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Abstract
Background: Excessive consumption of high-fat diets is associated with disordered metabolic responses, which may
lead to chronic diseases. High-fat diets containing different types of fatty acids lead to distinct alterations in metabolic
responses of gut-brain axis.
Methods: In our study, normal male C57BL/6J mice were fed to multiple high fatty acid diets (long-chain and
medium-chain saturated fatty acid, LCSFA and MCSFA group; n-3 and n-6 polyunsaturated fatty acid, n-3 and n-6 PUFA
group; monounsaturated fatty acid, MUFA group; trans fatty acid, TFA group) and a basic diet (control, CON group) for
19 weeks. To investigate the effects of high-fat diets on metabolic responses of gut-brain axis in obese mice, blood
lipids were detected by fast gas chromatography, and related proteins in brain and intestine were detected using
Western blotting, ELISA, and immunochemistry analysis.
Results: All high-fat diets regardless of their fatty acid composition induced obesity, lipid disorders, intestinal barrier
dysfunction, and changes in gut-brain axis related factors except basal diet in mice. For example, the protein expression of zonula occludens-1 (ZO-1) in ileum in the n-3 PUFA group was higher than that in the MCSFA group (P < 0.05).
The expressions of insulin in hippocampus and leptin in ileum in the MCSFA group significantly increased, compared
with other groups (all Ps < 0.05).
Conclusion: The high MCSFA diet had the most effect on metabolic disorders in gut-brain axis, but the high n-3
PUFA diet had the least effect on changes in metabolism.
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Introduction
Accumulating evidence have suggested that different
dietary components may modulate gene expression and
metabolic responses, which may in turn lead to increased
risk of chronic diseases including obesity, lipid disorders, insulin resistance, cognitive dysfunction, etc. [1].
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Numerous animal studies demonstrated that high-fat
diet induced obesity, even influenced cognitive function
[2, 3]. Obesity has been involved in hippocampal atrophy
and cognitive dysfunction in human [4, 5]. Epidemiological studies showed that increased consumption of polyunsaturated and monounsaturated fats was irrelevant to
weight change, but increased consumption of saturated
and trans fats was positively correlated to weight gain [6].
In addition to obesity, high-fat diet may also influence
the structure and function of intestinal epithelial barrier
[7] and central nervous system. Yang et al. showed that
high-fat diet decreased the mRNA expression of gut tight
junction protein occludin, claudin-3, zonula occludens-1
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(ZO-1) [8], which formed a selectively permeable seal
between adjacent cells [9] to protect intestinal mucosal
barrier. Destroyed permeability and integrity of intestinal
barrier may lead to release of bacteria, toxins, and other
molecules into blood [10], which may induce gut–brain
axis imbalance, cognitive function and behavior of obese
individuals [11].
Furthermore, some studies indicated that different fatty
acids induced different alterations in gut–brain axis, even
on the cognitive function in obese subjects. Wu et al.
demonstrated that high saturated fat diet reduced the
expression of brain-derived neurotrophic factor (BDNF)
in SD rats [12]. Related researches indicated that BDNF
expression increased in n-3 polyunsaturated fatty acid
(PUFA) adequate rats, which might be due to upregulating effects of n-3 PUFA on BDNF and its receptor [13].
Other studies indicated that saturated fatty acid increases
plasma leptin in humans [14], which was associated with
the occurrence of Alzheimer’s disease (AD) [15]. Kristine
et al. [16] showed that PUFA-rich diets reduced the ghrelin release to suppress postprandial hunger. However,
there is a paucity of cross-sectional comparisons of the
effects among different dietary fatty acids on gut–brain
axis.
In the present study, we examined the influence of
different dietary fatty acids on gut–brain axis in obese
C57BL/6J mice. The aim of our study is to compare the
effects of various high dietary fat acid diets exhibit on
metabolic responses across gut–brain axis in obese mice.

Materials and methods
Animals and diets

C57BL/6J male mice (aged 4 week-old), purchased from
Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China, SCXK—(Jing) 2016-0006), were
housed at room temperature (22 ± 1 °C) under a 12-h
light–dark cycle at the SPF Laboratory Animal Center.
After 4 weeks of acclimation, mice were randomly
assigned into seven weight-matched groups (n = 10
per group; group-housed 2 per cage): control group on
chow diet (CON group, 10% of energy derived from fat
research Diets D12450H) and other groups on high saturated fatty acids (long-chain: lard oil; medium-chain:
coconut oil), polyunsaturated fatty acids (n-3: flaxseed
oil; n-6: soybean oil), monounsaturated fatty acid (olive
oil), and trans fatty acid (hydrogenated soybean oil) diets
(LCFSA, MCSFA, n-3 PUFA, n-6 PUFA, MUFA, and
TFA group, respectively, 45% of energy derived from fat
research Diets D12451) for 19 consecutive weeks. Mice
were weighed weekly and observed daily.
At the end of study, overnight fasted mice were
anaesthetized with 5% chloral hydrate, and the blood
was collected with EDTA anticoagulation tube. The
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lipid profiles in plasma were measured using fast gas
chromatography analysis on a Shimadzu GC-2010 Gas
Chromatograph (Shimadzu, Japan). The collected fat
tissues (perirenal fat, peri-testicular fat, and omental
fat) were weighted. The brain, ileum, and colon tissues were collected for subsequent analysis. All animal
procedures were approved by Animal Care and Ethics Committee of Capital Medicine University (Ethics
Review No: AEEI-2018-061).
Western blotting

The brain, colon, and ileum tissues were lysed in Radio
Immunoprecipitation Assay (RIPA) lysis buffer (Roby,
China). BCA total protein assay kit was used to determine
the concentration of protein (Nanjing Jiancheng, China).
Equal amounts of protein extracts (50ug) were separated
by 12% SDS–polyacrylamide gel, and transferred onto
polyvinylidene difluoride membrane (Millipore, USA).
The membrane was blocked with 5% nonfat milk for 1 h
at room temperature, and then incubated with primary
antibodies for β-actin (Cell Signaling Technology, USA),
claudin-1, claudin-5, occludin, and ZO-1 (Abcam, USA)
overnight at 4 ℃. Subsequently, at room temperature, the
membrane was incubated with horseradish peroxidase
conjugated secondary antibodies (Cell Signaling Technology, USA) for 1 h. The bands were detected with an
enhanced chemiluminesence western blotting kit (Keygen Biotech, China) and exposed to Fusion Fx film (Vilber Lourmat, France). The results were quantified as the
ratio of relative gray value of target protein to the internal
control, β-actin.
ELISA and immunohistochemistry staining

The concentrations of BDNF and serotonin (5-HT) levels
in the brain, colon and ileum were measured by ELISA
kits (Mlbio, China) according to the manufacturer’s protocol. The level of ghrelin, insulin, and leptin in the brain,
and the levels of ghrelin and leptin in the ileum and colon
issues were detected by immunohistochemistry. Specimens were dehydrated, cleared, and paraffin-embedded.
The sections were conventionally dewaxed, washed, and
incubated in 3% H
 2O2 to quench endogenous peroxidase
activity. Next, the sections were incubated with specific
primary antibodies (ghrelin, insulin, and leptin, Servicebio, China) and second antibodies (Servicebio, China).
The immunoreaction was visualized by DAB reagents
and nucleus was lightly counterstained with hematoxylin. Then the sections were dehydrated and mounted. We
measured the sections using Image-Pro Plus 6.0 image
analysis system and examined the average optical density
values.
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Statistical analysis

Data were presented as mean ± standard deviation (SD)
using SPSS 23.0 software. The differences among all
groups were analyzed by one-way ANOVA followed
using Fisher’s protected least significant difference (LSD)
or Dunnett’s T3 and visualized with GraphPad Prism version 6.0. The two-sided significance level of the test was
0.05.

Results
Changes in the body weight and body fat

Figure 1 showed that the body weight of mice at the
beginning and the end of dietary treatment. No significant differences were shown at the beginning of treatment in mice (all Ps > 0.05). At the 19th week, the body
weights of mice in high-fat groups were all higher than
that in the CON group (all Ps < 0.05). The weight of mice
in the n-6 PUFA was significantly higher than that in the
LCSFA, MCSFA, n-3 PUFA, MUFA, and TFA groups (all
Ps < 0.05). Mice in the n-3 PUFA group had lower body
weight than that in the MUFA group (P < 0.05). The body

Fig. 1 Body weight of mice at the 0 and 19th week of intervention.
n = 10, data expressed as the mean ± SD. a P < 0.05, compared
to CON group; b: P < 0.05, compared to LCSFA group; c: P < 0.05,
compared to MCSFA group; d: P < 0.05, compared to n-3 PUFA group;
e: P < 0.05, compared to n-6 PUFA group
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weight of mice in the TFA group was higher than that in
the n-3 PUFA group (P < 0.05).
As shown in Fig. 2, compared with the CON group,
mice had higher contents of perirenal fat, peri-testicular fat, and omental fat in high-fat groups (all Ps < 0.05).
The perirenal fat in the n-6 PUFA group was higher than
those in other groups (all Ps < 0.05). The perirenal fat in
the LCSFA group was higher than that in the n-3 PUFA
groups (P < 0.05). The peri-testicular fat in the LCSFA,
n-6 PUFA, and TFA groups was higher than that in the
n-3 PUFA group (P < 0.05). Compared to that in the n-6
PUFA group, the MCSFA and MUFA groups had lower
peri-testicular fat contents (all Ps < 0.05). In addition,
compared with that in the n-6 PUFA group, other groups
had lower omental fat contents (all Ps < 0.05). The omental fat in the n-3 PUFA was lower than that in the LCSFA
group (P < 0.05).
In conclusion, the n-6 PUFA-rich diet had the greatest
effect on the increase in the body weight and body fat of
mice, while the n-3 PUFA-rich diet had the least effect.
Changes in the lipid profiles of plasma

As shown in Table 1, the lipid profiles in plasma of mice
were assayed. Compared with those in the CON group,
the concentrations of C18:2 n-6c, C20:4 n-6, total n-6
PUFA, and total PUFA increased in the LCSFA group.
In contract, the concentrations of C22:0, C16:1, C18:1
n-9c, and total MUFA decreased in the LCSFA group; the
concentrations of C12:0, C14:0, C16:1, C18:1 n-9c, total
MUFA, and C18:2 n-6c increased in the MCSFA group
(all Ps < 0.05). The concentrations of C18:2 n-6c, C18:3
n-3, C20:5 n-3, C22:6 n-3, total n-3 PUFA, and total
PUFA in the n-3 PUFA group were higher than those
in the CON group. Conversely, C16:0, C22:0, total SFA,
C16:1, C18:1 n-9c, total MUFA, C20:3 n-6, C20:4 n-6,
and n-6/n-3 PUFA of the n-3 PUFA group were lower (all
Ps < 0.05). Compared with those in the CON group, the
contents of C18:2 n-6c, total n-6 PUFA, C22:6 n-3, total

Fig. 2 Effect of diets on the body fat mass in obese mice. A Comparison of the levels of perirenal fat among the seven groups. B Comparison of
the levels of peri-testicular fat among the seven groups. C Comparison of the levels of omental fat among the seven groups. n = 10, data expressed
as the mean ± SD. a: P < 0.05, compared to CON group; b: P < 0.05, compared to LCSFA group; c: P < 0.05, compared to MCSFA group; d: P < 0.05,
compared to n-3 PUFA group; e: P < 0.05, compared to n-6 PUFA group
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Table 1 Effect of diets on the lipid profiles of plasma
Fatty acid
(mg/ml)

CON

LCSFA

MCSFA

n-3 PUFA

n-6 PUFA

MUFA

TFA

C8:0

0.000 ± 0.000

0.008 ± 0.015

0.000 ± 0.000

0.000 ± 0.000

0.000 ± 0.000

0.008 ± 0.021

0.000 ± 0.000

0.000 ± 0.000

0.000 ± 0.000

0.000 ± 0.000

C12:0
C13:0
C14:0
C15:0
C16:0
C17:0
C18:0
C20:0
C22:0
Total SFA
C14:1
C15:1
C16:1
C17:1
C18:1 n-9c
C20:1
Total
MUFA
C18:2 n-6c
C18:3 n-6
C20:3 n-6
C20:4 n-6
Total n-6
PUFA
C18:3 n-3
C20:5 n-3
C22:6 n-3

0.000 ± 0.000

0.005 ± 0.004

0.008 ± 0.022

0.002 ± 0.003

0.031 ± 0.008a

0.000 ± 0.000c
0.000 ± 0.000

1.000

0.436

0.003 ± 0.003c

63.585

< 0.001

1.750

0.129

0.751 ± 0.063

0.507 ± 0.089abc

0.613 ± 0.087c

0.691 ± 0.126d

0.648 ± 0.155d

4.060

0.002
0.306

0.413 ± 0.084

0.406 ± 0.094

0.001 ± 0.002

1.232

0.369 ± 0.061

0.381 ± 0.093

0.522

0.789

0.000 ± 0.000

1.000

0.436

51.476

< 0.001

1.044 ± 0.243c

5.016

< 0.001

1.021

0.423

0.000 ± 0.000

1.000

0.436
< 0.001

0.003 ± 0.003

0.000 ± 0.000

0.001 ± 0.002

0.000 ± 0.000

0.000 ± 0.000

0.001 ± 0.001

0.000 ± 0.000

0.433 ± 0.123

< 0.001

0.003 ± 0.003c

0.001 ± 0.001

0.408 ± 0.056

0.342

11.883

0.005 ± 0.009c

0.001 ± 0.001

0.668 ± 0.127

0.406 ± 0.021

0.000 ± 0.000

0.000 ± 0.000

0.001 ± 0.003

0.000 ± 0.000

0.000 ± 0.000

1.162

0.003 ± 0.007c

0.002 ± 0.002c

0.000 ± 0.000

0.000 ± 0.000

0.000 ± 0.000c

0.000 ± 0.000

0.001 ± 0.002

0.000 ± 0.000

0.007 ± 0.018
0.000 ± 0.000

0.000 ± 0.000a

0.120 ± 0.041b

0.000 ± 0.000ac

0.000 ± 0.000ac

0.028 ± 0.014abcde

0.002 ± 0.006acf

0.000 ± 0.000

0.003 ± 0.007

0.001 ± 0.002

0.000 ± 0.000

0.000 ± 0.000

0.000 ± 0.000

0.000 ± 0.000

0.090 ± 0.019

0.038 ± 0.012a

0.183 ± 0.037ab

0.020 ± 0.008ac

0.021 ± 0.006ac

0.039 ± 0.008acde

0.052 ± 0.013acde

85.237
1.512

0.194

0.389 ± 0.050

0.264 ± 0.066a

0.467 ± 0.090ab

0.155 ± 0.029abc

0.163 ± 0.037abc

0.538 ± 0.072abcde

0.360 ± 0.051bcdef

47.979

< 0.001

3.239

0.009

0.479 ± 0.064

0.306 ± 0.081a

0.658 ± 0.124ab

0.179 ± 0.038abc

0.185 ± 0.043abc

0.582 ± 0.086abde

0.411 ± 0.063bcdef

48.109

< 0.001

0.188 ± 0.032

0.377 ± 0.088a

0.278 ± 0.060ab

0.516 ± 0.077abc

0.671 ± 0.121abcd

0.322 ± 0.077ade

0.411 ± 0.042acdef

35.158

< 0.001

0.037 ± 0.019

0.037 ± 0.017

0.055 ± 0.019

0.010 ± 0.012abc

0.027 ± 0.018c

0.053 ± 0.026de

0.036 ± 0.018d

0.654 ± 0.101b

1.281 ± 0.218acd

1.063 ± 0.265acde

1.133 ± 0.253acd

0.101 ± 0.032

1.207 ± 0.123

0.000 ± 0.000

0.000 ± 0.000
0.000 ± 0.000

0.000 ± 0.000

1.121 ± 0.245

0.001 ± 0.003

0.001 ± 0.003
0.000 ± 0.000

0.001 ± 0.002

1.352 ± 0.107b
0.000 ± 0.000

0.003 ± 0.006
0.004 ± 0.004

0.002 ± 0.003

0.879 ± 0.144abc
0.000 ± 0.000

0.004 ± 0.006
0.000 ± 0.000

0.000 ± 0.000

1.033 ± 0.168c
0.000 ± 0.000

0.000 ± 0.000
0.001 ± 0.002

0.000 ± 0.000

0.000 ± 0.000

0.003 ± 0.006
0.003 ± 0.005

0.000 ± 0.000

0.000 ± 0.000

0.000 ± 0.000

0.655 ± 0.168a

0.498 ± 0.196

0.128 ± 0.043abc

0.000 ± 0.000

0.000 ± 0.000

0.001 ± 0.003

0.098 ± 0.028abc

0.003 ± 0.006d

0.000 ± 0.000d

0.000 ± 0.000d

0.107 ± 0.029

0.158 ± 0.059

0.102 ± 0.035

0.163 ± 0.025ac

0.240 ± 0.077ac

0.244 ± 0.035acd

0.000 ± 0.000

1.069 ± 0.234a

0.000 ± 0.000

0.833 ± 0.232b

0.000 ± 0.000

abc

0.198 ± 0.042

d

0.011 ± 0.009

abcd

0.009 ± 0.006

< 0.001

10.637

< 0.001

89.771

< 0.001
< 0.001
< 0.001

0.209 ± 0.050acd

40.425

< 0.001

17.787

< 0.001

6.604 ± 2.113

7.447 ± 2.196

8.430 ± 1.454

1.444 ± 0.247abc

5.510 ± 1.784d

4.173 ± 0.769 cd

5.582 ± 1.193 cd

Total PUFA

0.765 ± 0.121

1.227 ± 0.281a

0.936 ± 0.264b

1.113 ± 0.143a

1.534 ± 0.295abcd

1.316 ± 0.293ac

1.342 ± 0.283ac

0.000 ± 0.000

13.006

12.010

n-6/n-3
PUFA

0.000 ± 0.000

< 0.001

0.209 ± 0.050ac

0.459 ± 0.065abc

0.000 ± 0.000

0.040

5.361

165.265

0.103 ± 0.035

0.000 ± 0.000

2.423

0.000 ± 0.000df

0.158 ± 0.059

0.000 ± 0.000

0.253 ± 0.038abcd

0.686 ± 0.215acd

0.107 ± 0.029

0.000 ± 0.000

0.254 ± 0.083abcd

0.687 ± 0.189acd

0.000 ± 0.000

0.433 ± 0.104

0.658 ± 0.107

0.584 ± 0.101d

1.136 ± 0.227 cd

Total n-3
PUFA

C18:1n9t

P

0.043 ± 0.008ab

0.000 ± 0.000

0.692 ± 0.082

0.002 ± 0.005c

F

0.068 ± 0.034abcdef

8.748

< 0.001

31.490

< 0.001

Results expressed as mean ± SD, n = 8 per group; the significance of bold meant P < 0.05
a

P < 0.05, compared to CON group

b

P < 0.05, compared to LCSFA group

c

P < 0.05, compared to MCSFA group

d

P < 0.05, compared to n-3 PUFA group

e

P < 0.05, compared to n-6 PUFA group

f

P < 0.05, compared to MUFA group

n-3 PUFA, and total PUFA increased in the n-6 PUFA
group. Conversely, the contents of C22:0, C16:1, C18:1
n-9c, and total MUFA decreased in the n-6 PUFA group.
Compared with the CON group, the concentrations of
C18:1 n-9c, total MUFA, C18:2 n-6c, C20:4 n-6, total
n-6 PUFA, C22:6 n-3, total n-3 PUFA, and total PUFA
increased, but C22:0, and C16:1 decreased in the MUFA
group. Moreover, the contents of C18:2 n-6c, C20:4 n-6,
total n-6 PUFA, C22:6 n-3, total n-3 PUFA, total PUFA,

and C18:1 n-9t (TFA) in the TFA group were higher
those that in the CON group, while C22:0 and C16:1
were lower than those in the CON group (all Ps < 0.05).
In addition, according to the data in Table 1, we found
that the contents of total SFA and the n-6/n-3 PUFA ratio
were the highest, as well as the content of total n-3 PUFA
was the lowest of the plasma in the MCSFA group. But
the mice of the n-3 PUFA group presented the opposite
situation.
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Changes in the markers of intestinal barrier function

To determine the effect of different diets on the markers of intestinal barrier function, we examined the
expression of claudin-1, claudin-5, occludin, and ZO-1
proteins in the ileum and colon of mice. The Western
blotting results in Fig. 3 showed that the expression
level of claudin-5 in ileum decreased in the MCSFA,
n-3 PUFA, n-6 PUFA, MUFA, and TFA groups, compared with that in the CON group (all Ps < 0.05). The
claudin-5 expressions in colon in the LCSFA, MCSFA,
n-6 PUFA, and TFA groups were lower than that in
the CON group (all Ps < 0.05). The claudin-5 expression in colon in the n-6 PUFA group was lower than
those in the LCSFA, n-3 PUFA, and MUFA groups
(all Ps < 0.05). The occludin expression in colon in the
CON group was higher than those in the LCSFA and
MCSFA groups (all Ps < 0.05). Compared with that in
the MUFA group, the occludin expressions in colon
were decreased in the LCSFA, MCSFA, n-6 PUFA, and
TFA groups (all Ps < 0.05). The expression level of ZO-1
in ileum in the CON group was higher than those in the
LCSFA, MCSFA, n-6 PUFA, MUFA, and TFA groups
(all Ps < 0.05). Compared with that in the n-3 PUFA
group, the expression levels of ZO-1 in ileum decreased
in the MCSFA and TFA groups (all Ps < 0.05). Based
on the effect of dietary fat composition, the alteration
of gut tight junction proteins in the ileum among all
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groups showed a higher consistency than that in the
colon. The former suggested that high MCSFA and TFA
diets might cause stronger damage to mucosal barrier
in ileum.
Changes in the BDNF and 5‑HT of brain and intestine

As shown in Fig. 4, ELISA assay shows the protein
expression levels of BDNF and 5-HT in brain, ileum,
and colon. Compared with that in the CON group,
the BDNF expression decreased in brain in other
groups (all Ps < 0.05). The BDNF of brain in the MUFA
group was lower than that in the TFA group (P < 0.05).
Compared with that in the CON group, the BDNF of
colon decreased in the LCFSA and MCSFA groups (all
Ps < 0.05). The BDNF of colon in the n-3 PUFA group
was higher than that in the MCSFA group (P < 0.05).
The BDNF in colon in the n-6 PUFA group was lower
than those in the CON, LCSFA, MCSFA, n-3 PUFA,
and MUFA groups (all Ps < 0.05). Additionally, the
BDNF of colon in the TFA group was lower than those
in the CON, LCSFA, n-3 PUFA, and MUFA groups
(all Ps < 0.05). The expression levels of 5-HT in brain
decreased in the MUFA and TFA groups, compared
with the CON group (all Ps < 0.05). Overall, the n-3
PUFA group displayed the least effect on BDNF and
5-HT in gut–brain axis.

Fig. 3 Changes in the expression of tight junction proteins in ileum and colon. A The expression of claudin-1 in ileum was detected by Western
blotting analysis. B The expression of claudin-5 in ileum. C The expression of occuldin in ileum. D The expression of ZO-1 in ileum. E The expression
of claudin-1 in colon. F The expression of claudin-5 in colon. G The expression of occuldin in colon. H The expression of ZO-1 in colon. n = 3, data
expressed as the mean ± SD. a: P < 0.05, compared to CON group; b: P < 0.05, compared to LCSFA group; c: P < 0.05, compared to MCSFA group; d:
P < 0.05, compared to n-3 PUFA group; e: P < 0.05, compared to n-6 PUFA group; f: P < 0.05, compared to MUFA group
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Fig. 4 Changes in the protein levels of BDNF and 5-HT of brain, ileum, and colon. A The expression of BDNF in brain was detected by ELISA. B
The expression of BDNF in ileum. C The expression of BDNF in colon. D The expression of 5-HT in brain. E The expression of 5-HT in ileum. F The
expression of 5-HT in colon. n = 4, data expressed as the mean ± SD. a: P < 0.05, compared to CON group; b: P < 0.05, compared to LCSFA group;
c: P < 0.05, compared to MCSFA group; d: P < 0.05, compared to n-3 PUFA group; e: P < 0.05, compared to n-6 PUFA group; f: P < 0.05, compared to
MUFA group

Changes in the leptin, insulin, and ghrelin of hippocampus
and intestine

As shown in Figs. 5, 6 and 7, immunohistochemical analysis demonstrates that the leptin immunoexpression in
hippocampus in the MCSFA was lower than that in the

n-3 PUFA group (P < 0.05). The leptin of hippocampus
in the n-6 PUFA group was lower than that in the CON
group (P < 0.05). The leptin in hippocampus decreased
in the MUFA group, compared with those in the CON,
LCSFA, MCSFA, and n-3 PUFA groups (all Ps < 0.05).

Fig. 5 Changes in the immunoexpression of leptin, insulin, and ghrelin in hippocampus. A The expressions of leptin, insulin, and ghrelin
in hippocampus were evaluated by immunochemistry staining. The positivity was visualized in tan. B The immunoexpression of leptin in
hippocampus. C The immunoexpression of insulin in hippocampus. D The immunoexpression of ghrelin in hippocampus. n = 3, data expressed
as the mean ± SD. a: P < 0.05, compared to CON group; b: P < 0.05, compared to LCSFA group; c: P < 0.05, compared to MCSFA group; d: P < 0.05,
compared to n-3 PUFA group; f: P < 0.05, compared to MUFA group
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Fig. 6 Changes in the immunoexpression of leptin and ghrelin in ileum. A The expressions of leptin and ghrelin in ileum were evaluated by
immunochemistry staining. The positivity was visualized in tan. B The immunoexpression of leptin in ileum. C The immunoexpression of ghrelin in
ileum. n = 3, data expressed as the mean ± SD. a: P < 0.05, compared to CON group; b: P < 0.05, compared to LCSFA group; c: P < 0.05, compared to
MCSFA group; d: P < 0.05, compared to n-3 PUFA group; e: P < 0.05, compared to n-6 PUFA group; f: P < 0.05, compared to MUFA group

Fig. 7 Changes in the immunoexpression of leptin and ghrelin in colon. A The expressions of leptin and ghrelin in colon were evaluated by
immunochemistry staining. The positivity was visualized in tan. B The immunoexpression of leptin in colon. C The immunoexpression of ghrelin in
colon. n = 3, data expressed as the mean ± SD. a: P < 0.05, compared to CON group; b: P < 0.05, compared to LCSFA group; c: P < 0.05, compared to
MCSFA group; d: P < 0.05, compared to n-3 PUFA group; e: P < 0.05, compared to n-6 PUFA group; f: P < 0.05, compared to MUFA group

The insulin expressions in hippocampus decreased in
the LCSFA and MUFA groups, compared with those in
the CON and TFA groups (all Ps < 0.05). Compared with
that in the MCSFA group, the insulin in hippocampus
decreased in other groups (all Ps < 0.05). Compared with
that in the MCSFA group, the leptin in ileum decreased
in other groups (all Ps < 0.05). The ghrelin of ileum in
the CON group was higher than those in other groups
(all Ps < 0.05). The ghrelin of ileum in the n-3 PUFA
group was lower than that in the MCSFA group, in contract; it was higher than that in the MUFA group (both
Ps < 0.05). The ghrelin in ileum increased in the LCSFA,
MCSFA, and TFA groups, compared with those in the
n-6 PUFA and MUFA groups (all Ps < 0.05). The leptin
expressions of colon in the CON, n-3 PUFA, n-6 PUFA,
and TFA groups were lower than those in the LCSFA,
MCSFA, and MUFA groups (all Ps < 0.05). The leptin of
colon in the n-3 PUFA group was higher than that in the

n-6 PUFA group (P < 0.05). In addition, compared with
that in the MCSFA group, the levels of ghrelin of colon
were increased in the CON, LCSFA, n-3 PUFA, and n-6
PUFA groups (all Ps < 0.05). The ghrelin of colon in the
MUFA group was lower than those in other groups (all
Ps < 0.05). The ghrelin of colon in the TFA group was
lower than those in the CON, n-3 PUFA, and n-6 PUFA
groups (all Ps < 0.05). It was obvious of above results that
high MCSFA diet might upregulate the insulin expression
in hippocampus and the leptin in ileum of mice.

Discussion
The primary determinant of health is dietary components [17]. A lot of researches showed that high-fat diets
may induce obesity and affect brain function [18, 19].
Our results indicated that all high-fat groups significantly
increased body weights in mice, especially the n-6 PUFA
group, compared with the CON group at the end of this
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study. Moreover, the body fat mass, such as perirenal
fat, peri-testicular fat, and omental fat showed the same
trend as the body weight. Massiera et al. indicated that a
high ratio of n-6/n-3 PUFA may be a risk factor for obesity in rodents and possibly in humans [20]. Bruce-Keller
et al. [19] demonstrated that long-term consumption
of high SFA diet induced obesity in mice. Related studies showed that the consumption of TFA was related to
changes in blood lipids [21] and obesity in animals and
humans [22]. All these studies were similar to our outcomes. The effect of MUFA on obesity is controversial
in recent researches. Some studies indicated that MUFA
could reduce blood lipids in obese rats, even prevent obesity [23]. However, other studies showed that high MUFA
diet improved body mass in mice [24], which was similar with our study. Compared with other high-fat diets,
the high n-3 PUFA diet induced the smallest increases in
the weight and body fat of mice, which is similar to these
evidences showing that increased n-3 PUFA intake may
prevent obesity and reduce the body fat mass of obese
subjects [25–27].
High-fat diet-induced obesity leads to lipid disorders.
Our results showed that the contents of C12:0, C14:0,
C16:0, C22:0, total SFA, C16:1, C18:1 n-9c, total MUFA,
and n-6/n-3 PUFA in the MCSFA group were markedly
higher than those in most test groups. The contents of
C22:6 n-3 and total n-3 PUFA were markedly lower than
those in other test groups. Related researches in our subject group found that compared with healthy people, lipid
disorders in the brain and blood of people with cognitive
dysfunction showed high levels of SFA (especially C20:0)
[28], MUFA, and n-6 PUFA [29]. In contract, lower level
of n-3 PUFA (especially C22:6 n-3) was observed in those
people [30], which was similar with our findings. The
previous research of our group showed that the increased
plasma SFA and MUFA was positively correlated with the
incidence of mild cognitive impairment [28]. Reversely,
in our study, the contents of C16:0, total SFA, C18:1 n-9c,
total MUFA, C20:3 n-6, C20:4 n-6, total n-6 PUFA, and
n-6/n-3 PUFA in the n-3 PUFA group were markedly
lower than those in most test groups. Song et al. found
that with the increased ratio of serum n-3/n-6 PUFAs,
the risk of cognitive impairment in the elderly decreased
[31].
The tight junction complex between endothelial cells
involves transmembrane proteins (e.g. claudin-5, occludin) and scaffolding proteins (e.g. ZO-1, ZO-2), which
are important for paracellular space occlusion and
physical support [32]. However, high-fat diets affect the
expression of these proteins to undermine the permeability and integrity of intestinal barrier. Cani et al. [33]
demonstrated that the high-fat diet evidently increased
intestinal permeability by reducing the expressions of
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occludin and ZO-1. Gil-Cardoso et al. [34] also found
that the expressions of claudin-1 and ZO-1decreased in
obese Wistar rats, compared with the controls. Moreover,
AD related study found decreased expressions of claudin-1 and claudin-5 and increased blood–brain barrier
(BBB) permeability in their 3D human neural cell culture
microfluidic model [35]. However, Yuan and Willemsen
et al. indicated that n-3 PUFA supported epithelial barrier integrity and reduced IL-4 mediated permeability
[36, 37]. In our results, all high-fat diets decreased the
expressions of intestinal tight junction proteins, especially high MCSFA and TFA diets, but high n-3 PUFA
diet had minimal damage to the epithelial barrier, which
were consistent with previous related researches.
Furthermore, our study found that the protein expressions of BDNF in brain, ileum, and colon had different
degrees of reduction in all high-fat groups. BDNF is able
to suppress appetite signals in the brain and prevent obesity [38]. In addition, BDNF supports synaptic plasticity
and neuronal excitability, and was important for learning and memory function [39, 40]. Molteni et al. [41] also
showed that a high-fat, refined sugar diet reduced hippocampal BDNF, neuronal plasticity, and learning ability.
Wu et al. [12] indicated that SD rats fed long-term highfat diet had decreased levels of BDNF in brain, which was
similar to our outcome. Moreover, in our results, the levels of 5-HT in brain significantly decreased in the MUFA,
and TFA groups. But the high n-3 PUFA diet had the
least effect on BDNF and 5-HT in gut–brain axis. Related
researches demonstrated that 5-HT could enter central
nervous system through gut–brain axis, which affected
brain function [42]. Our findings showed that high-fat
diets might damage the gut–brain axis by modulating
BDNF and 5-HT, but whether n-3 PUFA has a protective
effect on this pathway needs further validation.
Leptin can reduce appetite and energy intake, and
regulate central nervous system inflammation as an
immunomodulatory factor [43]. Related researches
indicated that high SFA diet was positively correlated
with increased serum leptin in animals and humans
[44], which was associated with the occurrence of AD
[15]. Several studies found that leptin resistance is
associated with cognitive deficits [45, 46]. It is noteworthy that our outcome of leptin in hippocampus
was contrary to previous related researches, which
might because high-fat diets decreased the rate of leptin transported across the BBB [47]. In our study, the
insulin of hippocampus in the MCSFA group increased
among all groups, and decreased in the LCSFA and
MUFA groups, compared to the CON group. Perry
et al. [48] showed that high-fat diet led to obesity and
insulin resistance in rats. Some evidences indicated that
insulin, like leptin, might have a key role in cognitive
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function through regulation of synaptic plasticity
and trafficking of neurotransmitter receptors [49, 50].
The immunoexpression of ghrelin in ileum and colon
presented different degrees of reduction in six test
groups of our study. Zachary et al. [51] demonstrated
that high-fat diet resulted in the permeability of BBB
increasing and the active transport of ghrelin across the
BBB decreasing.
Taken together, our results revealed that all high
dietary fatty acid diets induced obesity accompanied
by lipid disorders, intestinal barrier dysfunction, and
changes in secreted cytokines from gut-brain axis
including BDNF, 5-HT, leptin, insulin, and ghrelin.
Among them, high MCSFA diet showed greater impact
in terms of inducing abnormal changes of metabolism
in gut-brain axis, and high n-3 PUFA diet had the least
effect on changes in metabolism, showing that contrary
to other types of high-fat diets, high MCSFA diet might
be more prone to induce gut-brain axis imbalance and
n-3 PUFA diet might have a protective effect on gutbrain axis.
Abbreviations
5-HT: Serotonin; AD: Alzheimer’s disease; BBB: Blood-brain barrier; BDNF:
Brain-derived neurotrophic factor; CON: Control; LCSFA: Long-chain saturated
fatty acid; MCSFA: Medium-chain saturated fatty acid; MUFA: Monounsaturated fatty acid; PLS: Fisher’s protected least significant difference; RIPA: Radio
immunoprecipitation assay; SD: Standard deviation; TFA: Trans fatty acid; ZO-1:
Zonula occludens-1.
Acknowledgements
Not applicable.
Author contributions
WM and RX have conceived and designed the study; YH and RF have carried
out major experiments and YH has written the manuscript; JS, RF, and YH
have performed the statistical analyses and interpreted the data. RX and WM
interpreted the data and revised the manuscript. All authors have read and
approved the final manuscript.
Funding
The work was supported by the grants from the National Natural Science
Foundation of China (Grant No. 81773406).
Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations
Ethical approval and consent to participate
All animal procedures were approved by Animal Care and Ethics Committee
of Capital Medicine University (Ethics Review No: AEEI-2018-061).
Consent for publication
Not applicable.
Competing interests
The authors declare no conflict of interest.

Page 9 of 10

Received: 19 October 2021 Accepted: 17 May 2022

References
1. Gonzalez-Becerra K, Ramos-Lopez O, Barron-Cabrera E, Riezu-Boj JI, Milagro FI, Martinez-Lopez E, Martinez JA. Fatty acids, epigenetic mechanisms
and chronic diseases: a systematic review. Lipids Health Dis. 2019;18:178.
https://doi.org/10.1186/s12944-019-1120-6.
2. Micioni Di Bonaventura MV, Martinelli I, Moruzzi M, Micioni Di Bonaventura E, Giusepponi ME, Polidori C, Lupidi G, Tayebati SK, Amenta F,
Cifani C, Tomassoni D. Brain alterations in high fat diet induced obesity:
effects of tart cherry seeds and juice. Nutrients. 2020;12:623–43. https://
doi.org/10.3390/nu12030623.
3. Ledreux A, Wang X, Schultzberg M, Granholm AC, Freeman LR. Detrimental effects of a high fat/high cholesterol diet on memory and hippocampal markers in aged rats. Behav Brain Res. 2016;312:294–304. https://doi.
org/10.1016/j.bbr.2016.06.012.
4. Liu CS, Carvalho AF, McIntyre RS. Towards a “metabolic” subtype of
major depressive disorder: shared pathophysiological mechanisms
may contribute to cognitive dysfunction. CNS Neurol Disord Drug Targ.
2014;13:1693–707. https://doi.org/10.2174/18715273136661411302
04031.
5. Shefer G, Marcus Y, Stern N. Is obesity a brain disease? Neurosci Biobehav
Rev. 2013;37:2489–503. https://doi.org/10.1016/j.neubiorev.2013.07.015.
6. Field AE, Willett WC, Lissner L, Colditz GA. Dietary fat and weight gain
among women in the nurses’ health study. Obesity (Silver Spring).
2007;15:967–76. https://doi.org/10.1038/oby.2007.616.
7. Zhu Z, Zhu B, Sun Y, Ai C, Wang L, Wen C, Yang J, Song S, Liu X. Sulfated
polysaccharide from sea cucumber and its depolymerized derivative
prevent obesity in association with modification of gut microbiota in
high-fat diet-fed mice. Mol Nutr Food Res. 2018;62:e1800446. https://doi.
org/10.1002/mnfr.201800446.
8. Yang Y, Zhang Y, Xu Y, Luo T, Ge Y, Jiang Y, Shi Y, Sun J, Le G. Dietary
methionine restriction improves the gut microbiota and reduces intestinal permeability and inflammation in high-fat-fed mice. Food Funct.
2019;10:5952–68. https://doi.org/10.1039/c9fo00766k.
9. Nitta T, Hata M, Gotoh S, Seo Y, Sasaki H, Hashimoto N, Tsukita FS. Sizeselective loosening of the blood–brain barrier in claudin-5-deficient
mice. J Cell Biol. 2003;161:653–60. https://doi.org/10.1083/jcb.200302070.
10. Fleissner CK, Huebel N, Abd El-Bary MM, Loh G, Klaus S, Blaut M. Absence
of intestinal microbiota does not protect mice from diet-induced obesity.
Br J Nutr. 2010;104:919–29. https://doi.org/10.1017/S0007114510001303.
11. Kim KA, Gu W, Lee IA, Joh EH, Kim DH. High fat diet-induced gut microbiota exacerbates inflammation and obesity in mice via the TLR4 signaling
pathway. PloS One. 2012;7:e47713. https://doi.org/10.1371/journal.pone.
0047713.
12. Wu A, Ying Z, Gomez-Pinilla F. The interplay between oxidative stress
and brain-derived neurotrophic factor modulates the outcome of a
saturated fat diet on synaptic plasticity and cognition. Eur J Neurosci.
2004;19:1699–707. https://doi.org/10.1111/j.1460-9568.2004.03246.x.
13. Bousquet M, Gibrat C, Saint-Pierre M, Julien C, Calon F, Cicchetti F. Modulation of brain-derived neurotrophic factor as a potential neuroprotective
mechanism of action of omega-3 fatty acids in a parkinsonian animal
model. Prog Neuropsychopharmacol Biol Psychiatr. 2009;33:1401–8.
https://doi.org/10.1016/j.pnpbp.2009.07.018.
14. Lepsch J, Farias DR, Vaz Jdos S, de Jesus Pereira Pinto T, da Silva Lima N,
Freitas Vilela AA, Cunha M, Factor-Litvak P, Kac G. Serum saturated fatty
acid decreases plasma adiponectin and increases leptin throughout
pregnancy independently of BMI. Nutrition. 2016;32:740–7. https://doi.
org/10.1016/j.nut.2016.01.016.
15. Zheng G, Wu SP, Hu Y, Smith DE, Wiley JW, Hong S. Corticosterone mediates stress-related increased intestinal permeability in a region-specific
manner. Neurogastroenterol Motil: Off J Eur Gastrointest Motil Soc.
2013;25:e127-139. https://doi.org/10.1111/nmo.12066.
16. Polley KR, Kamal F, Paton CM, Cooper JA. Appetite responses to high-fat
diets rich in mono-unsaturated versus poly-unsaturated fats. Appetite.
2019;134:172–81. https://doi.org/10.1016/j.appet.2018.12.008.
17. Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, Gordon JI. The effect
of diet on the human gut microbiome: a metagenomic analysis in

Hua et al. Nutrition & Metabolism

18.

19.

20.

21.
22.
23.
24.
25.

26.
27.
28.

29.

30.

31.

32.

33.

34.
35.

(2022) 19:40

humanized gnotobiotic mice. Sci Transl Med. 2009;1:6ra14. https://doi.
org/10.1126/scitranslmed.3000322.
Yu H-L, Bi Y-X, Ma W-W, He L-L, Yuan L-H, Feng J-F, Xiao R. Long-term
effects of high lipid and high energy diet on serum lipid, brain fatty acid
composition, and memory and learning ability in mice. Int J Dev Neurosci. 2010;28:271–6. https://doi.org/10.1016/j.ijdevneu.2009.12.001.
Bruce-Keller AJ, Salbaum JM, Luo M, Blanchard ET, Taylor CM, Welsh
DA, Berthoud HR. Obese-type gut microbiota induce neurobehavioral
changes in the absence of obesity. Biol Psychiatr. 2015;77:607–15. https://
doi.org/10.1016/j.biopsych.2014.07.012.
Massiera F, Barbry P, Guesnet P, Joly A, Luquet S, Moreilhon-Brest C,
Mohsen-Kanson T, Amri EZ, Ailhaud G. A Western-like fat diet is sufficient
to induce a gradual enhancement in fat mass over generations. J Lipid
Res. 2010;51:2352–61. https://doi.org/10.1194/jlr.M006866.
Allen BC, Vincent MJ, Liska D, Haber LT. Meta-regression analysis of the
effect of trans fatty acids on low-density lipoprotein cholesterol. Food
Chem Toxicol. 2016;98:295–307. https://doi.org/10.1016/j.fct.2016.10.014.
Ali Abd El-Aal Y, Mohamed Abdel-Fattah D, El-Dawy Ahmed K. Some
biochemical studies on trans fatty acid-containing diet. Diabetes Metab
Syndr. 2019;13:1753–7. https://doi.org/10.1016/j.dsx.2019.03.029.
Zhang Y, Cheng L. Study of olive oil and flax seed oil on fat rats lipidlowering and weight loss (in Chinese). Farm Prod Process. 2016;4:47–8.
https://doi.org/10.16693/j.cnki.1671-9646.
Mujico JR, Baccan GC, Gheorghe A, Diaz LE, Marcos A. Changes in gut
microbiota due to supplemented fatty acids in diet-induced obese mice.
Br J Nutr. 2013;110:711–20. https://doi.org/10.1017/S0007114512005612.
D’Archivio M, Scazzocchio B, Giammarioli S, Fiani ML, Vari R, Santangelo C,
Veneziani A, Iacovelli A, Giovannini C, Gessani S, Masella R. omega3-PUFAs
exert anti-inflammatory activity in visceral adipocytes from colorectal
cancer patients. PloS One. 2013;8:e77432. https://doi.org/10.1371/journal.
pone.0077432.
Buckley JD, Howe PR. Anti-obesity effects of long-chain omega-3 polyunsaturated fatty acids. Obes Rev. 2009;10:648–59. https://doi.org/10.1111/j.
1467-789X.2009.00584.x.
Micallef M, Munro I, Phang M, Garg M. Plasma n-3 polyunsaturated fatty
acids are negatively associated with obesity. Br J Nutr. 2009;102:1370–4.
https://doi.org/10.1017/S0007114509382173.
Fan R, Zhao L, Ding B-J, Xiao R, Ma W-W. The association of blood nonesterified fatty acid, saturated fatty acids, and polyunsaturated fatty acids
levels with mild cognitive impairment in Chinese population aged 35–64
years: a cross-sectional study. Nutr Neurosci. 2019;8:385–97. https://doi.
org/10.1080/1028415x.2019.1610606.
Milte CM, Sinn N, Street SJ, Buckley JD, Coates AM, Howe PRC. Erythrocyte
polyunsaturated fatty acid status, memory, cognition and mood in older
adults with mild cognitive impairment and healthy controls. Prostaglandins Leukot Essent Fat Acids. 2011;84:153–61. https://doi.org/10.1016/j.
plefa.2011.02.002.
Cunnane SC, Schneider JA, Tangney C, Tremblay-Mercier J, Fortier M, Bennett DA, Morris MC. Plasma and brain fatty acid profiles in mild cognitive
impairment and Alzheimer’s disease. J Alzheimer’s Dis: JAD. 2012;29:691–
7. https://doi.org/10.3233/JAD-2012-110629.
Song S, Wang H, Jia S, Man Q, Qin B, Zhang J. Analysis of correlation
between serum fatty acid profile and cognitive impairment in the elderly
(in Chinese). Chin J Prev Med. 2018;52:636–41. https://doi.org/10.3760/
cma.j.issn.0253-9624.2018.06.013.
Sladojevic N, Stamatovic SM, Johnson AM, Choi J, Hu A, Dithmer S, Blasig
IE, Keep RF, Andjelkovic AV. Claudin-1-Dependent destabilization of the
blood–brain barrier in chronic stroke. J Neurosci. 2019;39:743–57. https://
doi.org/10.1523/JNEUROSCI.1432-18.2018.
Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, Burcelin R. Changes in gut microbiota control metabolic endotoxemia-induced
inflammation in high-fat diet-induced obesity and diabetes in mice.
Diabetes. 2008;57:1470–81. https://doi.org/10.2337/db07-1403.
Gil-Cardoso K, Ginés I, Pinent M, Ardévol A, Terra X, Blay M. A cafeteria diet
triggers intestinal inflammation and oxidative stress in obese rats. Br J
Nutr. 2017;117:218–29. https://doi.org/10.1017/S0007114516004608.
Shin Y, Choi SH, Kim E, Bylykbashi E, Kim JA, Chung S, Kim DY, Kamm RD,
Tanzi RE. Blood–brain barrier dysfunction in a 3D in vitro model of Alzheimer’s disease. Adv Sci. 2019;6:1900962. https://doi.org/10.1002/advs.
201900962.

Page 10 of 10

36. Lu Y-Y, Yan K-S, Fan C-N, Ding X, Wang C, Xia L-L, Zhan D-W, Qi K-M. Effect
of dietary n-3 polyunsaturated fatty acids on the gut microbiota in dietinduced obese mice (in Chinese). CJCHC. 2014;22:1157–60. https://doi.
org/10.11852/zgetbjzz2014-22-11-12.
37. Willemsen LE, Koetsier MA, Balvers M, Beermann C, Stahl B, van Tol EA.
Polyunsaturated fatty acids support epithelial barrier integrity and reduce
IL-4 mediated permeability in vitro. Eur J Nutr. 2008;47:183–91. https://
doi.org/10.1007/s00394-008-0712-0.
38. Schéle E, Grahnemo L, Anesten F, Hallén A, Bäckhed F, Jansson J-O. The
gut microbiota reduces leptin sensitivity and the expression of the obesity-suppressing neuropeptides proglucagon (Gcg) and brain-derived
neurotrophic factor (Bdnf ) in the central nervous system. Endocrinology.
2013;154:3643–51. https://doi.org/10.1210/en.2012-2151.
39. Jovanovic JN, Czernik AJ, Fienberg AA, Greengard P, Sihra TS. Synapsins
as mediators of BDNF-enhanced neurotransmitter release. Nat Neurosci.
2000;3:323–9. https://doi.org/10.1038/73888.
40. Kovalchuk Y, Hanse E, Kafitz KW, Konnerth A. Postsynaptic induction of
BDNF-mediated long-term potentiation. Science. 2002;295:1729–34.
https://doi.org/10.1126/science.1067766.
41. Molteni R, Barnard RJ, Ying Z, Roberts CK, Gómez-Pinilla F. A high-fat,
refined sugar diet reduces hippocampal brain-derived neurotrophic
factor, neuronal plasticity, and learning. Neuroscience. 2002;112:803–14.
https://doi.org/10.1016/s0306-4522(02)00123-9.
42. Tillisch K. The effects of gut microbiota on CNS function in humans. Gut
Microbes. 2014;5:404–10. https://doi.org/10.4161/gmic.29232.
43. Sharon G, Garg N, Debelius J, Knight R, Dorrestein PC, Mazmanian SK.
Specialized metabolites from the microbiome in health and disease. Cell
Metab. 2014;20:719–30. https://doi.org/10.1016/j.cmet.2014.10.016.
44. Moloney RD, Desbonnet L, Clarke G, Dinan TG, Cryan JF. The microbiome: stress, health and disease. Mamm Gen: Off J Int Mamm Gen Soc.
2014;25:49–74. https://doi.org/10.1007/s00335-013-9488-5.
45. Winocur G, Greenwood CE, Piroli GG, Grillo CA, Reznikov LR, Reagan LP,
Mcewen BS. Memory impairment in obese Zucker rats: An investigation
of cognitive function in an animal model of insulin resistance and obesity. Behav Neurosci. 2005;119:1389–95. https://doi.org/10.1051/epjap:
1999179.
46. Farr SA, Banks WA, Morley JE. Effects of leptin on memory processing.
Peptides. 2006;27:1420–5. https://doi.org/10.1016/j.peptides.2005.10.006.
47. Banks WA, Burney BO, Robinson SM. Effects of triglycerides, obesity, and
starvation on ghrelin transport across the blood–brain barrier. Peptides.
2008;29:2061–5. https://doi.org/10.1016/j.peptides.2008.07.001.
48. Perry RJ, Peng L, Barry NA, Cline GW, Zhang D, Cardone RL, Petersen KF,
Kibbey RG, Goodman AL, Shulman GI. Acetate mediates a microbiomebrain-β-cell axis to promote metabolic syndrome. Nature. 2016;534:213–
7. https://doi.org/10.1038/nature18309.
49. Fadel JR, Jolivalt CG, Reagan LP. Food for thought: the role of appetitive
peptides in age-related cognitive decline. Agng Res Rev. 2013;12:764–76.
https://doi.org/10.1016/j.arr.2013.01.009.
50. Gemma M, Yasaman M, Jenni H. Minireview: food for thought: regulation
of synaptic function by metabolic hormones. Mol Endocrinol. 2015;29:3–
13. https://doi.org/10.1210/me.2014-1328.
51. Cordner ZAA, Tamashiro KLK. Effects of high-fat diet exposure on learning
and memory. Physiol Behav. 2015;152:363–71. https://doi.org/10.1016/j.
physbeh.2015.06.008.

Publisher’s Note

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

