y1 and Y5
receptor gene variants: associations with serum triglyceride and high-density
lipoprotein cholesterol levels. Clin Genet. 2002;62:196-202. https://doi.
0rg/10.1034/.1399-0004.2002.620302.x.

Karvonen MK, Koulu M, Pesonen U, Uusitupa MI, Tammi A, Viikari J, Simell O,
RonnemaaT. Leucine 7 to proline 7 polymorphism in the preproneuropep-
tide Y is associated with birth weight and serum triglyceride concentration in
preschool aged children. J Clin Endocrinol Metab. 2000;85:1455-60. https://
doi.org/10.1210/jcem.85.4.6521.

Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K. Ghrelin

is a growth-hormone-releasing acylated peptide from stomach. Nature.
1999;402(6762):656-60. https://doi.org/10.1038/45230.


https://doi.org/10.1016/s0026-0495(03)00274-9
https://doi.org/10.1016/s0026-0495(03)00274-9
https://doi.org/10.1210/jc.2003-030300
https://doi.org/10.1210/jc.2003-030300
https://doi.org/10.1042/bsr20181061
https://doi.org/10.1042/bsr20181061
https://doi.org/10.1007/s11906-017-0729-y
https://doi.org/10.1007/s11906-017-0729-y
https://doi.org/10.1038/sj.ijo.0801868
https://doi.org/10.1016/j.regpep.2005.05.003
https://doi.org/10.1016/j.regpep.2005.05.003
https://doi.org/10.1152/ajpregu.00286.2002
https://doi.org/10.1152/ajpregu.00286.2002
https://doi.org/10.1210/jc.2019-00643
https://doi.org/10.1210/jc.2014-2206
https://doi.org/10.1210/jc.2014-2206
https://doi.org/10.1038/35007534
https://doi.org/10.1038/35007534
https://doi.org/10.1042/cs0890333
https://doi.org/10.1016/0006-8993(85)90730-9
https://doi.org/10.1152/ajpregu.1991.260.2.R321
https://doi.org/10.3389/fnins.2017.00176
https://doi.org/10.3389/fnins.2017.00176
https://doi.org/10.1006/exnr.2000.7446
https://doi.org/10.1159/000054676
https://doi.org/10.1016/j.peptides.2010.01.003
https://doi.org/10.1016/j.peptides.2010.01.003
https://doi.org/10.1155/2022/4610834
https://doi.org/10.1155/2022/4610834
https://doi.org/10.3748/wjg.v16.i47.5908
https://doi.org/10.3748/wjg.v16.i47.5908
https://doi.org/10.1016/j.atherosclerosis.2016.03.008
https://doi.org/10.1016/j.atherosclerosis.2016.03.008
https://doi.org/10.1161/01.Atv.0000054662.44688.9a
https://doi.org/10.1161/01.Atv.0000054662.44688.9a
https://doi.org/10.1053/j.gastro.2019.12.054
https://doi.org/10.1053/j.gastro.2019.12.054
https://doi.org/10.1038/s41574-019-0256-9
https://doi.org/10.1096/fj.01-0754fje
https://doi.org/10.1097/00001756-199810260-00015
https://doi.org/10.1097/00001756-199810260-00015
https://doi.org/10.1002/cne.23265
https://doi.org/10.1186/s13578-021-00657-7
https://doi.org/10.1186/s13578-021-00657-7
https://doi.org/10.1111/jcmm.17561
https://doi.org/10.1111/jcmm.17561
https://doi.org/10.1002/mnfr.201800713
https://doi.org/10.2337/db14-0245
https://doi.org/10.1161/atvbaha.121.316615
https://doi.org/10.1161/atvbaha.121.316615
https://doi.org/10.1016/j.molmet.2015.01.004
https://doi.org/10.1016/j.molmet.2015.01.004
https://doi.org/10.2337/db11-1142
https://doi.org/10.1007/164_2021_520
https://doi.org/10.1034/j.1399-0004.2002.620302.x
https://doi.org/10.1034/j.1399-0004.2002.620302.x
https://doi.org/10.1210/jcem.85.4.6521
https://doi.org/10.1210/jcem.85.4.6521
https://doi.org/10.1038/45230

Zhao et al. Nutrition & Metabolism

82.

83.

84.

85.

86.

(2024) 21:52

LiZ,Xu G, QinY, Zhang C,Tang H, Yin Y, et al. Ghrelin promotes hepatic
lipogenesis by activation of mTOR-PPARy signaling pathway. Proc Natl Acad
Sci. 2014;111(36):13163-8. https://doi.org/10.1073/pnas. 1411571111,

Bai R, LiuY, Zhao C, Gao J, Liu R. Distribution and effect of ghrelin geno-
type on plasma lipid and apolipoprotein profiles in obese and nonobese
Chinese subjects. Horm (Athens). 2021;20:527-35. https://doi.org/10.1007/
542000-020-00258-y.

Kastin AJ, Akerstrom V. Orexin A but not orexin B rapidly enters brain from
blood by simple diffusion. J Pharmacol Exp Ther. 1999,289:219-23.
Skrzypski M, Kaczmarek TTL, Pruszynska-Oszmalek P, Pietrzak E, Szcz-
epankiewicz P, Kolodziejski D, Sassek PA, Arafat M, Wiedenmann A. Orexin

A stimulates glucose uptake, lipid accumulation and adiponectin secretion
from 3T3-L1 adipocytes and isolated primary rat adipocytes. Diabetologia.
2011;54:1841-52. https://doi.org/10.1007/500125-011-2152-2.

Gupta A, Miegueu P, Lapointe M, Poirier P, Martin J, Bastien M, Tiwari S, Cian-
flone K. Acute post-bariatric surgery increase in orexin levels associates with

preferential lipid profile improvement. PLoS ONE. 2014;9:e84803. https://doi.

0rg/10.1371/journal.pone.0084803.

Takamata A, Nishimura Y, Oka A, Nagata M, Kosugi N, Eguchi S, Negishi H,
Morimoto K. Endogenous androgens diminish Food Intake and activation
of Orexin A neurons in response to reduced glucose availability in male rats.
Nutrients. 2022;14. https://doi.org/10.3390/nu14061235.

87.

88.

89.

90.

Page 11 of 11

Kerem L, Lawson EA. The effects of Oxytocin on Appetite Regulation,

Food Intake and Metabolism in humans. Int J Mol Sci. 2021;22. https://doi.
0rg/10.3390/ijms22147737.

Ulrich-Lai YM, Herman JP. Neural regulation of endocrine and autonomic
stress responses. Nat Rev Neurosci. 2009;10:397-409. https://doi.org/10.1038/
nrn2647.

Martinez M, Hernanz A, Gémez-Cerezo J, Pefia JM, Vazquez JJ, Arnalich

F. Alterations in plasma and cerebrospinal fluid levels of neuropeptides

in idiopathic senile anorexia. Regul Pept. 1993;49:109-17. https://doi.
0rg/10.1016/0167-0115(93)90432-8.

Demitrack MA, Lesem MD, Listwak SJ, Brandt HA, Jimerson DC, Gold PW. CSF
oxytocin in anorexia nervosa and bulimia nervosa: clinical and patho-
physiologic considerations. Am J Psychiatry. 1990;147:882-6. https://doi.
org/10.1176/ajp.147.7.882.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1073/pnas.1411571111
https://doi.org/10.1007/s42000-020-00258-y
https://doi.org/10.1007/s42000-020-00258-y
https://doi.org/10.1007/s00125-011-2152-2
https://doi.org/10.1371/journal.pone.0084803
https://doi.org/10.1371/journal.pone.0084803
https://doi.org/10.3390/nu14061235
https://doi.org/10.3390/ijms22147737
https://doi.org/10.3390/ijms22147737
https://doi.org/10.1038/nrn2647
https://doi.org/10.1038/nrn2647
https://doi.org/10.1016/0167-0115(93)90432-8
https://doi.org/10.1016/0167-0115(93)90432-8
https://doi.org/10.1176/ajp.147.7.882
https://doi.org/10.1176/ajp.147.7.882

	﻿Association of cerebrospinal fluid NPY with peripheral ApoA: a moderation effect of BMI
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿﻿Participants﻿
	﻿Assessments, biological sample collection, and laboratory tests
	﻿﻿Statistical analysis﻿

	﻿Results
	﻿﻿Demographic and clinical characteristics﻿
	﻿﻿Correlation analysis﻿
	﻿﻿Moderation analysis for CSF appetite peptides and peripheral ApoA-I and ApoB﻿

	﻿﻿Discussion﻿
	﻿Conclusion
	﻿References


