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Abstract

Metabolic syndrome increases the risk of developing noncommunicable diseases such asmetabolic dysfunction-associated steatotic
liver disease. The aim was to investigate the effects of sedentary behavior (SB) reduction on liver glucose uptake (LGU), endogenous
glucose production (EGP), liver fat content (LFC), and liver enzyme levels [alanine aminotransferase (ALT), aspartate aminotransferase,
and c-glutamyltransferase]. Forty-four sedentary (daily SB time� 10 h), physically inactivemiddle-aged adults withmetabolic syndrome
were randomized into intervention (INT; n¼ 23, 21 completed) and control (CON; n¼ 21, 19 completed) groups. For 6mo, INT aimed to
limit SB by 1 h/day, whereas CON aimed to maintain usual habits. SB and physical activity (PA) were measured continuously with hip-
worn accelerometers. Before and at the end of the intervention, LGUwas measured using positron emission tomography during the
hyperinsulinemic-euglycemic clamp. EGPwas calculated, and LFCwasmeasured bymagnetic resonance spectroscopy. INT reduced
SB by 51 [95% confidence interval (CI): 22, 78] min/day and increasedmoderate-to-vigorous physical activity (MVPA) by 22 (95%CI: 12,
33) min/day, with no significant change in CON. Differences in liver healthmarkers between the groups were not significant. However,
according to the exploratory analyses among participants who successfully reduced SB, ALT decreased (�1.1 [95%CI: 0.93, 1.36] U/L)
compared with the continuously sedentary participants (þ0.8 [95% CI: 0.65, 1.05] U/L) (group � time, P ¼ 0.006). To enhance liver
health, reducing SB for longer durations and/or increasing the intensity of PA may be necessary. However, successfully reducing SB
may lead to better levels of circulating ALT liver enzymes.

NEW & NOTEWORTHY Aiming to reduce sedentary behavior (SB) by 1 h/day did not significantly influence liver health markers,
suggesting that more substantial reductions or a different approach might be necessary to see improvements. However, achiev-
ing the desired behavioral change could lead to improvements in ALT levels. This study is the first to analyze how reducing SB
and replacing it with nonguided physical activity impacts liver health in adults with metabolic syndrome, offering insights for
future intervention strategies.

endogenous glucose production; liver fat; liver glucose uptake; physical activity; sedentary behavior

INTRODUCTION

Physical inactivity is the fourth leading risk factor for
global mortality and causes 3.2 million deaths yearly (1).
Based on objectively measured data, adults spend �8.2 h/
day of their waking hours in sedentary behaviors (SBs) (2),
such as sitting, lying, or reclining. Emerging evidence shows

that in addition to moderate-to-high-intensity exercise also,
informal light-intensity physical activity (PA) (so-called non-
exercise activity) that replaces sedentary activities such as
prolonged sitting likely prevents obesity, diabetes, cardio-
vascular disease, and cancer risk andmortality (3–6).

Metabolic syndrome (MetS) is defined as a cluster of risk
factors, including abdominal obesity, hypertension, high
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blood glucose, and lipid levels (7), which increase the risk
of noncommunicable diseases such as type 2 diabetes and
metabolic dysfunction-associated steatotic liver disease
(MASLD) [formerly known as nonalcoholic fatty liver dis-
ease (NAFLD)] (8). SB has been suggested to be an independ-
ent risk factor for metabolic syndrome (9), and according to
bed rest studies, SB is associated with reduced lipolysis and
significant impairments in whole body insulin sensitivity (10,
11). Conversely, exercise training improves whole body and
skeletal muscle insulin sensitivity (12, 13) and body composi-
tion (14). However, the effects of SB reduction on liver health,
such as tissue-specific insulin sensitivity and liver fat, remain
unclear.

In the postprandial state, blood glucose levels increase sig-
nificantly due to the digestion and absorption of carbohy-
drates. The liver accounts for 34% of glucose uptake with a
moderate glucose load, while muscle and adipose tissues col-
lectively absorb 33%, and the remaining glucose is used
mostly by the central nervous system and red blood cells
(15). This elevation in blood glucose levels triggers insulin
secretion from the pancreatic b cells, which enhances glyco-
gen synthesis and lipogenesis in the liver. Conversely, during
the fasting state, insulin levels decline, leading the pancre-
atic a cells to secrete glucagon. This process stimulates
endogenous glucose production (EGP) within the liver to ful-
fill the energy requirements of the brain and red blood cells
in particular. EGP is achieved through the breakdown of
stored glycogen (glycogenolysis) and the synthesis of glucose
from noncarbohydrate sources (gluconeogenesis) (16). The
glucose uptake in the liver is regulated by insulin, which
enhances glucokinase activity while inhibiting the expres-
sion of glucose-6-phosphatase (17–19). After a meal, the liver
plays a crucial role in blood glucose regulation by using it for
energy or storing glucose as glycogen, with a capacity of
�100 g. This stored glycogen is essential for providing glu-
cose to other tissues when needed. In addition, effective gly-
cogen storage helps the brain respond to fluctuations in
blood sugar levels, contributing to overall metabolic balance
(20, 21). During exercise, the energy demands of the working
skeletal muscle increase, which increases EGP in the liver
via glycogenolysis and gluconeogenesis to maintain glucose
homeostasis (22). On the contrary, after exercise, hepatic tis-
sue is more sensitive to insulin, increasing glucose uptake
into the liver (23). In healthy humans, liver glucose uptake
(LGU) increases, and EGP decreases during insulin stimula-
tion. However, when glucose tolerance is impaired due to
insulin resistance, the hepatic tissue does not respond to
insulin, which reduces LGU and increases EGP (17, 18). Thus,
decreased LGU and increased EGP directly indicate hepatic
insulin resistance during insulin stimulation. Fatty liver is
associated with peripheral and hepatic insulin resistance
(24), which increases the risk of MASLD. Accumulation of
excess fat in the liver increases intracellular diacylglyceride
content, interfering with insulin signaling by decreasing
hepatic glycogen synthesis and increasing hepatic gluconeo-
genesis and lipid synthesis (25).

Our prior study involving the same cohort determined
that an SB reduction intervention did not significantly
influence insulin sensitivity at the whole body level or in
the thigh muscles, including the quadriceps and ham-
strings, during the intervention phase (26). Nevertheless,

we identified beneficial associations between the reductions
in SB, changes in moderate-to-vigorous physical activity
(MVPA), the number of daily steps, and improved insulin
sensitivity. Furthermore, successfully reducing daily sitting
led to improved insulin sensitivity in the whole body and
the hamstring muscles (26). Previous studies have found
that moderate-intensity exercise training could increase
LGU and decrease EGP (27, 28). Moderate-intensity exercise
training may also decrease liver fat content (LFC) in
patients with MASLD (29). However, it is unclear how
reducing SB without formal exercise training affects these
liver-specific markers (LGU, EGP, and LFC). Finding time-
efficient doses of physical activity (PA) that can be adopted
and accepted by the general population is essential because
lack of time is reported to be one of the main reasons people
are not engaging in PA (30). However, reducing SB could
perhaps be easier than exercise to incorporate into one’s
daily routines. Understanding the chronic effects of reduc-
ing SB on liver insulin resistance and LFC would also be
important because these markers reflect an increased risk
of developing metabolic diseases such as type 2 diabetes or
MASLD. Our cross-sectional findings suggest that especially
body weight reduction could improve LFC (31) and liver
enzymes (32), and increasing standing could suppress
(improve) EGP (33). However, the effects of long-term SB
reduction intervention on these variables are currently
unknown.

Consequently, our primary aim in the present study was
to examine the effects of a 6-mo randomized, parallel-group
intervention aiming to reduce SB by 1 h/day on direct liver
insulin sensitivity indicators (LGU, EGP), LFC, and liver
enzyme levels in inactive adults with MetS. The SB was
replaced with nonexercise activities such as standing, walk-
ing, and using stairs. LGU, EGP, and LFC were all measured
using golden standard methods, positron emission tomog-
raphy (PET), and magnetic resonance spectroscopy (MRS).
SB and PA were measured with validated accelerometers
throughout the study. In addition, we examined the corre-
lations between changes in SB and PA, liver insulin sensi-
tivity and fat content and liver enzymes, daily nutrient
and energy intake, body composition, and other cardiome-
tabolic health markers.

MATERIALS AND METHODS

Design of the Study

This 6-mo randomized controlled trial (ClinicalTrials.gov
ID NCT03101228) took place at the Turku PET Centre, Turku,
Finland, from April 2017 to March 2020. The study followed
good clinical practice and the Declaration of Helsinki and
was approved by the Ethics Committee of the Hospital
District of Southwest Finland (16/1801/2017). All participants
provided written informed consent.

Study Participants

In total, 263 individuals volunteered. Of these, 155 partici-
pated in the screeningmeasurements, and 64 were included
in the hyperinsulinemic-euglycemic clamp (HEC) analysis
(34). Of these, 44 were included in this imaging study with
PET combined with HEC and MRS (Fig. 1, study flow
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diagram). Participants were sedentary middle-aged adults
with MetS (7). Inclusion criteria were as follows: aged 40 to
65 yr, with a body mass index (BMI) ranging from 25 to
40 kg/m2. Eligible participants must be physically inactive,
defined as engaging in less than 120 min of moderate-inten-
sity exercise per week, as reported during telephone screen-
ings and initial physical activity questionnaires. In addition,
individuals must demonstrate a sitting time of at least 10 h
per day or 60% of the total accelerometer wear time, as
measured during screening. Blood pressure values must be
below 160/100 mmHg, and fasting plasma glucose levels
must be below 7.0 mmol/L. Furthermore, participants must
meet at least three of the metabolic syndrome criteria, which

include: central obesity (waist circumference of 94 cm or
greater for men and 80 cm or greater for women); blood tri-
glycerides of 1.7 mmol/L or greater; HDL cholesterol levels
below 1.0 mmol/L for men and below 1.3 mmol/L for women;
systolic blood pressure of 130 mmHg or greater and/or dia-
stolic blood pressure of 85 mmHg or greater; and fasting glu-
cose levels exceeding 5.6 mmol/L. Exclusion criteria
comprise any history of cardiovascular events, individuals
who are insulin-dependent or receiving medical treatment
for diabetes, and those with any chronic disease or condition
that may compromise the subject’s safety, threaten the
integrity of the study procedures, or interfere with the inter-
pretation of the study results. Participants with excessive

Assessed for eligibility (n = 263)

Lost to follow-up (n = 1)
discontinued (1) 

Discontinued intervention (n = 1) 
personal reasons (1) 

Allocated to intervention (n = 23)
Received allocated intervention (23)

Lost to follow-up (n = 2)
discontinued (2) 

Discontinued intervention (n = 2)
personal reasons (1) 

 low back pain (1)

Allocated to control (n = 21) 
Received allocated intervention (21)

Analysis

Follow-Up

Enrollment

Excluded (n = 199)
Not meeting inclusion criteria (195) 
Declined to participate (3) 
Other reasons (1) 

Analysed (n= 23) 
20 with valid accelerometer data
21 with complete LGU data
21 with complete EGP data
18 with complete LFC data
20 with complete anthropometric data
21 with complete blood sample data
20 with complete dietary data

Analysed (n= 21) 
19 with valid accelerometer data
17 with complete LGU data 
18 with complete EGP data
14 with complete LFC data
19 with complete anthropometric data
19 with complete blood sample data
19 with complete dietary data

Allocation 

Randomized (n= 64)*

Randomized (n= 44)** 

Figure 1. Study flow diagram.
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alcohol consumption, as defined by national guidelines, and
those who use narcotics, smoke tobacco, or consume snuff
tobacco were also excluded. In addition, individuals with a
history of previous positron emission tomography (PET)
scans or significant prior exposure to radiation, and those
diagnosed with depressive or bipolar disorder did not qualify
for participation in this study.

Intervention

The study involved a 1-mo screening phase, followed by a
6-mo intervention period. After the screening phase, partici-
pants who satisfied the inclusion criteria were randomly
allocated (1:1) into intervention (INT; n ¼ 23) and control
(CON; n¼ 21) groups using randomized permuted block ran-
domization with stratification for sex, facilitated by a statisti-
cian, as previously described (26). A comprehensive account
of the intervention has been previously documented (34).
Briefly, baseline PA and SB levels were assessed during the 1-
mo screening phase. The INT group received instructions to
decrease their SB by 1 h/day compared with their individual
baseline and to substitute it with nonexercise activities, such
as standing, light physical activity (LPA), or moderate-to-vig-
orous physical activity (MVPA). Conversely, the CON group
was advised to uphold their baseline SB and PA. Each partici-
pant was provided with tailored guidance and recommenda-
tions by the researcher to attain the intervention objectives,
with both groups using a specific mobile phone application
(ExSed, https://www.exsed.com, UKK Terveyspalvelut Oy,
Tampere, Finland) for daily activitymonitoring (35).

Sedentary Behavior and Physical Activity

SB, encompassing sitting and lying, and PA were assessed
using tri-axial accelerometers worn in the hip. The initial
measurement phase spanning 1 mo used UKKAM30 acceler-
ometers (UKK-Institute, Tampere, Finland), followed by con-
tinuous monitoring throughout the entire 6-mo intervention
period using Movesense accelerometers (Suunto, Vantaa,
Finland), as previously reported (34). Data collected from the
accelerometers was scrutinized at 6-s epochs (36), with SB,
standing, LPA, MVPA, steps taken, and breaks in SB being
ascertained through the mean amplitude deviation (MAD)
(37) and angle for posture estimation (APE) methodologies
(38). Daily averages for SB, breaks in SB, standing, daily steps,
LPA, and MVPA were computed. As previously described
(26), to account for temporal discrepancies in wear time, SB,
standing, LPA, andMVPAwere also gauged as percentages in
relation to the daily accelerometer wear time. Participants
were mandated to adhere to a daily wear-time criterion of
10–19 h and ensure a minimum of four valid measurement
days for the collected data to be deemed valid. Any surplus
measurement time exceeding 19 h/day was subtracted from
the SB timeframe.

Whole Body Insulin Sensitivity

The HEC was performed after at least 10 h of fasting, as
previously described (34). A primed-constant insulin infu-
sion using Actrapid (100 U/mL, Novo Nordisk, Bagsvaerd,
Denmark) was initiated at a rate of 160 mU/min/m2 of the
participant’s body surface area for the first 4 min. This infu-
sion rate was then reduced to 80 mU/m2/min from 4 to

7 min and maintained at a constant rate of 40 mU/m2/
min from 7 min until the end of the clamp. An exogenous
20% glucose infusion began 4 min after the insulin infu-
sion started at a rate of 0.5 mL/h per kilogram of the par-
ticipant’s body weight. At the 10-min mark, the glucose
infusion rate was doubled and subsequently adjusted
based on blood glucose concentration to maintain a tar-
get level close to 5 mmol/L. Arterialized venous blood
samples were collected every 5 min during the first
30 min and then every 10 min at a steady state to deter-
mine glucose concentration and adjust the glucose infu-
sion rate accordingly. The whole body insulin-stimulated
glucose uptake rate was calculated in 20-min intervals
using the steady-state glucose values and the glucose
infusion rate, starting from 20 min after the hyperinsuli-
nemic-euglycemic clamp began. The outcome, referred to
as the M-value, indicates whole body glucose uptake in
mg/kg/min. The equation for the calculation of the M-
value is M ¼ 1=p� Ri ti � ½Riðti � vi � 1=300Þ þ ðG1� G2Þ�
0:19� p� 180�, in which p¼weight of the subject (kg), Riti ¼
time interval (min), ti ¼ interval (min), vi ¼ glucose infusion
rate during the interval (mL/min), G1 ¼ glucose concentra-
tion at beginning of the interval (mmol/L), G2¼ glucose con-
centration at end of the interval (mmol/L), 0.19 ¼ glucose
distribution volume (l/kg), and 180 ¼ glucose molar mass
(mg/mmol).

Liver Glucose Uptake

During HEC, LGU was measured using 2-deoxy-2-[18F] flu-
oro-D-glucose ([18F]FDG) positron emission tomography (PET)
imaging with a PET/computed tomography (CT) scanner (GE
D690, GEHealthcare, Milwaukee, WI), as previously described
(33). The radiotracer [18F]FDG (39) was produced, and the
uptake of [18F]FDG was analyzed according to previously
established methods (40). Hepatic region imaging started
simultaneously with the tracer (168 [SD 11] MBq) injection into
the antecubital vein 75 (SD 12) min after starting the clamp.
The cumulative availability of the tracer in plasma (input
function) was determined from the radioactivity in the left
ventricle of the heart during the first 40 min of PET imaging
and from blood samples collected at�50 and 70min after the
injection. All data were corrected for dead-time, decay, and
measured photon attenuation. Dynamic PET scan was recon-
structed using an iterative reconstructionmethod.

18F-FDG activity in the hepatic tissue was measured by
drawing a region of interest (ROI) in the right lobe of the
liver using a CT image as an anatomic reference. The PET/
CT images were analyzed with Carimas (v.2.71, Turku PET
Centre, Turku, Finland). LGU (lmol/mL/min) was calcu-
lated by multiplying the tissue fractional phosphorylation
rate (Ki) by the average plasma glucose concentration during
scanning. The liver’s lumped constant (LC) is 1.0 (41). The
software Carimas (v.2.71, Turku PET Centre, Turku, Finland)
was used to analyze PET/CT images of the liver. Plasma
radioactivity was measured with an automatic gamma
counter (Wizard 1480 3 in., Wallac, Turku, Finland).

Endogenous Glucose Production

EGPwas determined by calculating the difference between
the exogenous glucose infusion rate, adjusted for space
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correction (42), and the glucose rate of disappearance during
theHEC (43), as previously described (33).

Liver Fat Content

LFC was measured using magnetic resonance spectros-
copy (MRS) with the two-point Dixon (2PD) method, as
previously described (31, 33). Initially, measurements were
conducted on a Philips 3 Tesla system (Ingenuity TF PET/
MR) equipped with a Q-Body coil. However, due to the
replacement of the MRI scanner during the study, LFC
quantification for seven participants was later performed
using a Siemens Magnetom Skyra Fit 3T MRI system
(Siemens Healthcare, Erlangen, Germany), which was
equipped with Siemens Body 30 and 18-channel coils, and
a 32-channel spine coil. It is important to note that pre-
and postmeasurements for each participant were always
conducted using the same scanner, ensuring that any
observed changes in LFC during the intervention were
accurately represented.

The spectra were acquired using stimulated echo acquisi-
tion mode (STEAM) 1H MRS with the following parameters:
repetition time (TR)/echo time (TE)/mixing time (TM) ¼
2,000/11/17 ms; four averages; 2,048 samples; spectral band-
width of 2,000 Hz; and an acquisition volume of 20 � 20 �
30 mm3. Data acquisition occurred during 12 breath holds.
Water saturation was achieved using chemical shift selective
(CHESS) techniques with a bandwidth of 50 Hz. The total
duration of the scan was 3 min and 12 s. In addition, a three-
dimensional (3-D) T1-fast field echo sequence was acquired
in the axial plane with parameters: TR/TE1/TE2 ¼ 2.8/0.81/
1.8 ms, a flip angle of 10�, a field of view of FOV 510 mm �
510 mm, and an imaging matrix of 188 � 188. The data was
reconstructed to a voxel size of 2.13 � 2.13 � 4 mm3.
Respiratory gating was applied in the thorax and upper
abdomen region. LFC quantification was further conducted
with the Siemens Magnetom Skyra Fit 3T MRI system, using
Siemens Body 30 and 18-channel coils, and a 32-channel
spine coil. The spectra were acquired using point-resolved
spectroscopy (PRESS) 1H MRS, with parameters of TR/TE ¼
4,000/30 ms; 32 averages; 1,024 samples; and an acquisition
volume of 20 � 20 � 20 mm3. Respiratory motion was man-
aged using a navigator. Water saturation was conducted with
a bandwidth of 35 Hz, and the duration of the scan was
3 min and 10 s. A 3-D gradient echo volumetric interpolated
breath-hold examination (VIBE Dixon) sequence was also
acquired in the axial plane, with parameters: TR/TE1/TE2 ¼
3.97/1.23/2.46, a flip angle of 9�, and a voxel size of 2 � 2 �
2 mm3. Breath holds were used in the thorax and upper
abdomen area, and controlled aliasing in parallel imaging
results in higher acceleration (CAIPIRINHA) was also
applied. Water signal and fat signal images were used to cal-
culate the fat fraction map (44), which was then used to
determine the LFC, with an MRI image serving as an ana-
tomical reference.

The LC Model (v.6.3-0 C) was used to quantify liver fat,
using “liver-4” as the spectrum type. Lipid signals at 1.6
ppm, 1.3 ppm, and 0.9 ppm were included in the analysis.
Adjustments for fat and water signals were made due to
differences in T2 decay and the molar concentrations of
1H nuclei in fat and water, as previously reported (45, 46).

Liver fat content was defined as the amount of fat relative
to the total weight of the liver tissue (47). MRI images were
analyzed using Carimas software version 2.10. Four repre-
sentative three-dimensional regions of interest (ROIs)
were manually delineated on liver sections (left lateral and
medial sections, right anterior and posterior sections),
carefully avoiding the main portal veins. The results were
volume corrected using the formula: mean value of one
section � [total volume (mm3) of one section/total volume
of all sections].

Blood Sampling

Venous blood samples were collected after a fasting
period of at least 10 h. Plasma glucose levels weremeasured
using an enzymatic reference method with hexokinase
(GLUC3), whereas plasma insulin levels were determined
using an electrochemiluminescence immunoassay (Cobas
8000 e801, RocheDiagnosticsGmbH,Mannheim,Germany).
Hemoglobin A1c (HbA1c) was assessed through turbidi-
metric inhibition immunoassay (Cobas 6000 c501, Roche
Diagnostics GmbH, Mannheim, Germany). In addition,
plasma triglycerides, total cholesterol, low-density lipo-
protein cholesterol (LDL-C), and high-density lipoprotein
cholesterol (HDL-C) were analyzed using enzymatic colori-
metric tests (Cobas 8000 c702, Roche Diagnostics GmbH,
Mannheim, Germany). Alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levelsweremeasuredby the
photometric International Federation of Clinical Chemistry
(IFCC) method using Cobas 8000 c702 and c502 analyzers
(Roche Diagnostics GmbH, Mannheim, Germany). Finally,
c-glutamyltransferase (GGT) was determined through enzy-
matic colorimetric tests (Cobas 8000 c702, RocheDiagnostics
GmbH, Mannheim, Germany). All samples were analyzed at
theTurkuUniversityHospital Laboratory.

Body Composition and Anthropometry

A validated (48) air displacement plethysmography sys-
temwith predicted thoracic gas volume, specifically the Bod
Pod (COSMED, Inc., Concord, CA), was used to estimate
body composition, including body fat percentage after par-
ticipants fasted for at least 4 h. On the day of measurement,
participants were instructed not to exercise or shower
beforehand. After emptying their bladders, they entered the
measurement chamber wearing a tight cap and either
underwear or a swimsuit. Body weight was measured using
a scale (Seca 797, Vogel & Halke, Hamburg, Germany) while
participants were dressed in light clothing. Their height was
recorded barefoot with a wall-mounted stadiometer. Body
mass index (BMI) was calculated using the measured weight
and height (kg/m2). Waist circumference wasmeasured with
a flexible tapemeasure positionedmidway between the iliac
crest and the lowest rib, and the measurement was repeated
twice or until two consistent readings were obtained. All
anthropometric measurements were taken under standar-
dized conditions, and to ensure consistency, they were per-
formed by the same researcher throughout the study.

Dietary Intake

The study instructed participants to maintain their regu-
lar dietary patterns throughout the intervention. The daily
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energy intake (EI) of the participants and their consumption
levels of various nutrients including fat, protein, carbohy-
drates (CHO), saccharose, fiber, water-insoluble dietary fiber
(WIDF), alcohol, and fatty acids [saturated (SFA), monoun-
saturated (MUFA), polyunsaturated (PUFA)] were deter-
mined through the collection of 4-day food diaries, which
encompassed at least one weekend day. These intake levels
were assessed at the commencement and the conclusion of
the intervention phase. A nutritionist used computerized
software (AivoDiet, Aivo, Turku) based on the Finnish Food
Composition Database, Fineli (49), to analyze and calculate
the dietary data.

Statistical Methods

Multilevelmodels for repeatedmeasureswere used to ana-
lyze the effects of the intervention. In all themodels, within-
subject factors were sex and time, group was a between-sub-
ject factor, and group-by-time interaction (group� time)was
used to evaluate whether mean changes over time differed
between the groups. We used the Tukey–Kramer method to
adjust formultiple comparisons. Anunstructured covariance
structure or compound symmetry was used for a time, and
themodel with lower Akaike information criterion (AIC) val-
ues was chosen. A Pearson correlation analysis was per-
formed to investigate the relationships between the changes
(D) observed during the intervention. Our correlation analy-
ses were comprehensive and included all participants from
the study, regardless of their group assignments. This analyti-
cal approach enables a comprehensive understanding of the
strength and direction of associations among changes in the
variables during the intervention, thus contributing valuable
insights into the interconnections between these changes.
INTandCONgroups, sexes, and changes during the interven-
tion between sexes were compared with an unpaired t test.
Power calculationsweremade for skeletalmuscle insulin sen-
sitivity as the outcome (26). We visually assessed the normal
distribution of the residuals with the quantile-quantile (Q-Q)
plot.Whennecessary to fulfill thenormaldistributionassump-
tion,weused logarithmic transformations, andafter the analy-
sis, we back-transformed the values to the original scale
(estimates then being geometric means). Missing data were
handled bypairwise deletion. Thedata are presented in terms
ofmean, standarddeviation (SD), and95%confidence interval
(CI) values. A significance level of 5% (two-tailed)was used for
all statistical analyses. Correlation analyses were conducted
using JMP Pro 16 for Windows (SAS Institute Inc., Cary, NC),
whereas other analyses were performed with SAS 9.4 (SAS
Institute Inc., Cary, NC). Figures were generated using
GraphPadPrism5.01 (GraphPadSoftware, SanDiego,CA).

Exploratory Analysis

Due to the considerable variation of changes in SB in both
groups (see Supplemental Fig. S1 for the change inmeasured
SB for each participant), we conducted an evaluation of the
individual changes in SB as hours/day recorded by the accel-
erometer. We divided all participants who had valid acceler-
ometer data (n ¼ 39) into two groups based on whether they
1) reduced SB (n ¼ 22, mean 52 min/day reduction in SB) or
2) maintained or increased SB (n ¼ 17, mean 34 min/day
increase in SB).

Finally, it has recently been proposed to lower the upper
limit of the LFC to define MASLD from 5% to 1.85% because
an LFC of 1.85%–5.56% was associated with reduced insulin
sensitivity and increased cardiometabolic risk factors com-
pared with people with an LFC of less than 1.85% (50).
Therefore, we also assessed whether the study could result
in different outcomes in participants with LFC higher (n ¼
19) or lower (n¼ 21) than 1.85% at the baseline.

RESULTS

Table 1 presents the baseline characteristics of the partici-
pants in the INT and CON groups. INT group had 3 partici-
pants, and the CON group had 8 participants that met the
clinical criteria for MASLD (LFC � 5%) (51), and 29 had nor-
mal LFC (<5%) (see Supplemental Fig. S2 for baseline LFC
per participant). Twenty-four participants had medication
for elevated blood pressure (INT n ¼ 12, CON n ¼ 12), and
nine hadmedication for elevated blood cholesterol (INT n ¼
7, CON n ¼ 2). In addition, seven participants reported using
hormonal replacement therapy medication (INT n ¼ 5, CON
n ¼ 2), five using pain medication (INT n ¼ 3, CON n ¼ 2),
five using anticoagulants (INT n ¼ 4, CON n ¼ 1), four using
thyroidmedication (INT n¼ 3, CON n¼ 1), four using gastro-
intestinal medication (INT n ¼ 3, CON n ¼ 1), four using
allergy or asthma medication (INT n ¼ 2, CON n ¼ 2), three
using antidepressants (INT n ¼ 3), three using sleep medica-
tion (INT n¼ 2, CON n¼ 1), two usingmedication for urinary
problems (CON n ¼ 2), one using osteoarthritis medication
(INT n ¼ 1), and one using medication for restless legs syn-
drome (INT n¼ 1).

Accelerometry

The accelerometry results have been previously described
(26). Briefly, in the INT group, SB decreased by an average of
51 min per day (95% CI from 22 to 78), whereas MVPA
increased by 22 min per day (95% CI from 12 to 33) when
compared with CON group (group � time, P ¼ 0.02 and P ¼
0.01, respectively). During the intervention, all participants
increased their SB breaks by three per day and spent 11 min
more engaged in LPA daily. There were no differences in
these changes between the different groups. The mean step
count increased by �3,200 steps (95% CI: 2,120–4,192) in the
INT group and by �1,700 steps (95% CI: 580–2,790) in the
CON group. The difference between the groups in step count
was found to be significant (group� time, P¼ 0.009) (26).

Intervention Effects on Liver Insulin Sensitivity and
Other Liver Health Markers

The intervention had no statistically significant effect: the
changes in liver health markers (LGU, EGP, LFC, ALT, AST,
or GGT) were not different between the INT and CON groups
(group� time P> 0.05) (Fig. 2,A–F). However, LGU and AST
increased in both groups during the intervention (time; P <

0.001 and P ¼ 0.02, respectively). Compared with baseline
values, LGU increased by 94% and AST by 10% in the INT
group and by 46% and 11% in the CON group, respectively,
but the increases were not statistically significantly different
between groups (Fig. 2, A and E). In addition, sex was a stat-
istically significant factor in the models analyzing the
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intervention effects on LFC (P ¼ 0.007) and AST values (P ¼
0.01), which can be explained by the differences in the base-
line values between men and women. Men had higher LFC
(mean 5.1 [SD 3.8] %) and AST levels (mean 31 [SD 12] U/L)
compared with women (mean 2.6 [SD 3.0] %, mean 23 [SD 5]
U/L) (P¼ 0.03, P¼ 0.01, respectively). No statistically signifi-
cant differences between sexes were found in the changes in
LFC or AST levels during the intervention (P ¼ 0.26, P ¼
0.70, respectively).

Intervention Effects on Cardiometabolic Health Markers

Both groups experienced a statistically significantdecrease
in BMI, waist circumference, body fat percentage, waist cir-
cumference, fatmass, andbodymass during the intervention
(time;P¼0.02,P<0.001,P¼0.05,P¼0.02,P¼0.01, respec-
tively), with no statistically significant difference in mean
changes between the groups (Fig. 3, A–E). The intervention
did not significantly affect fat-free mass (Fig. 3F) or the gen-
eral insulin sensitivitymarkers: fasting glucose, fasting insu-
lin, and HbA1c (see Supplemental Fig. S3, A–C). Fasting

triglycerides between-group difference was significant
(group,P¼0.04), but the overall intervention effectwasnon-
significant (group� time, P¼ 0.95) (Supplemental Fig. S4A).
The intervention did not significantly affect other lipid
markers: fastingnonesterified fatty acids (NEFA), fasting cho-
lesterol, HDL-C, or LDL-C (Supplemental Fig. S4, B–E).
Changes in weight and body composition were not different
between sexes, but sexwas a statistically significant factor in
themodels becausewomenhadmore adiposity andmenhad
ahigherbodymass (data not shown).

Correlations between Changes during the Intervention

In addition, we examined the interrelationships among
various changes observed during the intervention across all
study participants. Notably, we found a positive correlation
between the changes in HDL-C and changes in LGU, suggest-
ing that increased HDL-C was associated with improved LGU
levels. Conversely, changes in whole body insulin sensitivity
(DM-value) were negatively associated with the changes in
EGP, indicating that as whole body insulin sensitivity
increased, EGP tended to decrease (improve) (Table 2).

Furthermore, we observed that changes in LFC were posi-
tively correlated with changes in fasting insulin levels and
changes inHbA1c (Table 3). These results suggest that as LFC
rises, corresponding increases in fasting insulin are seen as a
marker of insulin resistance, andhigherHbA1c levels indicate
poor long-term blood sugar control (Table 2). The data also
revealed that changes inALT levelswerepositively associated
with the changes in the amount of time spent inSB (h/dayand
%/day). In contrast, changes inALT levels exhibitedanegative
correlation with changes in standing time, indicating that
more time spent in SB was related to higher ALT levels. In
addition, changes in AST were positively correlated with the
changes in the breaks taken from SB (Table 3). There was no
correlation between the change in LFC and the changes in
LGU (r¼0.09,P¼0.61) orEGP (r¼0.02,P¼0.90).

As for dietary intake, changes in ALT showed positive
associations with changes in CHO (g/day and % of daily EI),
and changes in AST also exhibited a positive correlation with
changes in CHO (% of daily EI). These results indicate that
higher daily CHO intake is associated with higher ALT and
AST values. The changes in GGT were negatively correlated
with changes in protein intake (g/day and % of daily EI),
indicating that higher daily protein intake is associated
with lower GGT values. Furthermore, changes in saccha-
rose intake also correlated positively with changes in ALT,
AST, and GGT (g/day and % of daily EI), indicating that
higher daily saccharose intake is associated with higher
liver enzyme values (Table 4).

Exploratory Analyses

In those participants who successfully reduced SB, ALT
decreased (�1.1 [95% CI: 0.93, 1.36] U/L) compared with the
continuously sedentaryparticipants (þ0.8 [95%CI: 0.65, 1.05]
U/L) (group � time, P ¼ 0.006) (Fig. 4A). No other group �
time effects on liverhealthmarkerswere observed in the anal-
yses comparing the groups based on measured SB change
(datanot shown).

The participants whose LFCwas�1.85% at baseline signif-
icantly reduced their LFC (�1.3 [95% CI: 0.95, 1.87]%) when

Table 1. Baseline characteristics of the participants in
the INT and CON groups

INT CON P

n# 23 21
Women, n (%)	# 14 (61) 11 (52) 0.76
Age, yr# 59.9 (6.0) 56.3 (7.1) 0.08
LGU, lmol/100 mL/min		 2.5 (1.8, 3.3) 2.5 (1.7, 3.1) 0.94
EGP, lmol/kg/min �1.1 (5.9) �1.2 (10.2) 0.94
LFC, %		 1.7 (1.3, 3.2) 3.9 (0.4, 8.2) 0.82
BMI, kg/m2 31.8 (4.5) 32.7 (4.5) 0.51
Waist circumference, cm# 110.7 (12.4) 111.9 (11.6) 0.74
Body fat, %# 43.6 (7.8) 43.4 (8.3) 0.94
Fat-free mass, %		 48.1 (40.9, 60.9) 52.9 (47.7, 60.9) 0.24
Body mass, kg		# 88.7 (77.6, 102.4) 93.2 (85.6, 109.3) 0.18
M-value, lmol/kg/min		# 15.4 (10.7, 21.7) 12.9 (8.3, 22.0) 0.95
f Glucose, mmol/L# 5.8 (0.5) 5.8 (0.3) 0.49
f Insulin, mU/L		# 10.0 (7.0, 16.0) 11.0 (6.5, 17.5) 1.0
HbA1c, mmol/mol		# 37.5 (2.6) 37.0 (2.7) 0.48
f Triglycerides, mmol/L		# 1.4 (1.0, 1.7) 1.1 (0.8, 1.5) 0.06
f Cholesterol, mmol/L# 4.8 (1.2) 4.5 (0.8) 0.39
f NEFA, mmol/L 0.6 (0.2) 0.6 (0.2) 0.51
HDL-C, mmol/L# 1.3 (0.3) 1.3 (0.4) 0.81
LDL-C, mmol/L# 3.2 (1.0) 3.0 (0.8) 0.50
ALT, U/L		 27 (21, 35) 29 (20, 40) 0.82
AST, U/L 26 (8) 26 (12) 0.95
GGT, U/L		 27 (15, 39) 22 (16, 35) 0.75
Accelerometry duration, days# 26.1 (3.2) 26.4 (2.0) 0.71
Accelerometry duration,

h/day#
14.56 (0.93) 14.69 (0.98) 0.65

Sedentary time, h/day# 10.11 (1.0) 10.24 (0.94) 0.66
Breaks in sedentary time,

n/day#
29 (8) 28 (8) 0.79

Steps, n/day# 5,272 (2017) 4,860 (1473) 0.45
Standing, h/day# 1.78 (0.59) 1.7 (0.46) 0.63
LPA, h/day# 1.71 (0.44) 1.81 (0.47) 0.45
MVPA, h/day# 0.96 (0.33) 0.94 (0.33) 0.80

Results are presented as mean (SD). Group differences were tested using t
tests or Fisher’s exact test. ALT, alanine aminotransferase; AST, aspartate ami-
notransferase; BMI, body mass index; CON, control; EGP, endogenous glucose
production; f, fasting; GGT, c-glutamyltransferase; HbA1c, hemoglobin A1c;
HDL-C, high-density lipoprotein cholesterol; INT, intervention; LDL-C, low-
density lipoprotein cholesterol; LFC, liver fat content; LGU, liver glucose
uptake; LPA, light physical activity; M-value, whole body insulin sensitivity;
MVPA, moderate-to-vigorous physical activity; NEFA, nonesterified fatty
acids. 	Median (Q1, Q3); 		statistical testing was performed with
log10-transformed estimates; #results published previously by
Sj€oros et al. (26).
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compared with the participants whose LFC was 
1.85% at
baseline (þ0.7 [95% CI: 0.49, 1.00]) % (group � time, P ¼
0.001) (Fig. 4B).

DISCUSSION

Our current study indicates that a 6-mo intervention
aimed at reducing SB by 1 h/day did not yield significant
effects on the measured liver function markers. These find-
ings are consistent with our previous study involving the
same population, which showed that the SB reduction
intervention did not significantly affect whole body or
thigh muscle insulin sensitivity (26). Our results suggest
that to achieve notable improvements in liver health, a
longer duration of SB reduction or higher intensity of PA
may be necessary. However, our exploratory analyses
demonstrated that participants who successfully reduced

SB decreased ALT levels compared with continuously seden-
tary participants. Furthermore, we found a positive correla-
tion between the change in ALT over the 6-mo period and
the change in SB, whereas there was an inverse correlation
with standing time across all participants. These results sug-
gest that achieving the intended behavior change may
improve ALT levels. In addition, we found that LGU, thus a
direct measure of liver insulin sensitivity, increased signifi-
cantly in both groups during the intervention period, which
may be explained by increased daily steps and improved
body composition in both groups. Furthermore, the changes
during the intervention in ALT, AST, and GGT were all posi-
tively associated with the changes in daily saccharose intake,
although participants were advised against modifying their
dietary habits during the study. In addition, the changes in
ALT and ASTwere positively associatedwith changes in daily
CHO, and the changes in GGT were negatively associated
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Figure 2. Liver health marker results of the intervention (black line) and control (gray line) groups at baseline and after 6 mo of liver glucose uptake
(LGU, A); endogenous glucose production (EGP, B); liver fat content (LFC, C); alanine aminotransferase (ALT, D); aspartate aminotransferase (AST, E); and
c-glutamyltransferase (GGT, F). The values are presented as model-based means (95% CI), alog10 transformed (means are back-transformed geometric
model-based means [95% CI]).
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with changes in daily protein intake. Thus, our results sug-
gest that replacing some of the daily CHO, especially sugar,
with protein sources may benefit liver health. However, all
these associations between the changes during the interven-
tionmust be confirmedwith nutritional intervention studies.

Liver Glucose Uptake

After 6 mo, we found no significant changes in LGU
between the two study groups, even though fasting insulin
was reduced by this SB intervention, indicating improve-
ments in glucose homeostasis at the whole body level (34).
However, we observed increases in LGU from pre- to post-
measurements in both INT and CON groups, which indi-
cate improved liver insulin sensitivity. When comparing
two different training methods, 2 wk of moderate-intensity
continuous training, but not sprint interval training, was

found to increase insulin-stimulated LGU in adults with
normoglycemia or prediabetes/type 2 diabetes (27). In addi-
tion, it has been shown that after 4 mo of resistance training,
there were no changes in LGU in older women (52). In our
study, both the intervention (INT) and control (CON) groups
increased their daily steps and improved their body composi-
tion. These improvements likely contributed to increased
LGU seen also in both groups. The increase in daily steps
may have led to better overall body composition, which could
enhance LGU. This enhanced LGU, but unchanged LFCmay
indicate that the LGU can be improved first before the LFC is
effectively reduced. However, this hypothesis requires addi-
tional evidence for a clearer understanding, as there was no
correlation between the change in LGU and LFC in the pres-
ent study. Nevertheless, previous cross-sectional research
indicates that LGU displays an inverse correlation with LFC
in adults with type 2 diabetes with high LFC (53). This finding
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Figure 3. Anthropometric results of the intervention (black line) and control (gray line) groups at baseline and after 6 mo of body mass index (BMI, A);
waist circumference (B); body fat percentage (C); fat mass (D); fat-free mass (E); and body mass (F). The values are presented as model-based mean
(95% CI), alog10 transformed (means are back-transformed geometric model-based means [95% CI]).
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implies that an increase in LGU may be linked to a decrease
in liver fat levels, suggesting a potential mechanism for
improved metabolic health, although it may also be that
higher LFC leads to impaired LGU. However, prior studies
have demonstrated that adults with type 2 diabetes who
exhibit elevated levels of liver fat have decreased LGU (54).
This relationship points to possible disruptions in metabolic
processes thatmay be contributing to the complications asso-
ciated with type 2 diabetes.

In addition, research has focused on the activation of
glucokinase, an enzyme critical for increasing LGU (18). In
the context of our results, it is noteworthy that oral
administration of a hepatoselective glucokinase activator
in the study of Vella et al. (55) led to improvements in gly-
cemic control without affecting triglyceride levels within
the liver. This is in contrast with the effects of nonselec-
tive glucokinase activation by drugs or genetic mutations,
which also activate pancreatic glucokinase, causing
enhanced insulin secretion, hyperinsulinemia, and subse-
quent activation of hepatic lipogenesis (55). In our study,
the change in fasting insulin and HbA1c were positively
associated with the change in LFC. Thus, it is possible that
the improved hepatic insulin sensitivity and glycemic

control after 6 mo helped to control LFC by reducing insu-
lin levels and consequently hepatic lipogenesis.

In addition, we found that the changes in LGU during the
intervention in both groups were associated positively with
the changes in HDL-cholesterol. Previous evidence suggests
that HDLmay impact glucosemetabolism inmultiple organs
by distinct mechanisms related to insulin secretion, insulin-
independent glucose uptake, and insulin sensitivity (56). To
the best of our knowledge, there are no studies concerning
the effects of HDL on insulin-stimulated LGU in humans.
However, raising HDL by inhibiting cholesterol ester transfer
protein in animal studies significantly increased LGU in dys-
lipidemic and insulin-resistant hamsters (57). Thus, an
increase in HDL levels may also improve LGU in humans.
However, this needs to be confirmed with specific interven-
tion studies.

Endogenous Glucose Production

We found no statistically significantly different changes in
EGP between the groups or time effect either. One study (28)
found that 6 wk of moderate-to-vigorous exercise (60 to 85%
ofmaximal aerobic capacity) three times per week for at least
20 min decreased EGP and increased whole body insulin

Table 2. Associations between the changes (post � pre D values) in liver glucose uptake, endogenous glucose
production, liver fat content, liver enzymes, and different metabolic health markers during the intervention

DLGU, lmol/ 100 mL/min DEGP, lmol/kg/min DLFC, % DALT, U/L DAST, U/L DGGT, U/L

DBMI, kg/m2 0.04 0.09 0.24 0.05 �0.13 �0.23
DWaist, cm 0.09 0.16 0.13 0.25 0.008 �0.10
DBody fat, % �0.03 �0.19 0.13 0.30 0.03 �0.04
DFat-free mass, % 0.07 0.23 0.03 �0.24 �0.08 �0.04
DBody mass, kg 0.02 0.09 0.25 0.05 �0.12 �0.22
DM-value, lmol/kg/min 0.06 �0.42		 �0.05 �0.02 0.08 �0.04
Df-Glucose, mmol/L 0.08 0.18 0.03 0.004 �0.05 0.11
Df-Insulin, mU/L �0.13 0.12 0.54	 0.16 0.16 0.02
DHbA1c, mmol/mol �0.07 �0.19 0.42	 �0.0002 0.003 �0.07
DTriglycerides, mmol/L 0.20 0.14 0.29 �0.20 �0.26 0.06
DNEFA, mmol/L 0.03 0.14 0.21 �0.007 0.18 0.08
DCholesterol, mmol/L 0.21 0.13 0.04 �0.01 0.08 0.21
DHDL, mmol/L 0.43		 0.37 0.03 0.15 0.01 0.08
DLDL, mmol/L 0.06 0.03 �0.09 �0.06 0.13 0.18

D, change from preintervention to postintervention; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass
index; EGP, endogenous glucose production; f, fasting; GGT, c-glutamyltransferase; HbA1c, hemoglobin A1c; HDL, high-density lipopro-
tein; LDL, low-density lipoprotein; LFC, liver fat content; LGU, liver glucose uptake; M-value, whole body insulin sensitivity; NEFA, non-
esterified fatty acids. Significant P values; 	P < 0.05, 		P < 0.01. Significant values are in bold.

Table 3. Associations between the changes (post � pre D values) in liver glucose uptake, endogenous glucose
production, liver fat content, liver enzymes, and accelerometry measured sedentary behavior and physical activity
during the intervention

DLGU, lmol/ 100 mL/min DEGP, lmol/kg/min DLFC, % DALT, U/L DAST, U/L DGGT, U/L

DSB time, h/day �0.04 0.20 0.16 0.42	 0.18 0.03
DSB time, %/day �0.20 0.15 0.25 0.39	 0.12 0.09
DStanding time, h/day 0.23 �0.18 �0.35 �0.40	 �0.25 �0.17
DStanding time, %/day 0.21 �0.22 �0.33 �0.41	 �0.25 �0.16
DSteps, number/day �0.13 �0.08 �0.16 �0.07 0.21 0.09
DBreaks in SB, number/day �0.36 �0.11 �0.13 0.01 0.41	 0.28
DLPA, h/day 0.20 �0.01 �0.08 �0.23 �0.01 �0.03
DLPA, %/day 0.19 �0.05 �0.04 �0.27 �0.07 �0.03
DMVPA, h/day 0.03 0.03 �0.16 �0.14 0.15 0.03
DMVPA, %/day 0.01 0.01 �0.15 �0.15 0.13 0.04

D, change from preintervention to postintervention; ALT, alanine aminotransferase; AST, aspartate aminotransferase; EGP, endoge-
nous glucose production; GGT, c-glutamyltransferase; LFC, liver fat content; LGU, liver glucose uptake; LPA, light physical activity,
MVPA, moderate-to-vigorous physical activity; SB, sedentary behavior. Significant P value; 	P < 0.05. Significant values are in bold.
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sensitivity in sedentary males. The authors suggested that
these improvements in hepatic and peripheral glucose
uptake result from decreased circulating NEFA concentra-
tions due to increased insulin sensitivity of lipolysis (28).

Our study did not find any significant changes in NEFA or
M-value, which could mean that to improve EGP and whole
body insulin sensitivity, the intensity and duration of PA
should be higher. However, previous intervention studies

Table 4. Associations between the changes (post � pre D values) in liver glucose uptake, endogenous glucose
production, liver fat content, liver enzymes, and dietary intake during the intervention

DLGU, lmol/ 100 mL/min DEGP, lmol/kg/min DLFC, % DALT, U/L DAST, U/L DGGT, U/L

DTotal EI, kcal/day �0.04 0.13 0.04 0.14 0.06 �0.004
DProtein, g/day �0.10 �0.12 �0.12 �0.14 �0.20 �0.37	
DProtein, % of daily EI �0.09 �0.29 �0.14 �0.29 �0.23 �0.41		
DCHO, g/day �0.05 0.19 0.18 0.34	 0.27 0.17
DCHO, % of daily EI �0.06 0.17 0.14 0.38	 0.33	 0.26
DFat, g/day 0.02 0.02 �0.03 �0.04 �0.15 �0.17
DFat, % of daily EI 0.07 �0.11 �0.17 �0.19 �0.25 �0.23
DAlcohol, g/day 0.04 0.13 �0.21 �0.17 0.01 0.29
DAlcohol, % of daily EI 0.07 0.09 0.11 �0.26 0.002 0.29
DSFA, g/day 0.16 0.11 �0.08 �0.11 �0.17 �0.14
DSFA, % of daily EI 0.19 �0.002 �0.25 �0.25 �0.21 �0.15
DMUFA, g/day �0.05 0.02 0.06 0.10 �0.04 �0.10
DMUFA, % of daily EI �0.01 �0.09 �0.02 0.02 �0.08 �0.11
DPUFA, g/day 0.02 0.02 0.24 �0.002 �0.13 �0.11
DPUFA, % of daily EI 0.03 �0.05 0.28 �0.02 �0.15 �0.12
DSaccharose, g/day 0.03 0.09 0.26 0.49		 0.56			 0.38	
DSaccharose, % of daily EI 0.07 0.03 0.20 0.47		 0.52			 0.38	
DFiber, g/day 0.02 0.08 0.26 0.15 �0.08 �0.16
DWIDF, g/day 0.04 0.05 0.26 0.21 �0.002 �0.17

D, change from preintervention to postintervention; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CHO, carbohy-
drates; EGP, endogenous glucose production; EI, energy intake; GGT, c-glutamyltransferase; LFC, liver fat content; LGU, liver glucose
uptake; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids; WIDF, water-insoluble die-
tary fiber. Significant P values; 	P < 0.05, 		P < 0.01, 			P < 0.001. Significant values are in bold.
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Figure 4. Exploratory analyses results on
alanine aminotransferase (ALT, A) levels
among all participants based on whether
they reduced sedentary behavior (SB)
(black line) or maintained SB lifestyle (gray
line), liver fat content (LFC,B) levels among
all participants based onwhether they had
higher (over 1.85%) LFC (black line) or lower
(under 1.85%) LFC (gray line) at baseline.
The values are presented as model-based
means (95%CI), alog10 transformed (means
are back-transformed geometric model-
based means [95% CI]). Significance level;
		P<0.01.

SEDENTARY BEHAVIOR REDUCTION AND LIVER HEALTH

E766 AJP-Endocrinol Metab � doi:10.1152/ajpendo.00446.2024 � www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo at Univ of Turku Lib Antero Laiho (130.232.200.118) on June 16, 2025.

http://www.ajpendo.org


have found beneficial effects on EGP from moderate-inten-
sity resistance training and treadmill walking (52, 58). Our
previous cross-sectional study with the same study popula-
tion found that EGP was negatively associated with daily
standing time (33). However, as previously reported, there
were no significant differences between the groups in daily
standing time (26), which could explain why we did not find
any significant effects of standing in EGP. Thus, it is still
plausible that LPA, such as standing, might also have benefi-
cial effects on EGP. In addition, we found in the present
study that the changes in EGP during the intervention in
both groups were associated negatively with the changes in
whole body insulin sensitivity, which is plausible as the
increase in EGP in insulin stimulation is closely associated
with insulin resistance (59).

Liver Fat Content

During the 6-mo intervention, we found no statistically
significantly different LFC changes between the groups or
time effects in LFC. Previously, it has been shown that a
supervised progressive, moderate aerobic exercise pro-
gram (three cycle ergometer sessions, 30–45 min/wk) sig-
nificantly reduced MRS-measured LFC without weight
loss when compared with the placebo group in sedentary
adults with obesity. The aforementioned study lasted for
4 wk, and the mean baseline LFC was over 5% (limit to
diagnose MASLD) in both intervention and placebo
groups (60).

In our study, the baseline mean LFC in both INT and CON
groups was within the normal range (lower than 5%), which
thus may have complicated finding any significant changes
in LFC. In the INT group, three participants hadMASLD, and
they all managed to decrease LFC to normal or near the
normal range during the intervention (baseline mean LFC
9.8%, after 6 mo, mean LFC 4.1%). The mean SB reduction
during the intervention was �50 min/day. This suggests
that individuals with MASLD may benefit from reducing
SB. However, due to the limited number of participants in
the INT group with MASLD in our study, this must be vali-
dated through intervention studies in patients with
MASLD.

In addition, it has recently been proposed to lower the
upper limit of the LFC to define MASLD from 5% to 1.85%
(50). In a large American study (n ¼ 2,331), an LFC of 1.85%–

5.56% was associated with reduced insulin sensitivity and
increased cardiometabolic risk factors compared with
people with an LFC of less than 1.85% (50). In our study,
the participants whose LFC was �1.85% significantly
reduced their LFC compared with those whose LFC was

1.85%. This highlights our suggestion that participants
with elevated LFC would especially benefit from the SB
intervention.

In patients with MASLD, well-established evidence indi-
cates that physical exercise yields favorable outcomes by
reducing intrahepatic lipid content. This is achieved through
a decrease in fatty acid synthesis, an increase in fatty acid
oxidation, and the inhibition of molecular pathways respon-
sible for mitochondrial and hepatocyte damage (61). A recent
meta-analysis showed that exercise can reduce LFC without
significant changes in body weight, suggesting that exercise

directly affects the liver (29). It is not yet completely clear
mechanistically how exercise directly affects the reduction
of liver fat. Most research has been done on the part related
to insulin resistance, where exercise enhances insulin sensi-
tivity in peripheral tissues, which reduces free fatty acids
flux and glucose uptake to the liver (62).

In summary, reducing SB by 51 min/day and replacing it
with nonguided nonexercise activities did not lead to a sig-
nificant reduction in LFC. This could be because the average
LFCwas alreadywithin the normal range or because the inten-
sity of PA and the duration of the SB reduction were too low.
However, it could have benefited the participants with higher
LFC (>1.85%–5%), but this needs to be confirmed with inter-
vention studies with patients with MASLD. In addition, we
found that the changes in LFC during the intervention in both
groups were associated positively with the changes in fasting
insulin and glycated hemoglobin, which is in line with the pre-
vious findings showing that fatty liver is associated with
hepatic insulin resistance (63).

Liver Enzymes

The SB reduction intervention did not significantly affect
ALT levels. However, in the exploratory analysis, we found
that ALT decreased in participants who successfully reduced
SB (mean 52 min/day) compared with the continuously sed-
entary participants. This suggests that even fairly modest
reductions in SB could lead to improvements in ALT levels.
We also report here that the changes in ALT levels in both
groups during the intervention were positively associated
with the changes in SB and negatively associated with the
changes in standing. This relationship indicates that actively
working to reduce periods of inactivity and incorporate
standing into daily routines could lead to favorable changes
in ALT levels. Our previously published results with a larger
study sample (including the current study participants)
showed that reducing SB by 50 min/day and increasing LPA
and MVPA had beneficial effects on ALT levels after a 3-mo
intervention (64). These findings underscore the importance
of not only reducing SB but also incorporating more active
behaviors into one’s daily routine to optimize liver health.
To further support our findings, a recent meta-analysis
showed that participants with MASLD who engaged in regu-
lar exercise for more than 12 wk had significant improve-
ments in ALT levels. Conversely, individuals who managed
to maintain an active lifestyle for less than 12 wk did not see
similar enhancements in their ALT levels (65). This empha-
sizes the prominent role of sustained physical activity over
an extended period in promoting better liver health, indicat-
ing that long-term commitment to an active lifestyle is prob-
ably needed for achieving healthier liver enzyme levels.

In our study, the changes in ALT and AST during the inter-
vention were associated positively with the changes in daily
CHO and saccharose intake. Some similar results have been
reported earlier in cross-sectional settings. A large popula-
tion-based study (n ¼ 19,749) showed that the intake of CHO
but not fat was associated with elevated aminotransferase
levels in Koreans with or without MetS (66), and the con-
sumption of sugar-sweetened beverages was associated with
higher serum ALT and AST levels among healthy premeno-
pausal women (67). The latter study concluded that because
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fructose is metabolized primarily in the liver, it would
increase hepatic lipogenesis and, consequently, the risk for
MASLD.

In the present study, AST levels increased in both groups,
but there were no significant differences between the groups.
We also detected that the changes in AST levels were posi-
tively associated with the changes in breaks in SB. AST levels
can vary by 5–10% daily in the same individual (68). It has
also been shown that exercise (both aerobic and resistance
training) (69), and weight loss (particularly in women) (70),
can increase AST levels. Thus, the increase in AST could be
due to normal fluctuations of the enzyme levels, the overall
increase in habitual PA (such as daily steps), or improved
body composition, as was seen in both groups in our study.

The intervention did not significantly affect GGT. A previ-
ous meta-analysis (71) including adults who were overweight
or exhibitedMASLD showed that from seven exercise studies
with or without dietary intervention, only one study showed
significant change in GGT. In addition, when they investi-
gated only the exercise studies (four studies), they did not
find any significant reduction in GGT. In our study, the
changes during the intervention in GGT levels were nega-
tively associated with the changes in daily protein intake (g/
day and %/day) and positively associated with the changes
in daily saccharose intake (g/day and %/day). Previously, it
has been shown that compared with a low-protein diet, a
high-protein diet is associated with a lower risk for fatty liver
disease, especially when the protein sources are plant-based
(72). It has also been shown that a calorie-reduced high-pro-
tein diet reduces hepatic fat more effectively than a low-pro-
tein diet by suppressing the genes responsible for fat
synthesis, uptake, and storage (73). One study also found
that a hypo-caloric high-protein diet decreased ALT and
GGT levels in patients with MASLD (74). It has been shown
that even moderate doses of regular fructose and sucrose
intake increase hepatic lipogenesis (75), increasing the risk
of developing fatty liver disease and thus potentially increas-
ing serum liver enzymes. Therefore, nutrition may be more
important for regulating serum GGT levels than exercise.

The study’s strengths lie in the rigorousmethods to assess
liver health. Gold standard methods were used to determine
1) insulin sensitivity with the HEC method (42), combined
with 2) PET imaging tomeasure LGU and EGP directly in the
liver (76) and 3) LFC measured with MRS (77). Another key
strength is the randomized controlled trial and the use of
validated accelerometry algorithms for measuring SB and
PA during the 6mo (37, 38), which may provide a more accu-
rate picture of daily behaviors than shorter measurements.
Limitations include the medications that participants used,
which could have affected the results. Another limitation is
the findings from the associations between the changes dur-
ing the intervention, thus preventing the causal interpreta-
tion of these results.

To conclude, intervention aiming to reduce SB by 1 h/day
didnot significantly affect themeasured liver healthmarkers.
Reducing SB for extended periods and/or increasing the
intensity of PA may be necessary to improve liver health.
However, according to exploratory analysis, achieving the
intended behavior change may improve ALT levels. Also,
replacing some of the daily CHO, especially sugar, with pro-
tein sourcesmaybenefit liver health via associations between

changes during the intervention seen in liver enzymes. LGU
increased significantly in both groups, which may be due to
increased steps and improved body composition. To our
knowledge, this is thefirst study to show the effects of reduc-
ing SB and replacing it with nonguided PA on liver health
markers in adults with MetS who are at risk for developing
metabolic diseases such asMASLD. Thus, our study provides
important information for future intervention studies deter-
mining guidelines for the amount of SB reductionpotentially
required to impact liver healthpositively.
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