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Abstract 

Background: Non‑alcoholic fatty liver disease (NAFLD), which is growing more common in the Western world, has 
become the main cause of chronic liver disease and is strongly associated with metabolism syndromes. NAFLD can 
indicate a wide spectrum of hepatic pathologies, ranging from simple hepatic steatosis and inflammatory non‑
alcoholic steatohepatitis to more severe stages of fibrosis and cirrhosis. Moreover, evidence has demonstrated that 
physical inactivity and westernized dietary habits may facilitate the development of NAFLD. Lipid modulation and 
metabolism could be important factors in the development of steatosis. Lipid species, characterized using a lipidomic 
approach with untargeted analysis, could provide potential biomarkers for the pathogenesis of NAFLD or therapeutic 
applications. Thus, in this study, the effects of exercise on the improvement of NAFLD were further investigated from a 
lipidomic perspective through the aspects of lipid regulation and metabolism.

Methods: Wild type (WT) C57BL/6 J and C57BL/6‑ApoEem1Narl/Narl mice were assigned to one of four groups: WT 
mice fed a normal chow diet (CD), apolipoprotein E (ApoE) knockout mice fed a normal CD, ApoE knockout mice fed 
a high‑fat diet (HFD), and ApoE knockout mice fed a HFD and provided with swimming exercise. The treatments (e.g., 
normal diet, HFD, and exercise) were provided for 12 consecutive weeks before the growth curves, biochemistry, fat 
composition, pathological syndromes, and lipid profiles were determined.

Results: Exercise significantly reduced the HFD‑induced obesity (weight and fat composition), adipocyte hyper‑
trophy, liver lipid accumulation, and pathological steatosis. In addition, exercise ameliorated HFD‑induced steatosis 
in the process of NAFLD. The lipidomic analysis revealed that the changes in plasma triglyceride (14:0/16:0/22:2), 
phosphatidic acid (18:0/17:2), and phosphatidylglycerol (16:0/20:2) induced by the administration of the HFD could 
be reversed significantly by exercise.

Conclusions: The 12‑week regular exercise intervention significantly alleviated HFD‑induced NAFLD through modu‑
lation of specific lipid species in plasma. This finding could elucidate the lipids effects behind the hepatic pathogen‑
esis with exercise.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) has become 
a major cause of hepatic dysfunction worldwide. The 
average global prevalence of NAFLD is approximately 
25%; however, this rate varies widely (e.g., 21%–24.7% in 
the USA, 12.5%–38% in Mainland China, 12%–51% in 
Taiwan, 23%–26% in Japan, 27% in Korea, and 9%–32% 
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in India) due to differences in the diagnostic methods 
and criteria [1]. A survey conducted in the USA inves-
tigated the annual economic burden caused by NAFLD 
and estimated that the cost was as high as 103 and 188 
billion USD from the direct medical care costs and soci-
etal costs, respectively [2]. NAFLD is associated with 
metabolic conditions and complications, such as obe-
sity, diabetes, cardiovascular disease, gout, chronic kid-
ney disease, polycystic ovary syndrome, hypothyroidism, 
hypogonadism, and obstructive sleep apnea. [3]. Owing 
to the rate of hepatic cirrhosis caused by NAFLD, it is 
estimated that the demand for liver transplantation will 
increase by 2030 [4].

The lipids stored in the liver are derived from three 
major sources: free fatty acids from blood, de novo lipo-
genesis, and dietary intake. The metabolic processes 
resulting from a high-fat diet (HFD) can cause oxidative 
stress in mitochondria and the endoplasmic reticulum, 
as well as induce de novo lipogenesis and inflammation. 
This process accelerates the development of NAFLD 
[5]. NAFLD includes a wide spectrum of diseases, such 
as simple steatosis (NAFL), non-alcoholic steatohepati-
tis (NASH), fibrosis, and cirrhosis. In some cases, these 
conditions may eventually progress into hepatocellular 
carcinoma [6]. NAFLD involves complex processes and 
underlying mechanisms, including the malfunction of 
mitochondria and the endoplasmic reticulum, activation 
of the immune system, hepatocyte apoptosis and necro-
sis, the deposition of iron, and dysbiosis of microbiota 
[7]. The lipotoxicity, excessive fat accumulation-caused 
malfunctions in several metabolic pathways, demon-
strated insulin resistance associated with elevated circu-
lating levels of lipids and the metabolic alterations in fatty 
acid utilization and intracellular signaling. The protein 
kinase C and the JNK-1 pathways were possibly involved 
as mechanisms for lipotoxicity-induced insulin resistance 
in nonadipose tissue organs, such as liver and muscle [8].

In therapeutic strategies for NAFLD, nutrition man-
agement (e.g., calorie limitation or the Mediterranean 
diet) can mitigate or prevent the progression of NAFLD 
[9]. The utilization of pharmaceuticals for weight loss or 
hyperlipidemia could also be considered by physicians 
for treating obesity and NAFLD. In addition, bariatric 
surgery may reverse hepatic pathogenesis in patients 
with NAFLD and NASH. However, there is a need for 
large randomized clinical trials to examine the benefi-
cial effects of this surgical intervention [10]. A sedentary 
lifestyle, physical inactivity, and excessive caloric intake 
can contribute synergistically to NAFLD. Therefore, as 
shown by clinical evidence, lifestyle modification could 
be used as a primary therapy to manage NAFLD and 
NASH [11]. Exercise reduces the accumulation of hepatic 
fat with improvements in insulin resistance, liver fatty 

acid metabolism, and inflammation through regulation 
of lipogenesis genes and mitochondrial function for the 
amelioration of fatty liver disease [12]. Moreover, the 
levels of reactive oxygen species and oxidative stress in 
NAFLD can be suppressed by exercise, which upregu-
lates several antioxidant enzymes and anti-inflammatory 
mediators. Therefore, exercise itself may prevent the pro-
gression of NAFLD [13].

Lipidomics analysis, based on the principles of ana-
lytical chemistry and mass spectrometry (MS) technol-
ogy, reveals the complex lipid species related to barriers, 
membrane matrices, signaling, and energy depots for 
essential cellular functions. The MS-based techniques 
utilized in lipidomics analysis include liquid chro-
matography (LC)-based methods, shotgun, and MS 
imaging with different types of LC–MS, tandem MS, 
matrix-assisted laser desorption ionization MS, tandem 
MS, desorption electrospray ionization MS, and ion 
mobility MS. These methods are characterized by differ-
ent advantages and limitations [14]. From the perspective 
of the lipidome, lipid metabolism may play role important 
roles in metabolic syndrome-related diseases and lead to 
the identification of modulators or biomarkers [15]. The 
varying lipid profiles derived from different interven-
tions, such as nutrition, medicine, and exercise, could 
also provide a better understanding of disease develop-
ment. Numerous studies have demonstrated that exercise 
can improve NAFLD and obesity. However, the lipid pro-
file following exercise remains poorly understood. There-
fore, we hypothesized that regular exercise could alleviate 
NAFLD induced by a HFD provided to apolipoprotein E 
(ApoE) knockout mice, possibly through the regulation of 
adipogenic genes and changes in the lipidomic profile.

Materials and methods
Animals
Male C57BL/6-Apoeem1Narl/Narl mice with the knock-
out of ApoE inducing spontaneous hyperlipidemia 
syndromes (ApoE knockout) and C57BL/6J (wild type 
[WT]) mice of the same age (seven weeks) and gender 
were purchased from the National Laboratory Animal 
Center (Taipei, Taiwan) and maintained in the labora-
tory animal center of Taipei Medical University under 
stable conditions: constant temperature (24 ± 2  °C); 
humidity (50 ± 5%); and circadian rhythm (12:12  h 
light:dark cycle). The study was approved by the Institu-
tional Animal Care and Use Committee of Taipei Medi-
cal University, and the procedures conformed to the 
guidelines of LAC-2017-0230 for animal welfare. The 
mice were assigned to four groups (six mice per group) 
as follows: WT mice fed a normal chow diet (CD) (i.e., 
WT CD); ApoE knockout mice fed a normal CD (EKO 
CD); ApoE knockout mice fed a HFD (EKO HD); and 
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ApoE knockout mice fed a HFD and provided with swim-
ming exercise (EKO HD EX). Standard CD (Laboratory 
Rodent Diet 5001; LabDiet, St. Louis, MO, USA) with an 
energy density of 3.10 kcal/g (28.5% energy derived from 
proteins, 13.5% from fats (ether extract), and 58% from 
carbohydrates) and a HFD (Diet #D12079B; Research 
Diets, New Brunswick, NJ, USA) with an energy den-
sity of 4.67  kcal/g (17% energy derived from proteins, 
40% from fats (butter and corn oil), and 43% from car-
bohydrates) were provided in this study for 12 weeks as 
dietary interventions after one week of acclimation. The 
body weight and dietary intake were regularly recorded 
during the study for the calculation of calories, the feed 
conversion ratio (FCR; %; net weight production/total 
feed weight), and the construction of growth curves. Tis-
sues (e.g., white adipocyte tissue and liver) and blood 
were collected and preserved in liquid nitrogen for fur-
ther analysis immediately after the study ended. Veteri-
narians monitored animal health status daily based on 
behavior and appearance and inspected the manipulation 
procedures to ensure animal welfare.

Exercise protocol
The swimming exercise training was performed in a 
cylindrical tank without a weight load, and the water 
temperature was maintained at 36  °C. The mice in the 
EKO HD EX group practiced the swimming behavior 
(10  min/day) for three days prior to the exercise inter-
vention. The duration of swimming was 30  min/day for 
weeks 1–2 and 40 min/day for weeks 3–12 at a frequency 
of five days/week. An air pump system was incorporated 
into the tank to produce turbulent motion from bubbles 
to prevent floating or resting behavior. After swimming, 
the trained mice were towel-dried and inspected before 
being returned to their cage. The exercise protocol was 
previously described [16], and involved slight modifi-
cations for animal physical fitness and environmental 
factors.

Blood biochemical testing
After euthanasia through asphyxiation with  CO2 (30% 
of the cage volume/minute replacement), blood was 
immediately collected by cardiac puncture in a 1.5  mL 
anticoagulant tube. Subsequently, the samples were 
centrifuged at 3,000 rpm and 4  °C for 10 min to collect 
plasma. The levels of total cholesterol (TC), triglyceride 
(TG), low-density lipoprotein cholesterol (LDL-c), high-
density lipoprotein cholesterol (HDL-c), aspartate ami-
notransferase (AST), and alanine aminotransferase (ALT) 
in plasma were measured using a Roche Modular P800 
device (Roche Diagnostics, Indianapolis, IN, USA).

Histopathological analysis of adipocyte distribution 
and hepatic steatosis
White adipose tissues (epididymal and perirenal white 
adipose tissues [eWAT and pWAT, respectively]) and the 
liver were precisely excised and weighed to determine 
the body composition of the mice. Subsequently, tis-
sues were preserved in 4% formaldehyde and embedded 
in paraffin. The paraffin-embedded tissue samples were 
sectioned (thickness: 4 μm) and stained with hematoxy-
lin and eosin for histological observation. Each section 
contained five fields (approximately 150 adipocytes) of 
eWAT, which were systematically analyzed to determine 
the adipocyte area (μm2) and adipocyte size distribution 
using Adiposoft ImageJ software (National Institutes of 
Health, Bethesda, Maryland, USA) [17]. In addition, the 
hepatic histological pathogenesis of steatosis was graded 
according to previous pathological standards, with slight 
modification [18].

Hepatic TG assessment
Hepatic TGs were assessed using an enzyme-linked 
immunosorbent assay colorimetric assay kit (#10010303; 
Cayman Chemical, Ann Arbor, MI, USA). Frozen hepatic 
tissue (approximately 400  mg) was homogenized with 
diluted NP40 substitute reagent (2  mL) and centrifuged 
at 10,000 g and 4 ℃ for 10 min. The supernatant was fur-
ther diluted (1:10) for the assessment of TGs according to 
the instructions provided by the manufacturer.

Plasma lipidomic profile analysis
The Folch method was used to extract plasma lipids, 
and the lipids were separated from the biphasic mixture 
of chloroform and methanol as previous described [19] 
with slight modifications. Initially, methanol (5 mL) was 
added to plasma samples (n = 6; 40 µL each) collected 
from the four groups. This was followed by addition of 
 CHCl3 (3 mL) and incubation for 1 h at room tempera-
ture with occasional vortex mixing. Next, after adding 
distilled water (1.25 mL), the samples were left at room 
temperature for 10 min to facilitate the phase separation. 
After centrifugation at 10,000 g and 4 ℃ for 10 min, the 
organic phase was aliquoted (2  mL/sample) for vacuum 
drying and stored at − 80 °C until further analysis.

The samples were reconstituted with isopropanol/
acetonitrile/water (2:1:1; 250 μL) for ultra-performance 
LC-quadrupole time of flight/MS analysis performed 
using SYNAPT G2 QTof (Waters MS Technologies, 
Manchester, UK). The MS conditions in positive ioni-
zation mode detection were as follows: desolvation gas 
flow 900 L/h; desolvation temperature 550  °C; cone gas 
flow 15 L/h; source temperature 120  °C; capillary volt-
age 2.8  kV; cone voltage 40  V; and time of flight-MS 
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scan range 100–2,000  m/z. The two rapidly alternating 
functions with different levels of collision energy could 
simultaneously collect full exact masses in the Waters 
MS acquisition mode. All analyses were performed using 
LockSpray (Waters, Milford, MA, USA) to ensure accu-
racy and reproducibility. Leucine–enkephalin (concen-
tration: 1 ng/μL; flow rate: 5 μL/min) was applied to the 
lock mass in a continuum mode. Waters MassLynx v4.1 
software (Waters MS Technologies) was utilized to con-
trol the conditions for the acquisition of all data. Data 
were obtained from six individual samples/group, and 
each sample was analyzed in triplicate.

The MS data were processed using the Progenesis QI 
software (Waters, Milford, MA, USA) for alignment by 
peak picking and identification of polar lipids with high-
resolution positive-ion MS. The absolute intensities of 
compounds identified by the Progenesis QI software 
were recalculated to determine the relative abundances 
and to normalize the values of the lipid molecules. The 
data were further imported into the EZinfo 2.0 software 
(Sartorius Stedim Biotech, Umeå, Sweden) for multi-
variate statistical analysis. Principal component analysis 
(PCA) and orthogonal projections to latent structures 
discriminant analysis (OPLS-DA) were used to obtain the 
group clusters with the final statistical models. For group 
clustering, lipid molecules with variable importance in 
the projection > 1, fold change > 1, and p values < 0.05 
were considered to have the greatest effect.

Statistical analysis
Data are represented as the mean ± standard deviation 
(SD). The statistical analysis was performed using SPSS 
Statistics version 22 (IBM Corporation, Armonk, NY, 
USA). Differences among groups in body weight, dietary, 
feed conversion ratio, lipemia indexes, hepatic indexes, 
fat composition, and adipocyte area were analyzed 
using one-way analysis of variance (one-way ANOVA), 
followed by post-hoc Duncan’s test. The lipid species 
profiles were analyzed by independent t test between 
indicated groups. A probability of a type I error < 0.05 
denoted significant difference.

Results
Effects of exercise on growth curves, dietary intake, 
and FCR in mice with HFD‑induced obesity
The average initial body weight in the four groups 
was approximately 23.7  g without significant differ-
ences (F(3,20) = 1.43, p = 0.265). Mice in different 
treatment groups were subjected to exercise and the 
HFD intervention for 12  weeks. Significant differ-
ences were observed in the main and interaction effects 
for two factors: time and treatment (F(6,120) = 557.5, 
p < 0.0001; F(3,20) = 19.7, p < 0.0001; F(18,120) = 31.8, 

p < 0.0001, respectively; Fig.  1a). Significant differences 
were observed in the simple main effects among the 
groups at week 12 (F(3,20) = 52.0, p < 0.0001). The body 
weight in the EKO HD group was significantly higher 
than that recorded in the normal CD groups (WT CD 
and EKO CD). The exercise intervention group (EKO 
HD EX) showed a significant decrease in body weight 
compared with the EKO HD group (Fig.  1b). The food 
and caloric intake also demonstrated significant differ-
ences among these groups (F(3,20) = 13.9, p < 0.0001 and 
F(3,20) = 5.54, p = 0.006, respectively). The food intake 
in the HFD groups (EKO HD and EKO HD EX groups) 
was significantly lower than that measured in the normal 
CD groups (WT CD and EKO CD groups). In accord-
ance with the caloric intake, the EKO HD group also 
showed a significant increase compared with the WT CD 
and EKO CD groups; nevertheless, there was no signifi-
cant difference between the EKO HD and EKO HD EX 
groups (Fig. 1c, d). The exercise training for extra energy 
expenditure also caused significant differences among the 
groups in FCR (F(3,20) = 82.9, p < 0.0001). The FCR of the 
EKO HD group showed significant increment compared 
with those of the normal CD groups (WT CD and EKO 
CD groups). In addition, the exercise intervention (EKO 
HD EX group) significantly ameliorated the FCR increase 
caused by HFD in the EKO HD group (Fig. 1e). The extra 
energy consumption, a result of the daily exercise train-
ing, alleviated the HFD-induced weight gain (obesity) 
and FCR. These potential health benefits derived from 
exercise may prevent the occurrence of obesity-associ-
ated complications.

Effects of exercise on plasma biochemical parameters
The biochemical indices (e.g., TG, TC, LDL-c, HDL-c, 
AST, and ALT) reflect the physiological and health sta-
tus in clinical and disease animal models. The dyslipi-
demia (TG, TC, LDL-c, HDL-c, and LDL/HDL ratio) 
and liver function (AST and ALT) indices in the current 
HFD-induced obesity model revealed significant dif-
ferences among the groups (F(3,20) = 16.4, p < 0.0001; 
F(3,20) = 140.1, p < 0.0001; F(3,20) = 171.6, p < 0.0001; 
F(3,20) = 55.9, p < 0.0001; F(3,20) = 86.4, p < 0.0001; 
F(3,20) = 79.1, p < 0.0001; and F(3,20) = 18.6, p < 0.0001, 
respectively; Fig.  2). The TG, TC, LDL-c, and LDL/
HDL ratio indices were elevated in the EKO CD group 
compared with the WT CD group due to ApoE knock-
out-associated dyslipidemia. The EKO HD group dem-
onstrated significant increment in the TG, TC, LDL-c, 
HDL-c, AST, and ALT indices associated with the HFD 
when compared with the WT CD and EKO CD groups. 
The exercise intervention significantly elevated the lev-
els of HDL-c and improved those of AST, ALT and LDL/
HDL ratio in the EKO CD EX group versus the EKO HD 
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group. However, the levels of TG, TC, and LDL-c in the 
EKO HD group were not significantly affected by the 
exercise training intervention in the present study.

Effects of exercise on the morphology, weight, mean 
adipocyte size, and distribution of white adipose tissue
The effects of exercise and the HFD intervention on the 
fat composition, pWAT, and eWAT are shown in Fig.  3. 
The total mass of pWAT and eWAT showed significant 
differences among the groups (F(3,20) = 132.9, p < 0.0001, 
and F(3,20) = 158.5, p < 0.0001, respectively). The mass 
of pWAT and eWAT was significantly higher in the EKO 
HD group versus the WT CD and EKO CD groups; and 
the exercise intervention markedly mitigated the HFD-
induced adipose tissue hypertrophy in the EKO HD EX 
group compared with the EKO HD group (approximately 
22% and 35%, respectively; Fig. 3b, c).

Obesity is characterized by an increase in the adipo-
cyte area rather than an increase in the number of adi-
pocytes. Figure  3d shows that hypertrophic adipocytes 
were observed in the HFD administration groups (EKO 
HD and EKO HD EX groups) compared with the normal 
CD groups (WT CD and EKO CD groups). In accord-
ance with the area quantification, the mean eWAT adi-
pocyte size also demonstrated significant differences 
among the groups (F(3,20) = 61.2, p < 0.0001). There was 

a significantly larger adipocyte area in the HFD groups 
(EKO HD and EKO HD EX groups) versus the normal 
CD groups (WT CD and EKO CD groups). The exercise 
intervention (i.e., in the EKO HD EX group) significantly 
decreased adipocyte hypertrophy by 18.5% compared 
with that noted in the EKO HD group (Fig. 3e). Moreo-
ver, the distribution of adipocytes exhibited a central ten-
dency and there were higher proportions of adipocytes 
with areas of 500 μm2 in the normal CD groups (WT 
CD and EKO CD groups). The distribution in the HFD-
fed groups shifted to the right, with a higher number of 
large adipocytes (> 3,000 μm2) observed (Fig. 3f ). In the 
12-week exercise training group (EKO HD EX group), 
adipocyte hypertrophy was alleviated with a notable 
increase in the fractions of smaller adipocytes (1,200 μm2 
and 1,500 μm2) in comparison with the EKO HD group. 
These results demonstrated that exercise significantly 
mitigated the deleterious effects of HFD-induced higher 
fat composition and adipocyte hypertrophy.

Effects of exercise on hepatic steatosis
The hematoxylin and eosin staining of paraffin tissue 
sections collected from the four groups showed obvious 
hepatic steatosis in the HFD-induced groups (EKO HD 
and EKO HD EX groups). The exercise intervention led to 
milder pathological syndromes in the EKO HD EX group 

Fig. 1 Effects of exercise on growth curve, diet, and feed conversion ratio (FCR). Related indices, such as growth curve (a), final body weight (b), 
food intake (c), caloric intake (d), and FCR (e) were recorded during the experiment. Values are presented as the mean ± SD (n = 6). Different letters 
indicate significant differences (p < 0.05) compared with the other groups, as assessed by one‑way ANOVA. FCR (%): body weight increment/food 
intake × 100. EKO CD, apolipoprotein E (ApoE) knockout mice fed a normal chow diet; EKO HD, ApoE knockout mice fed a high‑fat diet; EKO HD EX, 
ApoE knockout mice fed a high‑fat diet along with swimming exercise; WT CD, wild type mice fed a normal chow diet
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versus the EKO HD group (Fig. 4a). Regarding pathologi-
cal scoring, there were significant differences in hepatic 
steatosis indices among the groups (F(3,20) = 80.7, 
p < 0.0001). The histological score in the EKO HD EX 
group was significantly decreased in comparison to that 
calculated for the EKO HD group. However, it remained 
significantly higher than those of the CD groups (Fig. 4b). 
Furthermore, changes in fats were also further quantified 
by determining the liver TG content using a colorimetric 
assay kit. The analysis revealed a significant difference in 
the hepatic TG content among the groups (F(3,20) = 22.9, 
p < 0.0001; Fig. 4c). The highest hepatic TG content levels 
were observed in the EKO HD group compared with the 
normal CD groups. In the exercise group (EKO HD EX 
group), the HFD-induced elevation in TG levels was sig-
nificantly ameliorated in comparison with those recorded 
in the EKO HD group. Therefore, exercise could amelio-
rate HFD-induced accumulation of TGs in the liver and, 

consequently, alleviate the HFD-induced hepatic patho-
logical syndromes.

Multivariate analysis of the plasma lipidomic profile
The plasmid lipidomic profiles of three groups were sub-
jected to unsupervised and supervised multivariate anal-
ysis (PCA and OPLS-DA, respectively) to determine the 
possibility of distinguishing between the EKO CD, EKO 
HD, and EKO HD EX groups. The PCA score plot dem-
onstrated clear clusters with significant differences for 
the EKO CD, EKO HD, and EKO HD groups (Fig. 5a, b). 
The PLS-DA score plot also revealed an obvious separa-
tion between the EKO CD, EKO HD, and EKO HD EX 
groups (Fig.  5c, d). As shown in Fig.  5e, the OPLS-DA 
results revealed that the plasma lipidomic profiles of the 
EKO CD, EKO HD, and EKO HD EX groups were clus-
tered into three distinct groups. These findings indicated 
that HFD and exercise may affect lipid metabolism in 

Fig. 2 Effects of exercise on plasma biochemical variables in ApoE mice feed fed a high‑fat diet. The levels of TG (a), TC (b), LDL‑c (c), HDL‑c 
(d), LDL/HDL (e), AST (f), and ALT (g) in plasma were analyzed at the end of the study. Values are presented as the mean ± SD (n = 6). Different 
letters indicate significant differences among the groups (one‑way ANOVA, p < 0.05). ALT, alanine aminotransferase; ApoE, apolipoprotein E; AST, 
aspartate aminotransferase; HDL‑c, high‑density lipoprotein cholesterol; LDL‑c, low‑density lipoprotein cholesterol; SD, standard deviation; TC, total 
cholesterol; TG, triglyceride
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mice. Based on validation through permutation tests, we 
obtained an  R2 = 0.998 and  Q2 = 0.907, which could be 
considered good compared to the standards for biologi-
cal data (i.e.,  R2 = 0.7 and  Q2 = 0.4).

Effects of exercise and HFD on plasma lipids in ApoE 
knockout mice
Based on the PCA and OPLS-DA results, plasma lipi-
domic profiles revealed obvious clusters, indicating 
the significance of different kinds of lipids between 
the EKO CD, EKO HD, and EKO HD groups. Sig-
nificant increments in 16 species of lipids, mainly in 

phosphatidylcholine (PC; 16:0/16:1, 17:1/18:0, 17:0/16:1, 
16:0/18:0, 18:1/16:0, 18:1/18:0, 18:0/20:4, and 18:1/20:3), 
sphingomyelin (SM; 16:1/17:0, 18:1/16:0, 16:1/18:1, 
and 16:1/25:0), TG (14:0/16:0/22:2, and 14:0/18:0/22:3), 
arachidonoyl PAF C-16, and HETE di-endoperoxide 
were observed in the EKO HD group compared with 
the EKO CD group (Fig.  6a). The levels of lipid spe-
cies TG (20:5/18:3/22:5, 20:5/18:1/20:5, 20:5/18:2/22:5, 
14:0/22:5/22:5, 18:3/18:3/22:6, 18:3/18:4/20:3, 
18:4/22:4/22:6, 18:4/18:4/20:0, 18:4/18:4/22:1, 
14:1/18:0/22:6, 15:5/18:1/18:1, 12:0/20:5/22:1, 
14:0/16:0/22:4, and 14:0/18:0/22:5), phosphatidylglycerol 

Fig. 3 Effects of exercise on adipocyte morphology, weight, and distribution in ApoE mice fed a high‑fat diet. Representative gross appearance 
of perirenal white adipose tissue (pWAT) and epididymal white adipose tissue (eWAT) (a). Fat mass of pWAT (b) and eWAT (c). Representative H&E 
staining of eWAT (d) to determine mean adipocyte size (e) and the distribution of adipocytes (f). Values are presented as the mean ± SD (n = 6). 
Different letters indicated significant differences among the groups (one‑way ANOVA, p < 0.05). H&E, hematoxylin and eosin

Fig. 4 Effects of exercise on hepatic steatosis in ApoE mice feed fed a high‑fat diet. Representative liver sections stained with H&E (a), the infiltration 
of lipid droplets into the hepatocytes with histological score (b) and the hepatic triglyceride contents (c) were evaluated. Values are presented as 
the mean ± SD (n = 6). Different letters indicate significant differences among the groups (one‑way ANOVA, p < 0.05). H&E, hematoxylin and eosin
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(PG; 16:0/20:2), phosphatidic acid (PA; 18:0/17:2), and 
cholesteryl ester were significantly lower in the EKO HD 
group versus the EKO CD group (Fig. 6b). As shown in 
Fig.  6c, the exercise intervention after the administra-
tion of the HFD (in the EKO HD EX group) significantly 
elevated the levels of lipid species, mainly PC (16:0/18:0), 
PG (16:0/20:2, and 17:2/21:0), SM (16:1/24:0, 18:1/16:0, 
and 16:1/25:0), PA (18:0/17:2, 20:0/17:2, and 17:2/22:0), 
and panaxydol linoleate compared with those recorded 
for the EKO HD group. In addition, a significant reduc-
tion in lipid species, including TG (18:4/18:4/20:0), 
TG (14:0/16:0/22:4), TG (14:0/16:0/22:2), and 

epoxy-eicosadiene, was found in the EKO HD EX group 
versus the EKO HD group (Fig. 6d).

According to the fluctuation in their levels, PC 
(16:0/18:0), SM (18:1/16:0; 16:1/25:0), PG (16:0/20:2), 
PA (18:0/17:2), and TG (14:0/16:0/22:2; 14:0/16:0/22:4) 
correlated and interacted with the effects of the HFD 
and exercise on the groups. The clusters of lipids exhib-
iting similar trends in expression among samples were 
converted using the Z-score scaling method for heat-
map visualization (Fig.  7a). Taken together, the results 
showed that exercise significantly reversed the expres-
sion of three lipid species affected by HFD, namely TG 

Fig. 5 Multivariate analysis of the lipidomic profile after exercise and high‑fat diet. Score plots from PCA and OPLS‑DA. PCA score plot for the EKO 
CD versus EKO HD groups (a) and EKO HD versus EKO HD EX groups (b). OPLS‑DA score plot for the EKO CD versus EKO HD groups (c), EKO HD 
versus EKO HD EX groups (d), and EKO CD versus EKO HD versus EKO HD EX groups (e). The x‑ and y‑axes of PCA showing principal components 
1 and 2, respectively, and the x‑ and y‑axes of OPLS‑DA showing the variance explained among and within the groups, respectively. OPLS‑DA, 
orthogonal projections to latent structures discriminant analysis; PCA, principal component analysis
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(14:0/16:0/22:2), PA (18:0/17:2), and PG (16:0/20:2; 
Fig. 7b).

Discussion
The high incidence of NAFLD is attributed to physi-
cal inactivity and excessive caloric intake. This is also 
strongly correlated with the rising trend of obesity and 
associated complications (e.g., cardiovascular diseases, 
diabetes, and metabolic diseases) posing great threats to 
public health. Regular and optimized exercise may offer 
multiple benefits in terms of cardiovascular fitness, sys-
tematic inflammation, oxidative stress, and weight con-
trol. Lipid profiles with physiological functions (e.g., 
membrane matrices, signaling, and energy depots) may 
be important modulators during the pathogenesis of 
NAFLD. Thus far, there are few studies investigating the 
beneficial effects of exercise on lipids in NAFLD. It has 
been shown that the ApoE knockout animal model with 
administration of HFD accelerates the progression and 
development of NAFLD because of hepatic inflamma-
tion, damage, and oxidized-LDL uptake sensitivity [20]. 
A 12-week exercise intervention in ApoE knockout mice 
that received a HFD significantly mitigated the induced 

obesity in terms of body weight gain, decrease of fat 
mass in body composition, and adipocyte morphology. 
In addition, the HFD-induced expression of plasma TG 
(14:0/16:0/22:2), PA (18:0/17:2), and PG (16:0/20:2) could 
be modulated by the exercise intervention to improve 
health.
ApoE, an important ligand of chylomicron remnants 

(very-low-density lipoprotein [VLDL] and HDL), binds 
to the hepatic receptor of LDL, VLDL and LDL receptor-
related protein to facilitate the clearance of chylomicrons 
and VLDL remnants in plasma. An elevation of plasma 
cholesterol can be easily observed in ApoE knockout 
animal models. Furthermore, the ApoE knockout mouse 
model has been widely applied to mechanistic and thera-
peutic research on atherosclerosis [21]. In addition to 
atherosclerosis, the administration of a HFD to ApoE 
knockout mice induces the development of hyperlipi-
demia and accelerates the progression of NAFLD patho-
genesis [22]. Excessive accumulation of lipids damages 
hepatocytes and leads to the elevation of the levels of 
liver-related enzymes in the serum (i.e., ALT and AST). 
This effect has also been observed in the biochemical 
parameters and hepatic steatosis in the present study. 

Fig. 6 Effects of exercise and high‑fat diet on lipid profiles. The difference between the EKO CD and EKO HD groups demonstrated significant 
decreases (a) and increases (b) in specific lipid species. Comparison of the EKO HD and EKO HD EX groups showed significant decreases (c) and 
increases (d) in specific lipid species. HETE, hydroxyeicosatetraenoic acid; PA, phosphatidic acid; PC, phosphatidylcholine; PG, phosphatidylglycerol; 
SM, sphingomyelin; TG, triglyceride
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The pathogenesis of the ApoE knockout combined with 
a HFD also results in lipidosis and inflammation in lung 
tissue through the toll-like receptor 4 (TLR4) path-
way [23]. Furthermore, Cao et  al. also demonstrated an 
increase in ischemia susceptibility, inflammation, gan-
glion cell apoptosis, and retinal neovascularization in the 
ApoE knockout when combined with the administration 
of a HFD [24]. The accumulation of oxidized-LDL on 
tendons can decrease the functionality and induce a pro-
liferative and matrix-degrading phenotype in tenocytes 
under ApoE knockout conditions after administration 
of a HFD [25]. Therefore, the ApoE knockout combined 
with HFD administration can exacerbate deleterious 
physiological effects and pathological developments in 
different types of tissues.

In previous work, obesity induced through the admin-
istration of a HFD significantly elevated the levels of TC, 
TG, LDL-c, and HDL-c compared with those recorded in 
normal controls and these increases could be ameliorated 
by a treadmill exercise intervention [26]. In a meta-anal-
ysis, aerobic exercise exerted beneficial effects on TC, 
TG, LDL-c, and HDL-c in patients with hyperlipidemia 
[27]. In our study, the increases in these indices induced 
by the administration of HFD were not affected by the 
endurance exercise intervention, although AST and ALT 
levels were affected. Therefore, the ApoE knockout may 
blunt the beneficial effects of exercise on TG, and cho-
lesterol; nevertheless, exercise can still mitigate the ste-
atosis-induced hepatic damage after the administration 
of a HFD. In animal studies involving the administration 

Fig. 7 Correlation of specific lipid species with exercise and high‑fat diet. Heatmap of integrated plasma lipid expression in the EKO CD, EKO HD, 
and EKO HD EX groups (a). The plasma lipid species, modulated by HFD, were reversed by the exercise intervention (b). The normalized values 
are presented using the following criteria: p < 0.05, FC > 1, and VIp > 1. Different alphabet (a, b) indicated significant differences among the groups 
(one‑way ANOVA, p < 0.05). PA, phosphatidic acid; PC, phosphatidylcholine; PG, phosphatidylglycerol; SM, sphingomyelin; TG, triglyceride; FC, fold 
change; VIP, variable importance in the projection



Page 11 of 13Huang et al. Nutrition & Metabolism           (2022) 19:10  

of a HFD and a methionine- and choline-deficient diet, 
elevated levels of AST and ALT could be observed in 
the NAFLD models with hepatic steatosis [28]. In agree-
ment with previous findings using the ApoE knockout 
and HFD model, in the present study, the levels of AST 
and ALT were increased; this change was accompanied 
by hepatic TG accumulation and steatosis [29]. A healthy 
lifestyle drives the improvement in the levels of ALT, 
which are negatively associated with liver-related events 
and mortality, particularly in NAFLD [30]. The data dem-
onstrated that endurance exercise significantly reduced 
the plasma levels of AST and ALT, indicating the amelio-
ration of steatosis-induced hepatic injury.

The distribution and fluctuations in the levels of lipid 
species may be important modulators or biomarkers for 
the development of disease. It has been shown that PC 
(16:0/20:4) and SM (18:1/16:0) lipid species [31], which 
were induced in the present NAFLD model, are absent 
from the stem and terminal villi of human placentae 
with pathological malperfusion. Modulation of the same 
lipid species can be found in different types of diseases. 
The lipid species PC (18:1/22:6, 20:1/14:1, 20:3/20:4), PS 
(20:3/23:1), and PA (25:5/22:6) have also been identified 
as highly specific and sensitive biomarkers for the early 
diagnosis of endometriosis [32]. We found that the total 
TG content in the liver was significant higher in the EKO 
HD group compared to the EKO CD group. Nevertheless, 
only few TG (14:0/18:0/22:3 and 14:0/16:0/22:2) species 
in the plasma showed significantly higher levels in the 
NAFLD model (EKO HD group). Moreover, the major-
ity of polyunsaturated TG lipid species were decreased 
in the NAFLD model group. This suggests that the lipid 
species may exhibit different profiles in the plasma and 
target tissues during the process of disease develop-
ment. Therefore, the indicated lipid species may be use-
ful biomarkers for disease surveillance. Furthermore, a 
recent study also reported a significant increment in PC 
and SM content in the plasma of patients with NAFLD 
and NASH versus healthy subjects [33]. In the present 
NAFLD model, the significant increase in the levels of PC 
and SM was consistent with previous results, and specific 
lipid species were also examined (Fig. 6a).

Metabolomics and lipidomics can be used to further 
examine the effects of aerobic/anaerobic or resistance 
exercise [34]. In cardiac disease, lipidomic profiling 
can also be used to validate the changes in lipid species 
(e.g., sphingolipid species and phospholipids contain-
ing omega-3/6 fatty acids) in response to swim endur-
ance exercise [35]. In sarcoidosis, before and after the 
exercise intervention, the serum lipid profiles deter-
mined from spectrometer nuclear magnetic resonance 
spectra showed significant changes in the plasmalo-
gen/TG ratio, cholesterol esters, and PC/SM. These 

are important determinants for the prevention of sar-
coidosis complications [36]. Patients with NAFLD who 
exercised had significantly increased levels of specific 
sphingolipids and glycerophospholipids and reduced 
levels of metabolites (i.e., lipid X, 3-oxo hexacosanoic 
acid, epoxy-eicosene, and diglyceride) compared with 
NAFLD controls [37]. Following the exercise interven-
tion in our study (Fig. 6c, d), we found that TG species 
(14:0/16:0/22:2, 14:0/16:0/22:4, and 18:4/18:4/20:0) 
and epoxy-eicosene showed a significant decrease, 
whereas specific PA, SM, and PG lipid species exhib-
ited increases in the EKO HD EX group versus the EKO 
HD group. Collectively, the results showed that exercise 
could be considered a medical strategy with beneficial 
effects for the prevention and treatment of different 
types of disease. In the limitation of current study, the 
genetical background, the type of high fat diet, exer-
cise types, and training duration could be variable fac-
tors to affect the NAFLD pathogenesis and alleviation. 
The ApoE model could be exacerbated with high fat 
diet induction model for acceleration of atherosclero-
sis and NAFLD. The pathological processes of NAFLD 
may be different from other induction model and clinic 
but the metabolism of lipid still could be possible simi-
lar for disease progress. Further investigation is war-
ranted to analyze the profiles of related lipids affected 
by exercise. The changes in the fatty acid composition 
in NAFLD combined with exercise implied that spe-
cific lipid species levels may reflect improvement in 
the progression of NAFLD. Qualitative determination 
and structural analysis of all phospholipids should be 
performed to obtain metabolic insight into the patho-
genesis of NAFLD from a lipidomics perspective. The 
present data of indicated lipid species could be possibly 
considered as potential biomarkers for clinic diagnosis, 
therapy, and improvement of NAFLD.

Conclusions
Regular endurance exercise can ameliorate the patho-
genesis of NAFLD caused by a HFD provided to ApoE 
knockout mice. The specific lipid species, including TG 
(14:0/16:0/22:2), PA (18:0/17:2), and PG (16:0/20:2), 
affected by an exercise intervention for NAFLD may also 
play critical roles in pathogenesis. To improve disease 
surveillance, the physiological functions of these lipids 
should be further assessed in future research.

Abbreviations
NAFLD: Nonalcoholic fatty liver disease; HE: Haematoxylin and eosin; HFD: 
High‑fat diet; TC: Total cholesterol; TG: Triglyceride; ALT: Alanine aminotrans‑
ferase; AST: Aspartate aminotransferase; NASH: Non‑alcoholic steatohepatitis; 
LDL‑c: Low‑density lipoprotein cholesterol; HDL‑c: High‑density lipoprotein 
cholesterol; MS: Mass spectrometry; ApoE: Apolipoprotein E.



Page 12 of 13Huang et al. Nutrition & Metabolism           (2022) 19:10 

Acknowledgements
We wish to acknowledge Ms. Yuan‑Chin Hsiung for her excellent technical 
support at the Core Facility of Taipei Medical University (Taipei, Taiwan). We 
would like to thank Uni‑edit (http:// www. uni‑ edit. net) for editing and proof‑
reading this manuscript.

Authors’ contributions
Y–T T and W–C H designed the experiments. J‑W X, S L, and X‑E N performed 
the sample collection, experiments, and assessment. Y–T T contributed 
reagents, materials, and analysis platforms. Y–T T and W–C H interpreted 
the results, prepared the figures, and wrote and revised the manuscript. All 
authors read and approved the final manuscript.

Funding
This work was supported by the Ministry of Science and Technology of Taiwan 
(MOST106‑2313‑B‑038–003‑MY2; MOST 109–2410‑H‑227–006‑MY2).

Availability of data and materials
The data sets used and analyzed in this study are available from the corre‑
sponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All animal experimental procedures were reviewed by the Institutional Animal 
Care and Use Committee (IACUC) of Taipei Medical University. The guidelines 
of protocol LAC‑2017–0230 were approved by the ethics committee of the 
IACUC.

Consent for publication
Not applicable.

Competing interests
All authors have no competing interests to declare with regard to the present 
study.

Author details
1 Department of Exercise and Health Science, National Taipei University 
of Nursing and Health Sciences, Taipei 112, Taiwan. 2 Department of Forestry, 
National Chung Hsing University, Taichung 402, Taiwan. 3 Department of Food 
Science, Rutgers University, New Brunswick, NJ 08901, USA. 4 Graduate Institute 
of Metabolism and Obesity Sciences, Taipei Medical University, Taipei 110, Tai‑
wan. 5 Graduate Institute of Biotechnology, National Chung Hsing University, 
Taichung 402, Taiwan. 6 Cell Physiology and Molecular Image Research Center, 
Wan Fang Hospital, Taipei Medical University, Taipei 116, Taiwan. 7 Nutrition 
Research Center, Taipei Medical University Hospital, Taipei 110, Taiwan. 

Received: 26 October 2021   Accepted: 3 February 2022

References
 1. Mitra S, De A, Chowdhury A. Epidemiology of non‑alcoholic and alcoholic 

fatty liver diseases. Transl Gastroenterol Hepatol. 2020;5:16. https:// doi. 
org/ 10. 21037/ tgh. 2019. 09. 08.

 2. Younossi ZM, Blissett D, Blissett R, Henry L, Stepanova M, Younossi Y, et al. 
The economic and clinical burden of nonalcoholic fatty liver disease in 
the United States and Europe. Hepatology. 2016;64(5):1577–86. https:// 
doi. org/ 10. 1002/ hep. 28785.

 3. Shetty A, Syn WK. Health and economic burden of nonalcoholic fatty 
liver disease in the United States and its impact on veterans. Fed Pract. 
2019;36(1):14–9.

 4. Byrne CD, Targher G. NAFLD: a multisystem disease. J Hepatol. 
2015;62:47–64. https:// doi. org/ 10. 1016/j. jhep. 2014. 12. 012.

 5. Yang XX, Wang X, Shi TT, Dong JC, Li FJ, Zeng LX, et al. Mitochondrial 
dysfunction in high‑fat diet‑induced nonalcoholic fatty liver disease: 
the alleviating effect and its mechanism of Polygonatum kingianum. 
Biomed Pharmacother. 2019;117:109083. https:// doi. org/ 10. 1016/j. 
biopha. 2019. 109083.

 6. Llovet JM, Kelley RK, Villanueva A, Singal AG, Pikarsky E, Roayaie S, 
Lencioni R, Koike K, Zucman‑Rossi J, Finn RS. Hepatocellular car‑
cinoma. Nat Rev Dis Primers. 2021;7(1):6. https:// doi. org/ 10. 1038/ 
s41572‑ 020‑ 00240‑3.

 7. Aron‑Wisnewsky J, Vigliotti C, Witjes J, Le P, Holleboom AG, Verheij 
J, et al. Gut microbiota and human NAFLD: disentangling microbial 
signatures from metabolic disorders. Nat Rev Gastroenterol Hepatol. 
2020;17(5):279–97. https:// doi. org/ 10. 1038/ s41575‑ 020‑ 0269‑9.

 8. Yazıcı D, Sezer H. Insulin resistance, obesity and lipotoxicity. Adv Exp 
Med Biol. 2017;960:277–304. https:// doi. org/ 10. 1007/ 978‑3‑ 319‑ 48382‑
5_ 12.

 9. Miller EF. Nutrition management strategies for nonalcoholic fatty liver dis‑
ease: treatment and prevention. Clin Liver Dis (Hoboken). 2020;15(4):144–
8. https:// doi. org/ 10. 1002/ cld. 918.

 10. Laursen TL, Hagemann CA, Wei C, Kazankov K, Thomsen KL, Knop FK, et al. 
Bariatric surgery in patients with non‑alcoholic fatty liver disease ‑ from 
pathophysiology to clinical effects. World J Hepatol. 2019;11(2):138–49. 
https:// doi. org/ 10. 4254/ wjh. v11. i2. 138.

 11. Romero‑Gómez M, Zelber‑Sagi S, Trenell M. Treatment of NAFLD with 
diet, physical activity and exercise. J Hepatol. 2017;67(4):829–46. https:// 
doi. org/ 10. 1016/j. jhep. 2017. 05. 016.

 12. van der Windt DJ, Sud V, Zhang H, Tsung A, Huang H. The effects of physi‑
cal exercise on fatty liver disease. Gene Expr. 2018;18(2):89–101. https:// 
doi. org/ 10. 3727/ 10522 1617X 15124 84426 6408.

 13. Farzanegi P, Dana A, Ebrahimpoor Z, Asadi M, Azarbayjani MA. Mecha‑
nisms of beneficial effects of exercise training on non‑alcoholic fatty liver 
disease (NAFLD): roles of oxidative stress and inflammation. Eur J Sport 
Sci. 2019;19(7):994–1003. https:// doi. org/ 10. 1080/ 17461 391. 2019. 15711 
14.

 14. Yang K, Han X. Lipidomics: techniques, applications, and outcomes 
related to biomedical sciences. Trends Biochem Sci. 2016;41(11):954–69. 
https:// doi. org/ 10. 1016/j. tibs. 2016. 08. 010.

 15. Lydic TA, Goo YH. Lipidomics unveils the complexity of the lipidome in 
metabolic diseases. Clin Transl Med. 2018;7(1):4. https:// doi. org/ 10. 1186/ 
s40169‑ 018‑ 0182‑9.

 16. Pellegrin M, Berthelot A, Houdayer C, Gaume V, Deckert V, Laurant P. New 
insights into the vascular mechanisms underlying the beneficial effect of 
swimming training on the endothelial vasodilator function in apolipopro‑
tein E‑deficient mice. Atherosclerosis. 2007;190(1):35–42. https:// doi. org/ 
10. 1016/j. ather oscle rosis. 2006. 02. 001.

 17. Galarraga M, Campión J, Muñoz‑Barrutia A, Boqué N, Moreno H, Martínez 
JA, Milagro F, Ortiz‑de‑Solórzano C. Adiposoft: automated software for 
the analysis of white adipose tissue cellularity in histological sections. J 
Lipid Res. 2012;53(12):2791–6. https:// doi. org/ 10. 1194/ jlr. D0237 88.

 18. Liang W, Menke AL, Driessen A, Koek GH, Lindeman JH, Stoop R, et al. 
Establishment of a general NAFLD scoring system for rodent models and 
comparison to human liver pathology. PLoS ONE. 2014;9(12):e115922. 
https:// doi. org/ 10. 1371/ journ al. pone. 01159 22.

 19. Yang SC, Huang WC, Ng XE, Lee MC, Hsu YJ, Huang CC, et al. Rice bran 
reduces weight gain and modulates lipid metabolism in rats with high‑
energy‑diet‑induced obesity. Nutrients. 2019;11(9):2033. https:// doi. org/ 
10. 3390/ nu110 92033.

 20. Bieghs V, Van Gorp PJ, Wouters K, Hendrikx T, Gijbels MJ, van Bilsen M, 
et al. LDL receptor knock‑out mice are a physiological model particularly 
vulnerable to study the onset of inflammation in non‑alcoholic fatty liver 
disease. PLoS ONE. 2012;7(1):e30668. https:// doi. org/ 10. 1371/ journ al. 
pone. 00306 68.

 21. Oppi S, Lüscher TF, Stein S. Mouse models for atherosclerosis research‑
which is my line? Front Cardiovasc Med. 2019;6:46. https:// doi. org/ 10. 
3389/ fcvm. 2019. 00046.

 22. Nasiri‑Ansari N, Nikolopoulou C, Papoutsi K, Kyrou I, Mantzoros CS, Kyri‑
akopoulos G, et al. Empagliflozin attenuates non‑alcoholic fatty liver dis‑
ease (NAFLD) in high fat diet fed ApoE(‑/‑) mice by activating autophagy 
and reducing ER stress and apoptosis. Int J Mol Sci. 2021;22(2):818. 
https:// doi. org/ 10. 3390/ ijms2 20208 18.

 23. Ouyang Q, Huang Z, Lin H, Ni J, Lu H, Chen X, et al. Apolipoprotein E 
deficiency and high‑fat diet cooperate to trigger lipidosis and inflam‑
mation in the lung via the toll‑like receptor 4 pathway. Mol Med Rep. 
2015;12(2):2589–97. https:// doi. org/ 10. 3892/ mmr. 2015. 3774.

http://www.uni-edit.net
https://doi.org/10.21037/tgh.2019.09.08
https://doi.org/10.21037/tgh.2019.09.08
https://doi.org/10.1002/hep.28785
https://doi.org/10.1002/hep.28785
https://doi.org/10.1016/j.jhep.2014.12.012
https://doi.org/10.1016/j.biopha.2019.109083
https://doi.org/10.1016/j.biopha.2019.109083
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.1038/s41575-020-0269-9
https://doi.org/10.1007/978-3-319-48382-5_12
https://doi.org/10.1007/978-3-319-48382-5_12
https://doi.org/10.1002/cld.918
https://doi.org/10.4254/wjh.v11.i2.138
https://doi.org/10.1016/j.jhep.2017.05.016
https://doi.org/10.1016/j.jhep.2017.05.016
https://doi.org/10.3727/105221617X15124844266408
https://doi.org/10.3727/105221617X15124844266408
https://doi.org/10.1080/17461391.2019.1571114
https://doi.org/10.1080/17461391.2019.1571114
https://doi.org/10.1016/j.tibs.2016.08.010
https://doi.org/10.1186/s40169-018-0182-9
https://doi.org/10.1186/s40169-018-0182-9
https://doi.org/10.1016/j.atherosclerosis.2006.02.001
https://doi.org/10.1016/j.atherosclerosis.2006.02.001
https://doi.org/10.1194/jlr.D023788
https://doi.org/10.1371/journal.pone.0115922
https://doi.org/10.3390/nu11092033
https://doi.org/10.3390/nu11092033
https://doi.org/10.1371/journal.pone.0030668
https://doi.org/10.1371/journal.pone.0030668
https://doi.org/10.3389/fcvm.2019.00046
https://doi.org/10.3389/fcvm.2019.00046
https://doi.org/10.3390/ijms22020818
https://doi.org/10.3892/mmr.2015.3774


Page 13 of 13Huang et al. Nutrition & Metabolism           (2022) 19:10  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 24. Cao X, Guo Y, Wang Y, Wang H, Liu D, Gong Y, et al. Effects of high‑fat diet 
and Apoe deficiency on retinal structure and function in mice. Sci Rep. 
2020;10(1):18601. https:// doi. org/ 10. 1038/ s41598‑ 020‑ 75576‑7.

 25. Grewal N, Thornton GM, Behzad H, Sharma A, Lu A, Zhang P, et al. Accu‑
mulation of oxidized LDL in the tendon tissues of C57BL/6 or apolipopro‑
tein E knock‑out mice that consume a high fat diet: potential impact on 
tendon health. PLoS ONE. 2014;9(12):e114214. https:// doi. org/ 10. 1371/ 
journ al. pone. 01142 14.

 26. Hsu YJ, Chiu CC, Lee MC, Huang WC. Combination of treadmill aerobic 
exercise with Bifidobacterium longum OLP‑01 supplementation for 
treatment of high‑fat diet‑induced obese murine model. Obes Facts. 
2021;14(3):306–19. https:// doi. org/ 10. 1159/ 00051 6865.

 27. Zhao S, Zhong J, Sun C, Zhang J. Effects of aerobic exercise on TC, HDL‑C, 
LDL‑C and TG in patients with hyperlipidemia: a protocol of systematic 
review and meta‑analysis. Medicine (Baltimore). 2021;100(10):e25103. 
https:// doi. org/ 10. 1097/ MD. 00000 00000 025103.

 28. Stephenson K, Kennedy L, Hargrove L, Demieville J, Thomson J, Alpini G, 
et al. Updates on dietary models of nonalcoholic fatty liver disease: cur‑
rent studies and insights. Gene Expr. 2018;18(1):5–17. https:// doi. org/ 10. 
3727/ 10522 1617X 15093 70796 9658.

 29. Feng D, Zou J, Su D, Mai H, Zhang S, Li P, et al. Curcumin prevents 
high‑fat diet‑induced hepatic steatosis in ApoE‑/‑ mice by improving 
intestinal barrier function and reducing endotoxin and liver TLR4/NF‑κB 
inflammation. Nutr Metab (Lond). 2019;16:79. https:// doi. org/ 10. 1186/ 
s12986‑ 019‑ 0410‑3.

 30. Unalp‑Arida A, Ruhl CE. Noninvasive fatty liver markers predict liver 
disease mortality in the U.S. population. Hepatology. 2016;63(4):1170–83. 
https:// doi. org/ 10. 1002/ hep. 28390.

 31. Yamazaki K, Masaki N, Kohmura‑Kobayashi Y, Yaguchi C, Hayasaka 
T, Itoh H, et al. Decrease in sphingomyelin (d18:1/16:0) in stem villi 
and phosphatidylcholine (16:0/20:4) in terminal villi of human term 
placentas with pathohistological maternal malperfusion. PLoS ONE. 
2015;10(11):e0142609. https:// doi. org/ 10. 1371/ journ al. pone. 01426 09.

 32. Li J, Gao Y, Guan L, Zhang H, Sun J, Gong X, et al. Discovery of phospha‑
tidic acid, phosphatidylcholine, and phosphatidylserine as biomarkers for 
early diagnosis of endometriosis. Front Physiol. 2018;9:14. https:// doi. org/ 
10. 3389/ fphys. 2018. 00014.

 33. Tiwari‑Heckler S, Gan‑Schreier H, Stremmel W, Chamulitrat W, Pathil A. 
Circulating phospholipid patterns in NAFLD patients associated with a 
combination of metabolic risk factors. Nutrients. 2018;10(5):649. https:// 
doi. org/ 10. 3390/ nu100 50649.

 34. Belhaj MR, Lawler NG, Hoffman NJ. Metabolomics and lipidomics: 
expanding the molecular landscape of exercise biology. Metabolites. 
2021;11(3):151. https:// doi. org/ 10. 3390/ metab o1103 0151.

 35. Tham YK, Bernardo BC, Huynh K, Ooi JYY, Gao XM, Kiriazis H, et al. Lipid‑
omic profiles of the heart and circulation in response to exercise versus 
cardiac pathology: a resource of potential biomarkers and drug targets. 
Cell Rep. 2018;24(10):2757–72. https:// doi. org/ 10. 1016/j. celrep. 2018. 08. 
017.

 36. Jastrzebski D, Toczylowska B, Zieminska E, Zebrowska A, Kostorz‑Nosal 
S, Swietochowska E, et al. The effects of exercise training on lipid profile 
in patients with sarcoidosis. Sci Rep. 2021;11(1):5551. https:// doi. org/ 10. 
1038/ s41598‑ 021‑ 84815‑4.

 37. Jastrzebski D, Toczylowska B, Zieminska E, Zebrowska A, Kostorz‑Nosal S, 
Swietochowska E, et al. Serum metabolomic analysis of the effect of exer‑
cise on nonalcoholic fatty liver disease. Endocr Connect. 2019;8(4):299–
308. https:// doi. org/ 10. 1530/ EC‑ 19‑ 0023.

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

https://doi.org/10.1038/s41598-020-75576-7
https://doi.org/10.1371/journal.pone.0114214
https://doi.org/10.1371/journal.pone.0114214
https://doi.org/10.1159/000516865
https://doi.org/10.1097/MD.0000000000025103
https://doi.org/10.3727/105221617X15093707969658
https://doi.org/10.3727/105221617X15093707969658
https://doi.org/10.1186/s12986-019-0410-3
https://doi.org/10.1186/s12986-019-0410-3
https://doi.org/10.1002/hep.28390
https://doi.org/10.1371/journal.pone.0142609
https://doi.org/10.3389/fphys.2018.00014
https://doi.org/10.3389/fphys.2018.00014
https://doi.org/10.3390/nu10050649
https://doi.org/10.3390/nu10050649
https://doi.org/10.3390/metabo11030151
https://doi.org/10.1016/j.celrep.2018.08.017
https://doi.org/10.1016/j.celrep.2018.08.017
https://doi.org/10.1038/s41598-021-84815-4
https://doi.org/10.1038/s41598-021-84815-4
https://doi.org/10.1530/EC-19-0023

	Effects of exercise on high-fat diet–induced non-alcoholic fatty liver disease and lipid metabolism in ApoE knockout mice
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Animals
	Exercise protocol
	Blood biochemical testing
	Histopathological analysis of adipocyte distribution and hepatic steatosis
	Hepatic TG assessment
	Plasma lipidomic profile analysis
	Statistical analysis

	Results
	Effects of exercise on growth curves, dietary intake, and FCR in mice with HFD-induced obesity
	Effects of exercise on plasma biochemical parameters
	Effects of exercise on the morphology, weight, mean adipocyte size, and distribution of white adipose tissue
	Effects of exercise on hepatic steatosis
	Multivariate analysis of the plasma lipidomic profile
	Effects of exercise and HFD on plasma lipids in ApoE knockout mice

	Discussion
	Conclusions
	Acknowledgements
	References


