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ABSTRACT

Metabolic dysfunction-associated steatotic liver disease (MASLD) affects two billion people worldwide and is currently mostly
treatable via lifestyle interventions, such as exercise training. However, it is unclear whether the positive effects of exercise are
restricted to unique circadian windows. We therefore aimed to study whether the timing of exercise training differentially
modulates MASLD development. Twenty weeks old male APOE*3-Leiden.CETP mice were fed a high fat-high cholesterol diet to
induce MASLD and treadmill-trained for 1 h five times per week for 12 weeks either early (ZT13; E-RUN) or late (ZT22; L-RUN) in
the dark phase while corresponding sedentary groups (E-SED and L-SED) did not. Late, but not early exercise training decreased
the MASLD score, body weight, fat mass, and liver triglycerides, accompanied by an altered composition of the gut microbiota.
Specifically, only late exercise training increased the abundance of short-chain fatty acid-producing bacterial families and genera,
such as Akkermansia, Lachnospiraceae, and Rikenella. To assess the role of the gut microbiota in training-induced effects, the study
was repeated and trained (ZT22 only, RUN) or sedentary mice (SED) served as fecal donors for sedentary recipient mice (RUN
FMT and SED FMT). Fecal microbiota transplantation reduced liver weight and plasma triglycerides in RUN FMT compared to
SED FMT and tended to lower the MASLD score and liver triglycerides. Timing of exercise training is a critical factor for the
positive effect on MASLD in this preclinical model, and the effect of late exercise is partially mediated via the gut-liver axis.

1 | Introduction characterized by a prolonged accumulation of lipid droplets in the

liver, which is generally a result of excessive caloric intake [3].

Metabolic dysfunction-associated steatotic liver disease (MASLD,
formerly known as NAFLD) is a major public health burden that
affects more than 30% of the global population, and its prevalence
is predicted to increase further in the future [1, 2]. MASLD is

This accumulation induces the release of pro-inflammatory sig-
nals, promoting an influx of immune cells into the liver and an
advancement of the disease to metabolic dysfunction-associated
steatohepatitis (MASH), which may lead to liver fibrosis. Gut-liver
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axis dysfunction has recently emerged as an additional MASLD
contributor, with changes in the composition and function of the
gut microbiota leading to higher energy harvesting and lipid
absorption and an increased influx of pro-inflammatory mole-
cules into the liver [4]. Liver steatosis and MASH are reversible,
but pharmaceutical treatment options are currently limited, with
the first anti-MASLD treatment having been conditionally
approved by the USA Food and Drug Administration only
this year [5]. As a result, the most common viable treatment
strategies are lifestyle interventions, such as dietary changes and
increasing physical activity. It is crucial to optimize such inter-
ventions to maximize their effectivity [6].

One potential way of maximizing intervention effectivity is the
choice of an appropriate circadian window for exercise. Nearly all
processes in the body are controlled by circadian rhythms [7]. In
addition to the central clock in the hypothalamus, organs have
their own peripheral circadian clocks to optimize their function
[8]. MASLD dampens the circadian rhythmicity of cellular pro-
cesses in the gut and the liver, leading to increased metabolic
disturbances, while exercise training can contribute to “fine-
tuning” of the clock, at least in skeletal muscle [8, 9] and liver [10,
11]. However, it remains unclear what the optimal training time
is for the treatment and prevention of MASLD. In patients with
obesity and type 2 diabetes, late exercise training improves gly-
cemic control, whereas early exercise training causes unfavorable
spikes in glycemia [12]. Epidemiological studies show that
increased afternoon physical activity decreases the risk of cardi-
ometabolic diseases compared to morning physical activity in the
Netherlands Epidemiology of Obesity cohort [13], even though
the contrary was observed in a comparable sedentary and over-
weight population from the UK Biobank [14]. In mice, we have
previously shown that only late, but not early exercise training
reduces the development of atherosclerosis [15], a disease closely
related to MASLD in pathogenesis. Surprisingly, in mild MASLD,
early exercise training promotes the influx of pro-inflammatory
cells into the liver, which is normally observed with disease
progression, while late exercise training does not [16]. Addition-
ally, we identified an enrichment of potentially health-promoting
gut bacteria uniquely with late exercise training in mice [15].

Disturbances in the gut-liver axis have been implicated in multiple
cardiometabolic diseases [17]. In humans, Western diet decreases
the microbial diversity in the gut and reduces the abundance of
Ruminococcaceae and Bifidobacterium, two bacterial taxa associ-
ated with decreased liver fibrosis [17]. Western diet also increases
bacterial ethanol production, leading to higher energy harvesting
and, as a result, increases calorie absorption from the consumed
food [17, 18]. Furthermore, these changes lead to a leakier gut
barrier due to impaired tight junctions between enterocytes [19].
As a result, more microbial molecules such as lipopolysaccharide
(LPS) can reach the bloodstream and increase hepatic and sys-
temic inflammation [17, 19]. Finally, a high-fat diet decreases the
amount of short-chain fatty acid (SCFA)-producing bacteria and
specifically butyrate producers, which is generally associated with
an unfavorable disease outcome [17]. Consequently, addressing
gut dysbiosis in MASLD via lifestyle interventions may be a step
forward to ameliorating disease progression.

In the current study, we investigated the influence of early and
late active period exercise training on the amelioration of

MASLD in high fat-high cholesterol (HFHC) diet-fed male
APOE*3-Leiden.CETP mice, a model mimicking human
MASLD development [20].

2 | Materials and Methods
2.1 | Animal Experiments

Male APOE*3-Leiden.CETP mice were bred as previously
described [21]. In experiment 1, mice at the age of 20-26 weeks
were group housed (two to four mice per cage) under standard
conditions (22°C, 12/12 h light/dark cycle; the light phase started at
Zeitgeber time/ZT 0) with ad libitum access to water and a high-fat
high-cholesterol (HFHC) diet (60kJ% fat + 1% w/w cholesterol;
D12492, ssniff Spezialdidten GmbH, Soest, Germany). Cages were
enriched with cardboard rolls, nesting material and a wooden stick
for chewing. After 3 weeks of dietary acclimatization, based on
body weight, body composition and 4-h fasted plasma triglyceride
(TG) and total cholesterol (TC) levels, mice were randomized into
four treatment groups (n = 18 per group, in total 72 animals) using
RandoMice version 1.0.9 [22]. Two groups exercised on a treadmill
at the same running speed five consecutive days per week (Monday
to Friday) for 12 weeks either at ZT13 (“early runners,” E-RUN) or
at ZT22 (“late runners,” L-RUN) for 1h, while early and late
sedentary mice (E-SED and L-SED, respectively) were picked up,
put on the researcher’s hand and returned to their home cages at
the beginning of the running bout of their exercising counterparts
to account for handling stress (Figure 1A). At the end of the ex-
periment, all mice were fasted for 4 h and killed at ZT18; therefore,
E-RUN and L-RUN mice were killed 28 and 19 h after their last
exercise training, respectively. The same ZT time of sacrifice for all
groups was chosen to eliminate the circadian oscillations bias, with
ZT18 being between the two training timepoints. Five mice per
group received an oral gavage of FITC-Dextran 3 h into the fasting
period (see section “Intestinal permeability measurement,”
Supplementary information), and another five mice per group
received an intravenous injection of glycerol tri[*H]oleate ([*H]
triolein; [*’H]|TO)-labeled TG-rich lipoprotein (TRL)-like particles)
together with [**C]deoxyglucose after the fast (see section “In vivo
organ uptake of TRL-mimicking particles and glucose,” Supple-
mentary document 2). The remaining eight mice per group did not
receive any treatment, and their immune cells were isolated from
liver and used for flow cytometry analysis (see section “Liver
immune cell isolation and flow cytometry” Supplementary docu-
ment 2). The mice used for each treatment were matched by body
mass, fat mass and plasma TG levels. All mice were killed by CO,
asphyxiation before portal vein blood (only in mice used for
immune cell isolation) and heart puncture blood was collected, and
the animals were perfused with PBS (ice-cold for all mice except
the ones used for flow cytometry analysis) and multiple organs
(liver, gonadal white adipose tissue (gWAT), subcutaneous white
adipose tissue (SWAT), interscapular brown adipose tissue (iBAT),
quadriceps, tibialis anterior (TA) muscle, gastrocnemius muscle, as
well as cecum and cecum content) were collected. Four mice were
excluded due to tumors/cysts in different parts of the body.

In experiment 2 (timeline overview in Figure S6A), male APOE*3-
Leiden.CETP mice at the age of 10 to 14 weeks were housed under
the same conditions and fed with the same HFHC diet as in ex-
periment 1. After 3 weeks of dietary acclimatization, mice were
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FIGURE 1 | Effect of early and late exercise training on body composition and plasma lipids. (A) MASLD-prone male APOE*3-Leiden.CETP
mice on a HFHC diet were treadmill-trained five times per week either in the early (Zeitgeber time/ZT 13) or late (ZT 22) dark phase for 12 weeks. (B)
Cumulative food intake and (C) body weight gain were assessed throughout the study, and (D) lean mass, (E) fat mass and (F) subcutaneous white
adipose tissue (SWAT) mass were measured at endpoint. (G) Plasma triglycerides and (H) total cholesterol levels were assessed throughout the study.
Data are presented as mean + SEM (n = 16-18), *p < 0.05, **p < 0.01, ***p < 0.001 according to one-way ANOVA (D-F) or two-way ANOVA (B, C, G,

H) followed by the Tukey multiple comparison test.

divided into fecal microbiota donors and fecal microbiota recipients.
Donors either exercised on the treadmill five times per week for
twelve weeks (RUN group) or were handled (SED group) at ZT22
(n =20 per group, in total 80 animals) as described. From 4 weeks
of training onwards, fresh feces were collected from the donors and
pooled per group for fecal microbiota transplantation (FMT) three
times per week for 8 weeks, leading to the recipients being divided
into a RUN FMT group and a SED FMT group (n = 20 per group)
(Figure 5A). Two weeks before the FMT, recipients were subjected
to antibiotics treatment for 2 weeks to diminish the endogenous gut
microbiota and improve FMT engraftment (see sections “Antibiotic
treatment” and “fecal microbiota transplantation,” Supplementary
document S2). All mice were killed at ZT18 by CO, asphyxiation
before portal vein blood and heart puncture blood was collected, the
animals were perfused with ice-cold PBS, and multiple organs were
collected as described above.

All procedures are described in detail in Supplementary docu-
ment S2. We used the ARRIVE [23] checklist when writing our
report.

2.2 | Ethics Statement

All animal experiments were carried out according to the
Institute for Laboratory Animal Research Guide for the Care
and Use of Laboratory Animals and were approved by the
National Committee for Animal Experiments (Protocol No.
AVD 11600202010187) and by the Ethics Committee on Animal
Care and Experimentation of the Leiden University Medical
Center (Protocols No. PE.21.002.029 and PE.21.002.057 for the
first and second animal experiment, respectively).
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2.3 | Statistical Analysis

All individual data points are shown and data are expressed as
mean + SEM. Statistical analyses were performed using
GraphPad Prism 9.01 (GraphPad, La Jolla, California) and one-
way ANOVAs followed by Tukey's multiple comparisons test
where appropriate. The data were tested for normality and all
data sets were normally distributed. Statistical outliers were
removed after identification by Grubb's test (o =5%). Differ-
ences between groups were considered statistically significant if
p <0.05 (*), p<0.01 (**), p<0.001 (***) or p <0.0001 (****).

3 | Results

3.1 | Only Late, but Not Early Exercise Training
Reduces Body Weight Gain

To investigate the impact of timed exercise training on the
development of MASLD, male APOE*3-Leiden.CETP mice were
fed a HFHC diet and exercise-trained five times per week for
12 weeks either at ZT13 (E-RUN) or ZT22 (L-RUN), equivalent
to the human morning and evening (Figure 1A). Exercise
training at either ZT13 or ZT22 did not affect food intake
(Figure 1B; Figure S1A,B). E-RUN gained less body weight
from week 5 to 10 but caught up by week 12 as compared to
E-SED (Figure 1C). On the other hand, late exercise training
attenuated body weight gain throughout the study (Figure 1C).
By week 12, E-RUN had a higher lean mass than E-SED, while
there was no difference between L-RUN and L-SED (Figure 1D;
Figure S1C). Both early and late exercise training led to a
smaller fat mass by week 12 as compared to their sedentary
counterparts. However, the difference reached statistical sig-
nificance only with late exercise training (Figure 1E;
Figure S1D). In line, the weight of SWAT was lower in both
exercise training groups (Figure 1F). Both early and late ex-
ercise training decreased levels of plasma TG and TC as com-
pared to their respective sedentary controls (Figure 1G,H).
Taken together, both early and late exercise training showed
positive effects on overall health, but late exercise training more
effectively attenuated body weight gain.

3.2 | Only Late, but Not Early Exercise Training
Alleviates Liver Steatosis

To evaluate the effects of early and late exercise training on the
amelioration of MASLD, we next assessed liver health and
lipid accumulation. L-RUN but not E-RUN showed smaller
liver sizes as compared to their corresponding sedentary
counterparts (Figure 2A). Strikingly, this late exercise-specific
benefit was also observed when assessing the MASLD score,
where L-RUN showed a lower score than L-SED while the
scores of E-RUN did not differ from E-SED (Figure 2B,C). This
was mainly explained by less macrosteatosis and hepatocyte
hypertrophy in L-RUN (Figure S2A-C). These results were
further supported by biochemical measurements showing that
hepatic TG content was only lowered by late, but not early
exercise training (Figure 2D). Hepatic cholesterol content, on
the other hand, was decreased in both E-RUN and L-RUN
compared to the corresponding SED groups (Figure 2E). To

investigate the underlying cause for the improved hepatic
steatosis with late exercise training, we quantified the organ
uptake of lipids and glucose using [*H]TO-labeled TRL-like
particles and [**C]deoxyglucose. Here, only late exercise
training tended to decrease the uptake of [*H|TO and [**C]
deoxyglucose by the liver (Figure S2E,F). We did not observe
differences in the uptake of these tracers by adipose tissue or
skeletal muscle (Figure S3A-H). We next measured the ex-
pression of hepatic genes related to fatty acid and bile acid
metabolism. No changes between groups were observed in the
expression of genes associated with de novo lipogenesis
(Srebplc and Fasn), fatty acid uptake (Cd36) and oxidation
(Cptla) (Figure 2F). The expression of Cyp7al and Cyp7bl,
encoding key enzymes in the primary bile acid synthesis
pathways, was upregulated by only late training and by both
late and early training, respectively (Figure S2G-L). Despite
the unchanged lipid and glucose uptake by adipose tissue and
unchanged adipocyte sizes (Figure S3I), both exercise groups
showed fewer crown-like structures in sWAT, a marker of
tissue inflammation (Figure S3J). Finally, because of the
absence of changes in tracer uptake by muscle, we measured
the abundance of mitochondrial respiratory complexes in the
skeletal muscles to quantify muscle oxidative capacity in the
mice subjected to the differently timed exercise regimens.
There was no change in the protein abundance between the
groups (Figure S3K-Q). Taken together, only late exercise
training ameliorated liver steatosis in conjunction with chan-
ges in hepatic energy uptake.

3.3 | Exercise Training Regardless of Timing
Attenuates Inflammation and Fibrosis in the Liver

Next, we investigated the inflammatory and fibrogenic pro-
cesses that drive MASLD progression. As determined in H&E-
stained liver sections and similarly to attenuated inflammation
in white adipose tissue, the inflammation score was similarly
lowered in E-RUN and L-RUN compared to their sedentary
counterparts (Figure S2D). In line, the hepatic abundance of
F4/80 protein, a marker of murine macrophages, was lowered
in both exercise training groups (Figure 3A,B). The expression
of Adgrel, which encodes F4/80, only tended to decrease upon
late exercise training, while in line with the previous observa-
tions, the mRNA expression level of Tnfa, encoding a main
inflammatory cytokine secreted by macrophages, was decreased
in both exercise training groups (Figure 3C). The expression of
Il1b, another pro-inflammatory cytokine, was not affected
(Figure 3C). This anti-inflammatory effect of exercise was fur-
ther supported by flow cytometry data (Figure S4A-X) showing
that both early and late exercise decreased the number of
CD11c" cells, a marker of MASLD progression, in a subset of
macrophages (Figure S4T,V,X). To assess the impact of the
exercise training on fibrosis development, the hepatic collagen
content was determined via histological staining and found to
be decreased in both E-RUN and L-RUN compared to their
corresponding sedentary controls (Figure 3D,E). In line, the
gene expression of Collal, which encodes the major component
of type I collagen, was found to be downregulated in both ex-
ercise training groups (Figure 3C). Together, these results
demonstrate that exercise training independently of timing at-
tenuates inflammation and fibrogenesis in the liver.
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3.4 | Only Late, but Not Early Exercise Training
Reshapes Gut Microbiota Composition

Since MASLD is modulated by gut dysbiosis, we next investigated
whether the underlying mechanisms of the effect of late exercise
training on MASLD are associated with microbiota changes. For
this, we performed 16S sequencing of mouse cecum content.
Neither early nor late exercise training changed the a-diversity, a
measure of bacterial community richness (Suppl. Figure 5A).
Late exercise training, however, led to a shift in microbial com-
position as reflected by a different -diversity of L-RUN com-
pared to L-SED, while this was not seen for E-SED and E-RUN
(Figure S5B). To further investigate what constitutes this
microbial shift, we investigated the changes in the relative
abundance of bacteria on phylum, family and genus levels. On
the phylum level, Firmicutes increased significantly in L-RUN
compared to L-SED, with no other significant changes
(Figure 4A). On the family level, Clostridia_vadinBB60_group
increased fourfold in L-RUN compared to both L-SED and
E-RUN (Figure S5C). On the genus level, both exercise training
groups increased the relative abundance of Lactobacillus
(Figure 4B). Compared to both L-SED and E-RUN, L-RUN
decreased the abundance of Alistipes (Figure S5D), while
increasing the abundance of Rikenella and Lachnospiraceae

UCG-006 (Figure 4B). L-RUN also had an increased abundance of
Acetatifactor and Akkermansia compared to L-SED (Figure 4B).
These enriched species are known SCFA producers.

Since 16S sequencing only determines the relative abundance of
bacteria with few functional insights and the current murine
gut databases leave a large number of unassigned taxa, we
conducted shotgun metagenomics sequencing on the combined
group of E-SED and L-SED (further referred to as SED) and
E-RUN and L-RUN. In agreement with the 16S sequencing
data, shotgun metagenomics sequencing revealed a strong shift
in B-diversity in only L-RUN compared to both E-RUN and SED
(Figure 4C,D), confirming that overall only late exercise train-
ing led to changes in the gut microbiota composition. On the
genus level, similarly to the 16S sequencing results, exercise
training increased the abundance of Lactobacillus which only
reached significance for L-RUN (Figure 4E). In line with the
16S sequencing, the abundance of Alistipes was dramatically
suppressed in L-RUN, with E-RUN following a similar trend,
while Blautia was only reduced by late exercise training
(Figure 4F). Curiously, we found two species, Lachnospiraceae
species i.s. and Ruminococcaceae species i.s. (Figure 4G), con-
stituting 1% of the overall relative abundance, which were only
increased in L-RUN. Despite reshaping the gut microbiota, late
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exercise training did not change the caloric output in the feces
or intestinal permeability (Figure 5E,F).

As we saw an increase in SCFA producers in the gut, we
quantified SCFA levels in the plasma of portal vein blood,
which transports intestine-derived SCFAs to the liver, collected
19-28 h after the last training bout following 4 h fasting. While
total SCFA levels (Figure 4H) that primarily reflected the
abundance of acetate (Figure S5H), tended to be mildly
increased in both exercising groups, there was no significant
difference between the groups (Figure S5G, I-M). Curiously,
despite a lack of significant difference in concentration between
the exercise training groups, the total concentration of SCFAs in
portal vein blood plasma negatively correlated with the steatosis
MASLD score (Figure 4I). Additionally, the abundance of the

Lachnospiraceae family, of which several members were
increased only in L-RUN, correlated positively with the total
SCFAs concentration in the portal vein plasma (Figure 4J).
Taken together, these findings indicate that the reshaping of the
gut microbiota with late exercise training may play a role in
attenuating MASLD development.

3.5 | Fecal Microbiota Transplantation From
Late-Trained Mice Tends to Decrease Liver Lipid
Accumulation

To investigate if the gut microbiota changes observed with late
exercise training are causal for the MASLD amelioration, we
conducted an FMT experiment. Antibiotic-treated male
APOE*3-Leiden.CETP mice received FMT from either seden-
tary (SED) mice or mice trained at ZT22 (RUN) for 8 weeks
(Figure 5A). This experiment confirmed the beneficial effects of
late exercise training on body weight and fat mass gain, plasma
TG and TC levels and liver size in RUN mice (Figure 5B-G), as
observed in experiment 1. Although not statistically significant,
there was a clear trend for RUN FMT attenuating weight gain
and plasma TG levels when compared with SED FMT
(Figure 5D), while only exercise training itself decreased plasma
TC in RUN (Figure 5E). Importantly, RUN FMT mice tended to
have a lower liver weight (Figure 5F) and had a significantly
lower liver/BW ratio similarly to RUN (Figure 5G). In line, both
RUN and RUN FMT showed a reduced liver TG content com-
pared to SED (Figure 5H). However, despite an approximate
15% decrease, there was no significant difference between RUN
FMT and SED FMT, due to a large intra-group variability
(Figure 5H). Histological analysis of the livers showed similar
results, with a decreased MASLD score in RUN and a trend
towards a reduced score in RUN FMT compared to the corre-
sponding SED and SED-FMT groups (Figure 51,J; Figure S6B).
Similarly, a lipid staining of the liver showed a decrease in lipid
accumulation in both RUN and RUN FMT compared to
SED, but no significant difference compared to SED FMT
(Figure 5K,L). Curiously, only RUN decreased inflammation in
the liver based on the histological inflammation score and the
gene expression levels of pro-inflammatory cytokines, with no
inflammatory changes in RUN FMT (Figure S6C,D). These
findings suggest that microbiota transplantation from trained
into untrained mice confers some of the beneficial effects of late
exercise training on the liver and whole body but with greater
intra-group variability.

3.6 | FMT Leads to an Intestinal Passage Effect
Rather Than Stable Engraftment of Transplanted
Bacteria

While RUN FMT tended to improve overall metabolic and liver
health, it is still unclear which bacteria or metabolites con-
tributed to these changes. To investigate this further, we con-
ducted 16S sequencing on representative cecum content
samples of the donor and recipient mice. The antibiotics treat-
ment before the FMT successfully depleted the gut microbiota
of the recipient mice, clearly decreasing the Shannon diversity
index from 3.2 + 0.1 before the antibiotics treatment to 1.4 + 0.3
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after antibiotics (Figure 5M). The analysis of the §-diversity also
showed a change after the antibiotics treatment (Figure S6E).
However, at the end of the study, only RUN showed a signifi-
cantly different gut microbiota composition from both SED and
RUN FMT, while there was no difference in g-diversity between
SED FMT and RUN FMT (Figure 5N-Q). When dividing the
RUN FMT mice into mice with high and low liver TG and
MASLD score, mice with low TG and MASLD score
(responders) had a similar microbiota composition to RUN
mice, while mice with high liver TG and MASLD score had a
composition more similar to SED (Figure 5R). This indicates
that the success of the FMT engraftment varied and only a
successful engraftment replicated the observed MASLD ame-
lioration achieved by exercise training.

4 | Discussion

Exercise interventions are among the few available MASLD
treatments, but little is known about optimizing these inter-
ventions in conjunction with our circadian rhythm [1, 9, 24, 25].
Here, we demonstrate for the first time in a MASLD mouse
model that only late, but not early active phase exercise training
effectively ameliorates MASLD development and that this effect
is partially mediated via the gut-liver axis.

Clinically, weight loss is instrumental in the MASLD resolution,
with already 5% weight loss leading to a significant improve-
ment in steatosis [26]. While we observed a significant weight
and fat mass loss with late exercise training that coincided with
reduced steatosis, we curiously did not observe any differences
in food intake or energy excretion between the groups, sug-
gesting that altered energy utilization is the main mechanism
underlying these positive effects of late training. This may be
associated with the timing of food intake as the early-trained
mice presumably ate the majority of calories after the training,
while the late-trained animals ate the bulk before the training.
However, as high-fat diet-fed mice have a disrupted circadian
feeding rhythm with up to 30% of the food intake taking place
during the light phase [27], it is unclear how much feeding
timing contributed to the observed effects in this study.
Nevertheless, we observed no differences between the groups in
hepatic fatty acid metabolism-related gene expression or liver
uptake of lipids or glucose. Since all these measurements were
performed at rest 19-28 h after the last training bout, however,
it is conceivable that late-trained mice achieved a greater use of
energy during exercise but not at rest. While we did not see an
increase in the protein abundance of the individual oxidative
mitochondrial complexes or an increased uptake of the lipids or
glucose by skeletal muscle at rest either, possibly due to samples
being collected at ZT18, when muscle oxidative capacity is not

at its peak, muscle oxidative capacity has been shown to be
increased during training later in the day [28, 29]. This suggests
greater energy utilization by muscle later in the active phase,
especially paired with a possibly increased SCFA influx from
the gut [30] which is known to increase muscle oxidative
capacity further [31, 32]. Hence, we hypothesize that small
acute effects during the daily exercise bouts accumulate into
major effects after 12 weeks of training that lead to MASLD
amelioration with late exercise training.

While only late exercise training reduced liver lipid accumula-
tion, both early and late exercise training decreased markers of
hepatic inflammation and fibrogenesis. This suggests that at a
MASLD stage with pronounced steatosis and beginning fibrosis,
inflammation and fibrogenesis are not regulated by the circa-
dian aspect of exercise, possibly due to strong intra-hepatic
disease drivers being no longer under circadian control. Addi-
tionally, while exercise-to-sedentary FMT tended to decrease
liver lipid accumulation, it had no effect on liver inflammation,
suggesting that the anti-inflammatory effect of exercise training
is likely not directly mediated via the gut microbiota. This is in
line with our observation that the gut microbiome was only
changed in late-trained mice while early-trained mice also
showed an amelioration of liver inflammation. Alternatively,
this time-independent beneficial effect of exercise on liver
inflammation may be explained by a modulation of hepatic
cholesterol metabolism, as livers of both early and late-exercise-
trained mice demonstrated decreased total cholesterol levels.
This matches previous studies demonstrating that liver choles-
terol is a determinant of liver inflammation [24, 33]. In line, the
expression of the Cyp7bl gene of the alternative bile acid syn-
thesis pathway was elevated in both exercise groups, potentially
indicating increased cholesterol excretion in trained animals
which in turn alleviates hepatic inflammation and pro-fibrotic
processes.

An improved MASLD outcome is usually associated with ben-
eficial changes in the gut microbiota composition in patients
with MASLD [34] and establishing a healthy gut microbiota can
even counteract weight re-grain in individuals following a
lifestyle intervention [35]. In line, we here observe that only
late, but not early exercise training modified the gut microbiota
composition. A higher abundance of Firmicutes as seen in the
late-trained animals has been correlated with higher VO, max,
a marker of oxidative fitness [36-38]. Accordingly, this increase
in Firmicutes seen with late training may also contribute to the
higher exercise capacity humans exhibit later in the day com-
pared to the morning [29]. Akkermansia, another genus en-
riched with late training here, has been linked to the
amelioration of atherosclerosis, MASLD and type 2 diabetes,
possibly via improved intestinal glucose control [39-42]. Also,

FIGURE 4 | Effect of early and late exercise training on gut microbiota composition. 16S sequencing of the cecum content was conducted after

12 weeks of training and the abundance of (A) bacterial phyla and (B) genera was quantified. Data are presented as mean (n = 16-18), *L-RUN vs

L-SED, "L-RUN vs E-RUN, according to Wald test with FDR set to 0.05. In depth metagenomics sequencing of a subset of samples was conducted and

(C, D) the p-diversity Bray-Curtis dissimilarity index calculated and groups compared with PERMANOVA. The abundance of genera (E) increased

and (F) decreased in the L.-RUN group was quantified, as well as (G) species increased in the L-RUN group. Data are presented as mean + SEM (n =
4-6), *L-RUN vs L-SED, “L-RUN vs E-RUN, according to Wald test with FDR set to 0.05. Total SCFA concentration was measured in the portal vein
blood plasma (H) and correlated to steatosis score (I) and the relative abundance of the identified increased bacterial species (J). Data are presented as
mean + SEM (n = 5-6) in (H) according to one-way ANOVA, and as a correlation plot according to Pearson correlation test (I-J).
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Lactobacillus has been associated with decreased liver fat, liver
cholesterol and overall body fat loss [43-45], possibly via the
competition for the available dietary fatty acids in the intestine.
Lachnospiraceae_UCG-006, here enriched on genus level, has
been associated with improved liver health as evident from
decreased liver enzyme (ALT and AST) plasma levels in mice
[46]. The observed late exercise-induced increase in
unidentified members of the Lachnospiraceae and Rumino-
coccaceae families is especially interesting, as we have also
observed their increase with late exercise training in a hy-
perlipidemic atherosclerosis-prone mouse model on a Western-
type diet [15]. This indicates a robust effect of exercise training
on these bacterial species in different mouse models on differ-
ent diets. These broad families are known to ferment fiber into
SCFAs, and SCFAs, especially butyrate, have health benefits,
such as improved intestinal epithelial lining integrity, decreased
inflammation in the gut and the liver, and increased muscle
oxidative capacity [47-50]. In this study, possibly because portal
vein blood was collected after 4 h of fasting 1 day after the last
training bout, we did not see a clear difference in SCFAs levels
between groups as they are quickly absorbed. On the other
hand, the SCFA levels positively correlated with the abundance
of SCFA-producing bacterial species and negatively correlated
with MASLD scores. This may hint towards the involvement of
SCFAs in MASLD amelioration in the current study and to-
wards an effect that carries over into periods of rest from acute
exercise training where it is likely more pronounced.

It is not clear why specifically late exercise training leads to an
increase in the abundance of SCFA-producing bacteria. One
explanation may be fluctuations in lactate production at different
times of day by active skeletal muscle and the subsequent uptake
of lactate into the gut during exercise as previously observed [51,
52]. In the gut, lactate can directly be used as an energy source
and converted into SCFAs by gut bacteria [53-55]. While lactate
production was not different during the morning and evening
exercise in healthy volunteers [56], lactate levels were increased
with late exercise training in mice [57] and the timing of exercise
played a role in lactate production in patients with type 2 dia-
betes [58]. Additionally, the gut microbiota composition can itself
oscillate, and in healthy conditions, the abundance of Lactoba-
cillus [59] and Lachnospiraceae [60] and other SCFA producers is
increased near ZT22, when the late exercise training took place.
Assuming the rhythmicity of the gut microbiota oscillation is
somewhat maintained under the high-fat diet conditions in this
study, it is possible that during the late exercise training the
greater abundance of SCFA producers leads to increased use of
lactate or other metabolites as an energy source, which over time

further promotes their proliferation and positive health changes.
Acetate, the SCFAs produced in the highest quantities in the gut,
is also instrumental for prolonged exercise endurance in mice
[61], which corresponds to endurance being generally higher in
the later part of the day [62].

To investigate the casual link between the altered microbiota
and MASLD amelioration, we transplanted the microbiota of
late-exercising into non-exercising mice. The findings from this
experiment clearly support the role of the gut microbiota in
later exercise-induced alleviation of liver steatosis. However, the
MASLD amelioration was not as strong as in the exercising
donor mice, for which there can be three explanations. Firstly,
it is likely that the increased energy used by skeletal muscle
during exercise substantially contributes to reduced liver lipid
storage [63]. Secondly, variable engraftment of the donor mi-
crobiota may have led to a division of recipients into ‘low
responders’ with unimproved liver health and “high respond-
ers” with ameliorated MASLD scores and reduced liver TG
content. This distinction appeared to be dependent on the en-
graftment success of the FMT, which has been proposed to play
an important role in the positive FMT effects [64]. Thirdly,
while RUN donors were trained for twelve weeks, their FMT
recipient counterparts only received the microbiota transplan-
tation for 8 weeks in total. This was owed to the assumption
that changes to the gut microbiota composition in response to
an intervention like exercise training take up to 4 weeks to be
fully established in the donor mice [65]. An extension of the
FMT period past the termination of the donors was not done
due to the improved survival of fecal microbes during an FMT
from fresh rather than frozen feces [66, 67].

Overall, our findings show that only late, but not early exercise
training is beneficial for the amelioration of steatosis in MASLD
and that the associated changes to the composition of the gut
microbiota likely play a causal role in this effect. Along with the
improvement of liver steatosis with late exercise training, we
observe an increase in beneficial bacterial taxa that are known
to produce SCFAs, to compete for the use of dietary lipids, and
generally improve health outcomes. This positive effect of late
exercise training on the whole body and the liver was partially
transferrable via a FMT, supporting the importance of a healthy
gut-liver axis in the prevention and treatment of MASLD.
Nonetheless, both early and late exercise trainings decreased
inflammation in the liver. This suggests that any form of ex-
ercise is still preferable to sedentary behavior. While a multi-
tude of additional factors such as chronotype, sleep quality and
meal timing are to be considered for the optimal design of

FIGURE 5 | The effect of fecal microbiota transplantation from late-trained into untrained mice on MASLD amelioration. (A) Feces from

sedentary (SED) and late-trained (RUN) mice were transplanted to corresponding sedentary groups (SED FMT and RUN FMT) for eight weeks. At
the end of the experiment, (B) weight change, (C) fat mass, (D) plasma triglycerides and (E) total cholesterol were quantified. To investigate liver
changes, (F) liver weight, (G) liver-to-body weight ratio and (H) liver triglycerides were measured, (I) H&E staining was performed to calculate (J) the
MASLD score and (K) ORO staining was performed to measure (L) the amount of lipids in the liver sections. To investigate microbiota composition
changes, 16S sequencing was performed, and (M) a-diversity, (N, O, Q) B-diversity between groups and (R) -diversity difference between RUN, RUN
FMT responders and RUN FMT non-responders was quantified. The phylum abundance (P) in the groups was measured. (B-L) are presented as
mean + SEM (n = 17-20), *p < 0.05, ¥*p < 0.01, ***p < 0.001, ****p < 0.0001 according to one-way ANOVA followed by Tukey's multiple comparisons
test. Differences between the groups in (N-O, Q-R) were calculated with PERMANOVA with Bonferroni correction, with test results shown on top of
the panel for N, O, Q, and #showing comparison between RUN and RUN FMT non-responders, where *stands for p <0.05, while differences in (P)
were calculated according to Wald test with FDR set to 0.05. Unless specified otherwise, only significant comparisons are shown.
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clinical lifestyle interventions, we here present the first proof
that late exercise training may be a better treatment strategy
than early exercise for the amelioration of MASLD.

Author Contributions

Artemiy Kovynev, Zhixiong Ying, Patrick C. N. Rensen and Milena
Schonke designed the experiments; Artemiy Kovynev, Zhixiong Ying,
Sen Zhang, Emanuele Olgiati, Joost M. Lambooij, Clara Visentin and
Milena Schonke collected and analyzed the data; Artemiy Kovynev,
Zhixiong Ying and Milena Schonke drafted the manuscript; Bruno
Guigas, Quinten R. Ducarmon and Patrick C. N. Rensen critically
revised the manuscript.

Acknowledgements

The authors thank Milaine V. Hovingh, Jan Freark de Boer, Christiana
Costa, Amanda Pronk, Salwa Afkir, Trea Streefland, Reshma Lalai, Chris
van der Bent, Frank Otto, and Hetty Sips for their excellent technical
assistance. This work was supported by the Novo Nordisk Foundation
(grant NNF180C0032394 to M.S.), The Netherlands Cardiovascular
Research Initiative CVON-GENIUS-2 (grant to P.C.N.R.) and the Chinese
Scholarship Council (grants to Z.Y. and S.Z.). A.K. is supported by a PhD
grant from Leiden University Medical Center (to M.S.).

Conflicts of Interest

The authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a
potential conflict of interest.

Data Availability Statement

The data that support the findings of this study are openly available in
ENA at https://www.ebi.ac.uk/ena/browser/home, reference number
PRJEB78442. 16S and metagenomics data are available from the ENA
database (ascension number PRIEB78442).

References

1. E. E. Powell, V. W. S. Wong, and M. Rinella, “Non-Alcoholic Fatty
Liver Disease,” The Lancet 397, no. 10290 (2021): 2212-2224, https://
doi.org/10.1016/S0140-6736(20)32511-3.

2. M. E. Rinella and S. Sookoian, “From Nafld to Masld: Updated
Naming and Diagnosis Criteria for Fatty Liver Disease,” Journal of Lipid
Research 65, no. 1 (2024): 100485, https://doi.org/10.1016/].jlr.2023.
100485.

3.R. Loomba, S. L. Friedman, and G. I. Shulman, “Mechanisms and
Disease Consequences of Nonalcoholic Fatty Liver Disease,” Cell 184,
no. 10 (2021): 2537-2564, https://doi.org/10.1016/j.cell.2021.04.015.

4.M. Maestri, F. Santopaolo, M. Pompili, A. Gasbarrini, and
F. R. Ponziani, “Gut Microbiota Modulation in Patients With Non-
Alcoholic Fatty Liver Disease: Effects of Current Treatments and Future
Strategies,” Frontiers in Nutrition 10 (2023): 1110536, https://doi.org/10.
3389/fnut.2023.1110536.

5.S. A. Harrison, P. Bedossa, C. D. Guy, et al., “A Phase 3, Randomized,
Controlled Trial of Resmetirom in NASH With Liver Fibrosis,” New
England Journal of Medicine 390, no. 6 (2024): 497-509, https://doi.org/
10.1056/NEJM0a2309000.

6. D. Houghton, C. Stewart, C. Day, and M. Trenell, “Gut Microbiota
and Lifestyle Interventions in Nafld,” International Journal of Molecular
Sciences 17, no. 4 (2016): 447, https://doi.org/10.3390/ijms17040447.

7. M. Quante, S. Mariani, J. Weng, et al., “Zeitgebers and Their Asso-
ciation With Rest-Activity Patterns,” Chronobiology International 36, no.
2 (2019): 203-213, https://doi.org/10.1080/07420528.2018.1527347.

8. G. Manella, E. Sabath, R. Aviram, et al.,, “The Liver-Clock Co-
ordinates Rhythmicity of Peripheral Tissues in Response to Feeding,”
Nature Metabolism 3, no. 6 (2021): 829-842, https://doi.org/10.1038/
$42255-021-00395-7.

9. A. R. Saran, S. Dave, and A. Zarrinpar, “Circadian Rhythms in the
Pathogenesis and Treatment of Fatty Liver Disease,” Gastroenterology
158, no. 7 (2020): 1948-1966.e1, https://doi.org/10.1053/j.gastro.2020.
01.050.

10.Y. Tahara and S. Shibata, “Entrainment of the Mouse Circadian
Clock: Effects of Stress, Exercise, and Nutrition,” Free Radical Biology
and Medicine 119 (2018): 129-138, https://doi.org/10.1016/].
freeradbiomed.2017.12.026.

11. D. R. Bruns, M. Yusifova, N. A. Marcello, C. J. Green, W. J. Walker,
and E. E. Schmitt, “The Peripheral Circadian Clock and Exercise:
Lessons From Young and Old Mice,” Journal of Circadian Rhythms 18
(2020): 7, https://doi.org/10.5334/jcr.201.

12. M. Savikj, B. M. Gabriel, P. S. Alm, et al., “Afternoon Exercise Is
More Efficacious Than Morning Exercise at Improving Blood Glucose
Levels in Individuals With Type 2 Diabetes: A Randomised Crossover
Trial,” Diabetologia 62, no. 2 (2019): 233-237, https://doi.org/10.1007/
s00125-018-4767-z.

13.J. H. P. M. van der Velde, S. C. Boone, E. Winters-van Eekelen, et al.,
“Timing of Physical Activity in Relation to Liver Fat Content and
Insulin Resistance,” Diabetologia 66, no. 3 (2023): 461-471, https://doi.
0rg/10.1007/s00125-022-05813-3.

14. G. Albalak, M. Stijntjes, D. van Bodegom, et al., “Setting Your Clock:
Associations Between Timing of Objective Physical Activity and Car-
diovascular Disease Risk in the General Population,” European Journal
of Preventive Cardiology 30, no. 3 (2023): 232-240, https://doi.org/10.
1093/eurjpc/zwac239.

15. M. Schonke, Z. Ying, A. Kovyneyv, et al., “Time to Run: Late Rather
Than Early Exercise Training in Mice Remodels the Gut Microbiome
and Reduces Atherosclerosis Development,” FASEB J 37, no. 1 (2023):
22719, https://doi.org/10.1096/1j.202201304R.

16. A. Kovynev, Z. Ying, J. M. Lambooij, et al., “Early but Not Late
Exercise Training in Mice Exacerbates Hepatic Inflammation in
Developing Nonalcoholic Fatty Liver Disease,” Journal of Clinical and
Translational Hepatology 11, no. 5 (2023): 1282-1285, https://doi.org/10.
14218/JCTH.2023.00094.

17. C. L. Hsu and B. Schnabl, “The Gut-Liver Axis and Gut Microbiota
in Health and Liver Disease,” Nature Reviews Microbiology 21, no. 11
(2023): 719-733, https://doi.org/10.1038/s41579-023-00904-3.

18. 1. J. Malesza, M. Malesza, J. Walkowiak, et al., “High-Fat, Western-
Style Diet, Systemic Inflammation, and Gut Microbiota: A Narrative
Review,” Cells 10, no. 11 (2021): 3164, https://doi.org/10.3390/
cells10113164.

19. K. A. Kim, W. Gu, 1. A. Lee, E. H. Joh, and D. H. Kim, “High Fat
Diet-Induced Gut Microbiota Exacerbates Inflammation and Obesity in
Mice via the TLR4 Signaling Pathway,” Plos One 7, no. 10 (2012): 47713,
https://doi.org/10.1371/journal.pone.0047713.

20. C. Liu, M. Schénke, B. Spoorenberg, et al., “FGF21 Protects Against
Hepatic Lipotoxicity and Macrophage Activation to Attenuate Fi-
brogenesis in Nonalcoholic Steatohepatitis,” Elife 12 (2023): 83075,
https://doi.org/10.7554/eLife.83075.

21. M. Westerterp, C. C. van der Hoogt, W. de Haan, et al., “Cholesteryl
Ester Transfer Protein Decreases High-Density Lipoprotein and
Severely Aggravates Atherosclerosis in APOE*3-Leiden Mice,”
Arteriosclerosis, Thrombosis, and Vascular Biology 26, no. 11 (2006):
2552-2559, https://doi.org/10.1161/01.ATV.0000243925.65265.3c.

22. R. van Eenige, P. S. Verhave, P. J. Koemans, I. A. C. W. Tiebosch,
P. C. N. Rensen, and S. Kooijman, “Randomice, a Novel, User-Friendly
Randomization Tool in Animal Research,” PLoS One 15, no. 8 (2020):
€0237096, https://doi.org/10.1371/journal.pone.0237096.

11 of 13

85U90 17 SUOWILIOD BATERID) 8|G0 dde au) Aq pauenob a2 Sa1Le VO ‘3N J0 3N 10} AReiq 17 8UIIUO AB]IM UO (SUOTIPLIOD-PUE-SLLSWOD" 4B I AJq]1[pUIUO//ST1Y) SUONIPUOD) PUB SWLS | aU) 95 *[GZ02/20/22] U0 AIqiTauliuo Aoim ‘saireiai AiseAIuN uepp Ag 0002 WITTTT OT/10p/woo Ao v Akeiq jpuljuo//Sdny Wwo1 popeojumod ‘8 ‘¥Z0Z X620009T


https://www.ebi.ac.uk/ena/browser/home
https://doi.org/10.1016/S0140-6736(20)32511-3
https://doi.org/10.1016/S0140-6736(20)32511-3
https://doi.org/10.1016/j.jlr.2023.100485
https://doi.org/10.1016/j.jlr.2023.100485
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.3389/fnut.2023.1110536
https://doi.org/10.3389/fnut.2023.1110536
https://doi.org/10.1056/NEJMoa2309000
https://doi.org/10.1056/NEJMoa2309000
https://doi.org/10.3390/ijms17040447
https://doi.org/10.1080/07420528.2018.1527347
https://doi.org/10.1038/s42255-021-00395-7
https://doi.org/10.1038/s42255-021-00395-7
https://doi.org/10.1053/j.gastro.2020.01.050
https://doi.org/10.1053/j.gastro.2020.01.050
https://doi.org/10.1016/j.freeradbiomed.2017.12.026
https://doi.org/10.1016/j.freeradbiomed.2017.12.026
https://doi.org/10.5334/jcr.201
https://doi.org/10.1007/s00125-018-4767-z
https://doi.org/10.1007/s00125-018-4767-z
https://doi.org/10.1007/s00125-022-05813-3
https://doi.org/10.1007/s00125-022-05813-3
https://doi.org/10.1093/eurjpc/zwac239
https://doi.org/10.1093/eurjpc/zwac239
https://doi.org/10.1096/fj.202201304R
https://doi.org/10.14218/JCTH.2023.00094
https://doi.org/10.14218/JCTH.2023.00094
https://doi.org/10.1038/s41579-023-00904-3
https://doi.org/10.3390/cells10113164
https://doi.org/10.3390/cells10113164
https://doi.org/10.1371/journal.pone.0047713
https://doi.org/10.7554/eLife.83075
https://doi.org/10.1161/01.ATV.0000243925.65265.3c
https://doi.org/10.1371/journal.pone.0237096

23.N. P. du Sert, V. Hurst, A. Ahluwalia, et al., “The Arrive Guidelines
2.0: Updated Guidelines for Reporting Animal Research,” Plos Biol 18,
no. 7 (2020): e3000410, https://doi.org/10.1371/journal.pbio.3000410.

24. G. Parthasarathy, X. Revelo, and H. Malhi, “Pathogenesis of Non-
alcoholic Steatohepatitis: An Overview,” Hepatology Communications 4,
no. 4 (2020): 478-492, https://doi.org/10.1002/hep4.1479.

25. E. Dalbram, A. L. Basse, J. R. Zierath, and J. T. Treebak, “Voluntary
Wheel Running in the Late Dark Phase Ameliorates Diet-Induced
Obesity in Mice Without Altering Insulin Action,” Journal of Applied
Physiology 126, no. 4 (2019): 993-1005, https://doi.org/10.1152/
japplphysiol.00737.2018.

26. C. C. Hsu, E. Ness, and K. V. Kowdley, “Nutritional Approaches to
Achieve Weight Loss in Nonalcoholic Fatty Liver Disease,” Advances in
Nutrition 8, no. 2 (2017): 253-265, https://doi.org/10.3945/an.116.
013730.

27. A. Kohsaka, A. D. Laposky, K. M. Ramsey, et al., “High-Fat Diet
Disrupts Behavioral and Molecular Circadian Rhythms in Mice,” Cell
Metabolism 6, no. 5 (2007): 414-421, https://doi.org/10.1016/j.cmet.
2007.09.006.

28. D. van Moorsel, J. Hansen, B. Havekes, et al., “Demonstration of a
Day-Night Rhythm in Human Skeletal Muscle Oxidative Capacity,”
Molecular Metabolism 5, no. 8 (2016): 635-645, https://doi.org/10.
1016/j.molmet.2016.06.012.

29.C. M. Winget, C. W. DeRoshia, and D. C. Holley, “Circadian
Rhythms and Athletic Performance,” Medicine and science in sports and
exercise 17, no. 5 (1985): 498-516.

30. A. Segers, L. Desmet, T. Thijs, K. Verbeke, J. Tack, and
I. Depoortere, “The Circadian Clock Regulates the Diurnal Levels of
Microbial Short-Chain Fatty Acids and Their Rhythmic Effects on
Colon Contractility in Mice,” Acta Physiologica (Oxford, England) 225,
no. 3 (2019): 13193, https://doi.org/10.1111/apha.13193.

31.T. M. Henagan, B. Stefanska, Z. Fang, et al., “Sodium Butyrate
Epigenetically Modulates High-Fat Diet-Induced Skeletal Muscle
Mitochondrial Adaptation, Obesity and Insulin Resistance Through
Nucleosome Positioning,” British Journal of Pharmacology 172, no. 11
(2015): 2782-2798, https://doi.org/10.1111/bph.13058.

32.J. H. Pan, J. H. Kim, H. M. Kim, et al., “Acetic Acid Enhances En-
durance Capacity of Exercise-Trained Mice by Increasing Skeletal Muscle
Oxidative Properties,” Bioscience, Biotechnology, and Biochemistry 79, no. 9
(2015): 15351541, https://doi.org/10.1080/09168451.2015.1034652.

33. G. N. Ioannou, “The Role of Cholesterol in the Pathogenesis of
NASH,” Trends in Endocrinology & Metabolism 27, no. 2 (2016): 84-95,
https://doi.org/10.1016/j.tem.2015.11.008.

34.V. Houttu, U. Boulund, A. Grefhorst, et al., “The Role of the Gut
Microbiome and Exercise in Non-Alcoholic Fatty Liver Disease,”
Therapeutic Advances in Gastroenterology 13 (2020): 1756284820941745,
https://doi.org/10.1177/1756284820941745.

35. 0. Kamer, E. Rinott, G. Tsaban, et al., “Successful Weight Regain
Attenuation by Autologous Fecal Microbiota Transplantation Is Asso-
ciated With Non-Core Gut Microbiota Changes During Weight Loss;
Randomized Controlled Trial,” Gut Microbes 15, no. 2 (2023): 2264457,
https://doi.org/10.1080/19490976.2023.2264457.

36. R. J. Shephard, C. Allen, A. J. Benade, et al., “The Maximum Oxygen
Intake: An International Reference Standard of Cardiorespiratory Fitness,”
Bulletin of the World Health Organization 38, no. 5 (1968): 757-764.

37.R. P. Durk, E. Castillo, L. Marquez-Magaiia, et al., “Gut Microbiota
Composition Is Related to Cardiorespiratory Fitness in Healthy Young
Adults,” International Journal of Sport Nutrition and Exercise Metabolism
29, no. 3 (2019): 249-253, https://doi.org/10.1123/ijsnem.2018-0024.

38.R. L. Hughes, “A Review of the Role of the Gut Microbiome in
Personalized Sports Nutrition,” Frontiers in Nutrition 6 (2020): 191,
https://doi.org/10.3389/fnut.2019.00191.

39. A. Hasani, S. Ebrahimzadeh, F. Hemmati, A. Khabbaz, A. Hasani,
and P. Gholizadeh, “The Role of Akkermansia Muciniphila in Obesity,
Diabetes and Atherosclerosis,” Journal of Medical Microbiology 70, no.
10 (2021): 1435, https://doi.org/10.1099/jmm.0.001435.

40. J. Li, S. Lin, P. M. Vanhoutte, C. W. Woo, and A. Xu, “Akkermansia
Muciniphila Protects Against Atherosclerosis by Preventing Metabolic
Endotoxemia-Induced Inflammation in Apoe-/- Mice,” Circulation 133,
no. 24 (2016): 2434-2446, https://doi.org/10.1161/Circulationaha.115.
019645.

41.C. Depommier, M. Van Hul, A. Everard, N. M. Delzenne,
W. M. De Vos, and P. D. Cani, “Pasteurized Akkermansia Muciniphila
Increases Whole-Body Energy Expenditure and Fecal Energy Excretion
in Diet-Induced Obese Mice,” Gut Microbes 11, no. 5 (2020): 1231-1245,
https://doi.org/10.1080/19490976.2020.1737307.

42. H. Plovier, A. Everard, C. Druart, et al., “A Purified Membrane
Protein From Akkermansia Muciniphila or the Pasteurized Bacterium
Improves Metabolism in Obese and Diabetic Mice,” Nature Medicine 23,
no. 1 (2017): 107-113, https://doi.org/10.1038/nm.4236.

43.N. Y. Lee, M. J. Shin, G. S. Youn, et al., “Lactobacillus Attenuates
Progression of Nonalcoholic Fatty Liver Disease by Lowering Choles-
terol and Steatosis,” Clinical and Molecular Hepatology 27, no. 1 (2021):
110-124, https://doi.org/10.3350/cmh.2020.0125.

44.H. Li, F. Liu, J. Lu, et al.,, “Probiotic Mixture of Lactobacillus
Plantarum Strains Improves Lipid Metabolism and Gut Microbiota
Structure in High Fat Diet-Fed Mice,” Frontiers in Microbiology 11
(2020): 512, https://doi.org/10.3389/fmicb.2020.00512.

45. H. R. Jang, H. J. Park, D. Kang, et al., “A Protective Mechanism of
Probiotic Lactobacillus Against Hepatic Steatosis via Reducing Host
Intestinal Fatty Acid Absorption,” Experimental & Molecular Medicine
51 (2019): 1-14, https://doi.org/10.1038/s12276-019-0293-4.

46. W. Guo, Q. Xiang, B. Mao, et al., “Protective Effects of Microbiome-
Derived Inosine on Lipopolysaccharide-Induced Acute Liver Damage
and Inflammation in Mice via Mediating the TLR4/NF-xB Pathway,”
Journal of Agricultural and Food Chemistry 69, no. 27 (2021):
7619-7628, https://doi.org/10.1021/acs.jafc.1c01781.

47.Z. Li, C. X. Yi, S. Katiraei, et al., “Butyrate Reduces Appetite and
Activates Brown Adipose Tissue via the Gut-Brain Neural Circuit,” Gut
67, no. 7 (2018): 1269-1279, https://doi.org/10.1136/gutjnl-2017-314050.

48. M. Deng, F. Qu, L. Chen, et al.,, “SCFAs Alleviated Steatosis and
Inflammation in Mice With Nash Induced by MCD,” Journal of
Endocrinology 245, no. 3 (2020): 425-437, https://doi.org/10.1530/Joe-
20-0018.

49. C. Martin-Gallausiaux, L. Marinelli, H. M. Blottiére, P. Larraufie,
and N. Lapaque, “SCFA: Mechanisms and Functional Importance in
the Gut,” Proceedings of the Nutrition Society 80, no. 1 (2021): 37-49,
https://doi.org/10.1017/S0029665120006916.

50.J. Frampton, K. G. Murphy, G. Frost, and E. S. Chambers, “Short-
Chain Fatty Acids as Potential Regulators of Skeletal Muscle Metabo-
lism and Function,” Nature Metabolism 2, no. 9 (2020): 840-848, https://
doi.org/10.1038/s42255-020-0188-7.

51. K. A. Smith, J. N. Pugh, F. A. Duca, G. L. Close, and M. J. Ormsbee,
“Gastrointestinal Pathophysiology During Endurance Exercise: Endo-
crine, Microbiome, and Nutritional Influences,” European Journal of
Applied Physiology 121, no. 10 (2021): 2657-2674, https://doi.org/10.
1007/s00421-021-04737-X.

52.J. Scheiman, J. M. Luber, T. A. Chavkin, et al.,, “Meta-Omics
Analysis of Elite Athletes Identifies a Performance-Enhancing Microbe
That Functions via Lactate Metabolism,” Nature Medicine 25, no. 7
(2019): 1104-1109, https://doi.org/10.1038/s41591-019-0485-4.

53. A. Belenguer, G. Holtrop, S. H. Duncan, et al., “Rates of Production
and Utilization of Lactate By Microbial Communities from the Human
Colon,” FEMS Microbiology Ecology 77, no. 1 (2011): 107-119, https://
doi.org/10.1111/j.1574-6941.2011.01086.x.

12 of 13

Journal of Pineal Research, 2024

85U90 17 SUOWILIOD BATERID) 8|G0 dde au) Aq pauenob a2 Sa1Le VO ‘3N J0 3N 10} AReiq 17 8UIIUO AB]IM UO (SUOTIPLIOD-PUE-SLLSWOD" 4B I AJq]1[pUIUO//ST1Y) SUONIPUOD) PUB SWLS | aU) 95 *[GZ02/20/22] U0 AIqiTauliuo Aoim ‘saireiai AiseAIuN uepp Ag 0002 WITTTT OT/10p/woo Ao v Akeiq jpuljuo//Sdny Wwo1 popeojumod ‘8 ‘¥Z0Z X620009T


https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1002/hep4.1479
https://doi.org/10.1152/japplphysiol.00737.2018
https://doi.org/10.1152/japplphysiol.00737.2018
https://doi.org/10.3945/an.116.013730
https://doi.org/10.3945/an.116.013730
https://doi.org/10.1016/j.cmet.2007.09.006
https://doi.org/10.1016/j.cmet.2007.09.006
https://doi.org/10.1016/j.molmet.2016.06.012
https://doi.org/10.1016/j.molmet.2016.06.012
https://doi.org/10.1111/apha.13193
https://doi.org/10.1111/bph.13058
https://doi.org/10.1080/09168451.2015.1034652
https://doi.org/10.1016/j.tem.2015.11.008
https://doi.org/10.1177/1756284820941745
https://doi.org/10.1080/19490976.2023.2264457
https://doi.org/10.1123/ijsnem.2018-0024
https://doi.org/10.3389/fnut.2019.00191
https://doi.org/10.1099/jmm.0.001435
https://doi.org/10.1161/Circulationaha.115.019645
https://doi.org/10.1161/Circulationaha.115.019645
https://doi.org/10.1080/19490976.2020.1737307
https://doi.org/10.1038/nm.4236
https://doi.org/10.3350/cmh.2020.0125
https://doi.org/10.3389/fmicb.2020.00512
https://doi.org/10.1038/s12276-019-0293-4
https://doi.org/10.1021/acs.jafc.1c01781
https://doi.org/10.1136/gutjnl-2017-314050
https://doi.org/10.1530/Joe-20-0018
https://doi.org/10.1530/Joe-20-0018
https://doi.org/10.1017/S0029665120006916
https://doi.org/10.1038/s42255-020-0188-7
https://doi.org/10.1038/s42255-020-0188-7
https://doi.org/10.1007/s00421-021-04737-x
https://doi.org/10.1007/s00421-021-04737-x
https://doi.org/10.1038/s41591-019-0485-4
https://doi.org/10.1111/j.1574-6941.2011.01086.x
https://doi.org/10.1111/j.1574-6941.2011.01086.x

54.P. Louis and H. J. Flint, “Diversity, Metabolism and Microbial
Ecology of Butyrate-Producing Bacteria From the Human Large Intes-
tine,” FEMS Microbiology Letters 294, no. 1 (2009): 1-8, https://doi.org/
10.1111/j.1574-6968.2009.01514.x.

55.S. P. Wang, L. A. Rubio, S. H. Duncan, et al., “Pivotal Roles for pH,
Lactate, and Lactate-Utilizing Bacteria in the Stability of a Human
Colonic Microbial Ecosystem,” Msystems 5, no. 5 (2020): e00645-20,
https://doi.org/10.1128/mSystems.00645-20.

56. U. Sekir, F. Ozyener, and H. Giir, “Effect of Time of Day on the
Relationship Between Lactate and Ventilatory Thresholds: A Brief
Report,” Journal of sports science & medicine 1, no. 4 (2002): 136-140.

57. N. Casanova-Vallve, D. Duglan, M. E. Vaughan, et al., “Daily Run-
ning Enhances Molecular and Physiological Circadian Rhythms in
Skeletal Muscle,” Molecular Metabolism 61 (2022): 101504, https://doi.
0rg/10.1016/j.molmet.2022.101504.

58. T. D. Heden, Y. Liu, and J. A. Kanaley, “Exercise Timing and Blood
Lactate Concentrations in Individuals With Type 2 Diabetes,” Applied
Physiology, Nutrition, and Metabolism 42, no. 7 (2017): 732-737, https://
doi.org/10.1139/apnm-2016-0382.

59.C. A. Thaiss, M. Levy, T. Korem, et al, “Microbiota Diurnal
Rhythmicity Programs Host Transcriptome Oscillations,” Cell 167, no. 6
(2016): 1495-1510.e12, https://doi.org/10.1016/j.cell.2016.11.003.

60. M. Heddes, B. Altaha, Y. Niu, et al., “The Intestinal Clock Drives the
Microbiome to Maintain Gastrointestinal Homeostasis,” Nature
Communications 13, no. 1 (2022): 6068, https://doi.org/10.1038/
s41467-022-33609-x.

61. T. Okamoto, K. Morino, S. Ugi, et al., “Microbiome Potentiates
Endurance Exercise Through Intestinal Acetate Production,” American
Journal of Physiology Endocrinology and Metabolism 316, no. 5 (2019):
956, https://doi.org/10.1152/ajpend0.00510.2018.

62.J. Kang, N. A. Ratamess, A. D. Faigenbaum, et al., “Time-of-Day
Effects of Exercise on Cardiorespiratory Responses and Endurance
Performance: A Systematic Review and Meta-Analysis,” Journal of
Strength and Conditioning Research 37, no. 10 (2023): 2080-2090,
https://doi.org/10.1519/Jsc.0000000000004497.

63.Y. Xue, Y. Peng, L. Zhang, Y. Ba, G. Jin, and G. Liu, “Effect of
Different Exercise Modalities on Nonalcoholic Fatty Liver Disease: A
Systematic Review and Network Meta-Analysis,” Scientific reports 14,
no. 1 (2024): 6212, https://doi.org/10.1038/s41598-024-51470-4.

64. S. Porcari, N. Benech, M. Valles-Colomer, et al., “Key Determinants
of Success in Fecal Microbiota Transplantation: From Microbiome to
Clinic,” Cell Host & Microbe 31, no. 5 (2023): 712-733, https://doi.org/
10.1016/j.chom.2023.03.020.

65.Z. Liu, H. Y. Liu, H. Zhou, et al., “Moderate-Intensity Exercise
Affects Gut Microbiome Composition and Influences Cardiac Function
in Myocardial Infarction Mice,” Frontiers in Microbiology 8 (2017): 1687,
https://doi.org/10.3389/fmicb.2017.01687.

66. J. Bilinski, M. Dziurzynski, P. Grzesiowski, et al., “Fresh Versus
Frozen Stool for Fecal Microbiota Transplantation-Assessment by
Multimethod Approach Combining Culturing, Flow Cytometry, and
Next-Generation Sequencing,” Frontiers in Microbiology 13 (2022):
872735, https://doi.org/10.3389/fmicb.2022.872735.

67.J. Liu, H. Lin, M. Cao, et al., “Shifts and Importance of Viable
Bacteria in Treatment of DSS-Induced Ulcerative Colitis Mice With
FMT,” Frontiers in Cellular and Infection Microbiology 13 (2023):
1124256, https://doi.org/10.3389/fcimb.2023.1124256.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

13 of 13

B5UB17 SLOWILLOD SAERID 3|ded! dde au) Aq pauLBA0D 818 S3[0 1L YO B8N JO S3IMJ 10J AIq 1T 3UIIUO A1 U (SUONIPUD-PUR-SLUIBY/WI0D A8 1M A1 Ul JUO//:SdNY) SLORIPUOD PUe SWS L U1 89S *[G202/20/.2] uo AriqrTauluo As|im ‘sa1reiqi Aiseaun uspi Aq 0002 1d(TTTT OT/10p/wod A8 | Asiq Ul UO//SaNY WO1J papeo|umod ‘8 ‘¥Z0e X6.0009T


https://doi.org/10.1111/j.1574-6968.2009.01514.x
https://doi.org/10.1111/j.1574-6968.2009.01514.x
https://doi.org/10.1128/mSystems.00645-20
https://doi.org/10.1016/j.molmet.2022.101504
https://doi.org/10.1016/j.molmet.2022.101504
https://doi.org/10.1139/apnm-2016-0382
https://doi.org/10.1139/apnm-2016-0382
https://doi.org/10.1016/j.cell.2016.11.003
https://doi.org/10.1038/s41467-022-33609-x
https://doi.org/10.1038/s41467-022-33609-x
https://doi.org/10.1152/ajpendo.00510.2018
https://doi.org/10.1519/Jsc.0000000000004497
https://doi.org/10.1038/s41598-024-51470-4
https://doi.org/10.1016/j.chom.2023.03.020
https://doi.org/10.1016/j.chom.2023.03.020
https://doi.org/10.3389/fmicb.2017.01687
https://doi.org/10.3389/fmicb.2022.872735
https://doi.org/10.3389/fcimb.2023.1124256

	Timing Matters: Late, but Not Early, Exercise Training Ameliorates MASLD in Part by Modulating the Gut-Liver Axis in Mice
	1 Introduction
	2 Materials and Methods
	2.1 Animal Experiments
	2.2 Ethics Statement
	2.3 Statistical Analysis

	3 Results
	3.1 Only Late, but Not Early Exercise Training Reduces Body Weight Gain
	3.2 Only Late, but Not Early Exercise Training Alleviates Liver Steatosis
	3.3 Exercise Training Regardless of Timing Attenuates Inflammation and Fibrosis in the Liver
	3.4 Only Late, but Not Early Exercise Training Reshapes Gut Microbiota Composition
	3.5 Fecal Microbiota Transplantation From Late-Trained Mice Tends to Decrease Liver Lipid Accumulation
	3.6 FMT Leads to an Intestinal Passage Effect Rather Than Stable Engraftment of Transplanted Bacteria

	4 Discussion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information




