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Greater hepatic lipid saturation is associated with
impaired glycaemic regulation in men with metabolic
dysfunction-associated steatotic liver disease but is
not altered by 6 weeks of exercise training
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(SI; primary outcome), unsaturated (Ul) and polyunsaturated (PUI) hepatic lipid indices
were determined using proton magnetic resonance spectroscopy. Additional secondary
outcomes included liver PDFF, HbA1c, fasting plasma glucose (FPG), homeostatic model
assessment of insulin resistance (HOMA-IR), peak oxygen uptake (VO peak), and plasma
cytokeratin-18 (CK18) M65, among others.

Results: In Part A, hepatic S| was higher and hepatic Ul was lower in the IGR versus
the NGR group (p = 0.038), and this hepatic lipid profile was associated with higher
HbA1lc levels, FPG levels, HOMA-IR and plasma CK18 Mé5 levels (r; 20.320). In
Part B, hepatic lipid composition and liver PDFF were unchanged after EX versus
CON (p = 0.257), while FPG was reduced and VO, peak was increased (p < 0.030).
AVO, peak was inversely associated with Ahepatic S| (r = —0.433) and positively
associated with Ahepatic Ul and Ahepatic PUI (r > 0.433).

Conclusions: Impaired glycaemic regulation in MASLD is characterized by greater

hepatic lipid saturation; however, this composition is not altered by 6 weeks of

KEYWORDS

1 | INTRODUCTION

Excessive hepatic lipid accumulation and accompanying cardiometa-
bolic dysfunction, recently renamed ‘metabolic dysfunction-
associated steatotic liver disease’ (MASLD),! is a leading risk factor
for type 2 diabetes.? The coexistence of these diseases accelerates
the progression to metabolic dysfunction-associated steatohepatitis
(MASH),® a more advanced form of liver disease which predisposes to
premature cardiovascular and liver-related mortality.* Accumulating
evidence, however, suggests that the composition rather than the
quantity of hepatic lipids may be central to the hepatic and cardiome-
tabolic consequences of hepatic steatosis.”> Specifically, preclinical
research has implicated saturated hepatic lipids as more lipotoxic and
(poly)unsaturated hepatic lipids as more protective.®®

Hepatic lipid composition assessment has traditionally required
liver biopsy,”*° however, advances in proton magnetic resonance
spectroscopy (*H-MRS) now permit this assessment non-
invasively.**"*% These studies show greater hepatic lipid saturation
and/or lower hepatic lipid unsaturation/polyunsaturation in both
MASLD and type 2 diabetes populations alongside associations with
insulin resistance.21?%* This more ‘lipotoxic’ lipid profile could
underpin the relationship between MASLD, type 2 diabetes and a
more aggressive liver disease trajectory. In support of this, Roumans
et al.'? recently attributed this lipid profile to elevated de novo lipo-
genesis (DNL), a process directly stimulated by hyperglycaemia and
hyperinsulinaemia, which exclusively produces saturated fatty acids
(SFAs).Y> Whether glycaemic regulation is specifically related to
hepatic lipid composition in MASLD requires further investigation.

Lifestyle modification, including exercise, remains the primary

treatment option for MASLD.Y® These guidelines are based on

moderate-intensity exercise training.

exercise intervention, fatty liver disease, liver, glycaemic control

evidence that exercise training, independent of weight loss, can
decrease hepatic lipids as well as providing other cardiometabolic ben-
efits'”*8; however, the effects of exercise on hepatic lipid composi-
tion are less clear.?” A small single-arm trial reported that 7 days of
moderate-intensity walking increased hepatic lipid polyunsaturation in
people with MASLD,?° while another study found that 4 weeks of
moderate-intensity cycling did not alter hepatic lipid composition in
people with obesity.2* The impact of exercise on hepatic lipid compo-
sition in people with established MASLD and impaired glycaemic
regulation (IGR) requires attention.

This study had two aims: (1) to examine the association between
1H-MRS-measured hepatic lipid composition and glycaemic regulation
in men with MASLD and (2) to determine the impact of 6 weeks of
moderate-intensity aerobic exercise training on hepatic lipid composi-
tion in men with MASLD and IGR. We hypothesized that men with
MASLD and IGR would have higher hepatic lipid saturation, and lower
hepatic lipid unsaturation and polyunsaturation, compared to those
with normal glycaemic regulation (NGR). Furthermore, 6 weeks of
exercise training would decrease the proportion of saturated hepatic
lipids and increase the proportion of unsaturated and polyunsaturated

hepatic lipids.

2 | MATERIALS AND METHODS

21 | Study design and ethical approval

The DELIVER (Diabetes, Exercise and LIVER fat) study was a two-part

clinical trial conducted across three research sites (Loughborough,
Leicester and Nottingham) in the East Midlands, United Kingdom. Part
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A involved a cross-sectional comparison of two groups of men with
MASLD: (1) an NGR group and (2) an IGR group. Part B was a random-
ized controlled trial consisting of 6 weeks of moderate-intensity exer-
cise training in the IGR group. The study protocol is shown in
Supplementary Figure S1. Ethical approval was granted by a National
Health Service (NHS) research ethics committee (18-EM-0161) and
the research was conducted in accordance with the Declaration of
Helsinki (2013). All participants provided written informed consent
and the study was prospectively registered (NCT04004273).

2.2 | Participants

Participants were inactive men (self-reported sex) with MASLD, aged
30-75 years, and living with overweight or obesity. MASLD was
defined as per the updated diagnostic criteria, that is, elevated hepatic
steatosis (proton density fat fraction [PDFF] >5.56% measured via
1H-MRS??) with at least one of five cardiometabolic risk factors and
the absence of excessive self-reported alcohol consumption
(<30 g-day™1) or other secondary aetiologies.>'® NGR was defined as
glycated haemoglobin (HbA1c) <42 mmol-mol~! (<6.0%), while IGR
was defined as HbA1c 242 mmol-mol~! (26.0%). Participants in the
IGR group with type 2 diabetes were eligible if their condition was
managed through lifestyle and/or metformin only. The full eligibility
criteria and further details on each criterion are outlined in the Sup-

plementary Methods S1.
23 | Procedures
2.3.1 | Cross-sectional analyses: Part A

Participants were assessed across two study visits separated by at
least 1 week to allow for physical activity and dietary monitoring.
Visits commenced after an overnight fast with participants having
abstained from caffeine, alcohol, and exercise for 24 h. Participants
standardized their dietary intake before Visits 1 and 2.

Prospective participants attended Visit 1 at the Sir Peter Mans-
field Imaging Centre, Nottingham, UK, where anthropometric indices
were assessed. Participants then underwent a combined abdominal
magnetic resonance imaging (MRI) and liver *H-MRS scan to assess
hepatic lipid composition (*H-MRS), liver PDFF (*H-MRS), subcutane-
ous abdominal adipose tissue (SCAT; MRI) and visceral adipose tissue
(VAT; MRI). Eligible participants' 7-day device-measured physical
activity (GENEactiv, Activinsights Ltd, Cambs, UK) and dietary intake
(3-day records) were assessed in the following week (see Supplemen-
tary Methods S1).

Participants then attended Visit 2 at the Leicester Diabetes
Centre, Leicester, UK. This visit involved a fasting venous blood sam-
ple, medical evaluation and peak oxygen uptake (VO, peak) test (see
Supplementary Methods S1). Participants were subsequently assigned
to the NGR (n = 14) or IGR (n = 26) group based on HbA1c eligibility.

2.3.2 | Six-week randomized controlled trial: Part B
The IGR group progressed to Part B and were randomized 1:1 to one
of two 6-week interventions: (1) exercise training (EX; n = 13) or
(2) control (CON; n = 13). Randomization sequence generation, con-
cealment and allocation were conducted by an independent trial stat-
istician (G.W.) using an online tool (http://randomization.com).
Randomization was stratified by ethnicity (‘White’ and ‘Other’) and
used permuted blocks of random sizes.

For the EX intervention, participants performed four exercise
training sessions per week for 6 weeks to achieve current MASLD
recommendations.’® Exercise sessions comprised of moderate-
intensity continuous walking or cycling exercise, defined as 70%-75%
of age-predicted maximum heart rate and/or a self-determined rating
of perceived exertion score of 13-14 (Borg 6-20 scale?®). At least
one session per week was supervised by the research team, while the
remaining sessions were completed unsupervised with a heart rate
monitor (A300; Polar Electro, Kempele, Finland) used to self-regulate
exercise intensity and confirm adherence. Session duration progressed
from 35 min in Week 1 to 50 min in Week 6, including a 5-min warm
up and 10-min cool down at a self-selected intensity. Participants in
the CON group received no intervention and maintained usual life-
style habits.

During Week 5, repeat assessments of physical activity and die-
tary intake were conducted. Post-intervention assessments (Visits
3 and 4) were performed 48 and 72 h after the final session in Week
6, consisting of identical measures to Visits 1 and 2 (pre-intervention

assessments).

2.3.3 | Magnetic resonance acquisition and analysis
All MR measurements were performed using a 3.0T Philips
Ingenia MRI system with a 32-channel Philips SENSE XL torso coil.
Two-point modified Dixon scans and an in-house automated
segmentation algorithm (MATLAB R2020a; The MathWorks
Inc., Natick, MA, USA) were used to quantify volumes of ScAT,
VAT, and VAT-to-total abdominal adipose tissue (TAT; ScAT +
VAT) ratio.?*

The *H-MRS spectra were acquired using a Stimulated Echo
Acquisition Mode-localized, single-voxel sequence. Single breath-
holds, with and without water suppression, were used for the
assessment of liver PDFF, while high-sensitivity spectra were
acquired over six breath-holds for determination of hepatic lipid
composition. All *H-MRS spectra were processed and analysed off-
line by an experienced researcher (S.J.B.) in a blinded fashion using
a home-developed MATLAB script (MATLAB R2020a; The Math-
Works Inc). Liver PDFF and hepatic lipid composition indices of
saturation (Sl), unsaturation (Ul), and polyunsaturation (PUI) were
subsequently calculated using externally validated equations.%2?2
The !H-MRS acquisition and post-processing procedures are

described in further detail in the Supplementary Methods S1.


http://randomization.com

* | WILEY

WILLIS ET AL.

234 | 'H-MRS method validation

Before the study, an in-house 'H-MRS validation experiment for
hepatic lipid composition and PDFF assessment was performed using
lipid-water phantoms. The experiment confirmed the validity of our
1H-MRS method, demonstrating strong correlations (Pearson's r) and
agreement (Bland-Altman) between the measured and expected
both PDFF and the lipid
(Supplementary Figures S2 and S3). The full methods and results of

values for composition indices
the validation experiment are described in the Supplementary

Methods and Results S1, respectively.

2.3.5 | Biochemical analyses

Blood samples were collected, processed and analysed for plasma
concentrations of glucose, HbA1c, insulin, non-esterified fatty acids,
triacylglycerol, high-density lipoprotein, low-density lipoprotein, total
cholesterol, liver function tests, C-reactive protein, interleukin-6, and
cytokeratin-18 (CK18) M30 and M65 (detailed in Supplementary
Methods S1). Homeostasis model assessment of insulin resistance
(HOMA-IR) and adipose tissue insulin resistance index (Adipo-IR) were

subsequently calculated.?>2¢

24 | Outcomes

The primary outcomes were differences in hepatic SI between the
NGR and IGR groups (Part A), and differences in the pre- to post-
intervention change in hepatic S| after EX versus CON (Part B). All
other analyses in Part A and B were secondary outcomes (see the
Supplementary Methods for the full list S1).

2.5 | Sample size

Sample size calculations were performed by a trial statistician (G.W.)
based on the original *H-MRS validation study.'? A total of 28 partici-
pants (n = 14 per group) were required in Part A assuming a 5% dif-
ference in hepatic Sl (SD 4%) with 80% power and a 5% alpha error
rate. Based on the same data, 24 participants were required for
Part B, inflated to 26 (n = 13 per intervention) to allow for expected
drop-out (10%).

2.6 | Statistical analysis

Data were analysed using SPSS Statistics v27 (SPSS Inc., IL, USA),
with normality assessed using histograms and box plots. Baseline
characteristics of all study groups are reported as mean *+ SD
for normally distributed data, median (interquartile range) for
non-normally distributed data, and number (percentage) for

categorical data.

In Part A, differences in primary and secondary outcomes
between the NGR and IGR groups were assessed using independent
samples t-tests and Mann-Whitney tests, as appropriate. Given the
pilot nature of the study and firm hypotheses, one-tailed tests were
used for hepatic lipid composition indices. Associations between
hepatic lipid composition indices and other study outcomes were
examined using Pearson's r or Spearman's rho where appropriate.

In Part B, generalized linear models with a normal distribution and
identity link function were used to assess differences in the change
(post- minus pre-intervention values) in primary and secondary out-
comes between the EX and CON interventions. Intervention group
was included as the explanatory variable, while ethnicity and baseline
(pre-intervention) values for each outcome were included as covari-
ates. Data are presented as adjusted means with 95% confidence
intervals for each group and the intervention effect (EX minus CON).
Associations between changes in the hepatic lipid composition indices
and changes in other study outcomes were explored using Pearson's r.

An additional sensitivity analysis was performed for Part A using
multiple imputation for missing values.?” For Part B, the primary anal-
ysis was conducted using a complete-case approach, while an
intention-to-treat analysis was also performed using the same multiple
imputation method. Effect sizes (ES) for comparisons are described
using Cohen's d.?® Statistical significance was set at an alpha level
of p < 0.05.

3 | RESULTS

3.1 | Participant flow and missing data

The study CONSORT diagram is presented in Figure 1. Between
30 October 2018 and 20 July 2022, 190 individuals were screened for
eligibility and 40 participants were enrolled in the study. For Part A,
14 participants were allocated to the NGR group, while 26 participants
were allocated to the IGR group. All participants in the IGR group then
enrolled in Part B, with 13 participants randomized to EX and 13 partici-
pants randomized to CON. During EX, two participants discontinued the
intervention due to the exercise intensity and COVID-19 pandemic,
respectively, thus 11 participants completed the exercise training. Two
participants in the NGR group did not complete the maximal exercise
test due to adverse events (described below in Section 3.4), therefore,
VO, peak data are presented for n = 12. Due to technical issues during
MRI acquisition, SCAT, VAT, and VAT:TAT data are available for 36 partic-
ipants (n = 12 for NGR and n = 24 for IGR) in Part A and 19 participants
(h = 8 for EX and n = 11 for CON) in Part B.

3.2 | Cross-sectional analyses: Part A

Participant characteristics of the NGR and IGR groups are shown in
Table 1. Demographic and physical characteristics were similar
between groups, except for VAT and the VAT:TAT ratio, which
tended to be higher in the IGR group. For the primary outcome,
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[ Enrolment ]
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)
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Allocated to IGR group
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intervention (n=13)
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intervention (n=13)
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allocated
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)

Analysis ]

(n=0)

Analysed (n=13)
+ Excluded from analysis

J
Analysed (n=11)

+ Excluded from analysis
(n=0)

FIGURE 1
regulation.

hepatic S| was higher in the IGR versus NGR group (Supplementary
Figure S4A), while hepatic Ul was lower in the IGR group
(Supplementary Figure S4B). Hepatic PUI and liver PDFF were similar
between groups (Supplementary Figure S4C-D). HbA1c and circulat-
ing glucose were higher in the IGR versus NGR group, while
circulating insulin concentrations and insulin resistance indices were
not different between groups.

Study CONSORT flow diagram. HbA1c, glycated haemoglobin; IGR, impaired glycaemic regulation; NGR, normal glycaemic

No differences in blood pressure, circulating lipids, liver enzymes,
or markers of systemic inflammation were evident between groups.
Furthermore, circulating CK18 M30 was similar in the two groups,
while circulating CK18 Mé5 was higher and the CK18 M30:M65 ratio
tended to be lower in the IGR versus the NGR group (Table 1). Habit-
ual physical activity and dietary intake were similar in the two groups

(Supplementary Table S1). The sensitivity analysis showed the same
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TABLE 1  Participant characteristics of the normal glycaemic regulation and impaired glycaemic regulation groups (Part A).

Variable NGR (n = 14) IGR (n = 26) p value Effect size (d)

Ethnicity
White European 12 (85.7) 20(77.0)
South Asian 2(14.3) 5(19.2)
Other 0(0.0) 1(3.8)

Age, years® 57 (20) 63 (32) 0.395 0.27

Anthropometry, body composition and cardiorespiratory fitness
Body weight, kg 109.6 + 18.5 105.2 + 16.6 0.443 0.26
BMI, kg-m~2 348+49 340+4.1 0.601 0.18
Waist circumference, cm 113.7 £ 11.6 113.4 £ 10.5 0.955 0.02
Body fat, % 33.9+44 323+55 0.337 0.32
ScAT, mL 4132 + 1586 3521 + 1050 0.176 0.49
VAT, mL? 2281 (1080) 2714 (1322) 0.087 0.58
VAT:TAT ratio, AU 0.39 +0.10 0.46 £ 0.09 0.057 0.70
Absolute VO, peak, L-min~? 3.10+0.71 2.84 +0.57 0.433 041
Relative VO, peak, mL-kg-min~?! 28.5+4.6 27.3+48 0.438 0.27

Hepatic lipids
Sl, %° 86.9 (7.2) 89.8 (4.0) 0.038 0.59
ul, %% 13.1(7.2) 10.2 (4.0) 0.038 0.59
PUI, %° 2.0 (4.6) 0.9 (2.5) 0.188 0.29
Liver PDFF, % 148 +7.7 17.6 +7.2 0.273 0.37

Glycaemic regulation and insulin sensitivity
HbA1c, mmol-mol~*2 39 (6) 51(14) <0.001 2.83
HbA1lc, %* 5.7 (0.5) 6.8(1.2) < 0.001 2.83
Glucose, mmol-L~*? 5.6 (0.6) 7.4 (1.1) < 0.001 1.91
Insulin, pmol-L~%2 76 (76) 81 (46) 0.364 0.29
HOMA-IR, AU? 3.3(3.0) 4.8(2.7) 0.411 0.26
Adipo-IR, AU? 39.1(27.8) 36.9 (32.3) 0.863 0.06

Blood pressure, circulating lipids, and other circulating proteins
SBP, mmHg 135+ 9 141 £ 12 0.117 0.53
DBP, mmHg 92+9 95+ 10 0.368 0.30
TAG, mmol-L~*2 1.43(1.13) 2.15(1.17) 0.239 0.38
NEFA, mmol-L~* 0.46 +0.17 0.57 £0.20 0.100 0.56
Total cholesterol, mmol-L~* 4.69 +£1.34 4.25 + 0.88 0.218 0.42
HDL, mmol-L~* 0.99 £0.15 0.93+0.21 0.336 0.32
LDL, mmol-L~* 272 +1.04 2.39 +0.78 0.269 0.37
ALT,U.L~ 12 33.6 (14.7) 36.8 (22.0) 0.379 0.28
AST,U.L? 424 +11.8 425 +10.3 0.964 0.02
AST:ALT ratio, AU? 1.13(0.72) 1.06 (0.25) 0.335 0.31
GGT,U.L 30.9 (10.2) 35.7 (17.7) 0.173 0.44
CRP, mg-L~1° 1.71(1.57) 1.30(1.88) 0.478 0.23
IL-6, pg-mL—1° 2.82 (2.66) 1.67 (1.4¢6) 0.444 0.24
CK18 M30, IU-L~ %2 105 (141) 142 (121) 0.349 0.30
CK18 Mé65, IU.L~ 12 149 (132) 227 (253) 0.016 0.82
CK18 M30:M65 ratio, AU? 0.68 (0.32) 0.59 (0.20) 0.057 0.63

Note: Categorical data are presented as frequency (percentage) and continuous data are presented as mean + SD, or as median (interquartile range) where
data were non-normally distributed. For the NGR and IGR groups respectively, n = 12 and n = 24 for MRl data, and n = 12 and n = 26 for VO, peak data

(1

H-MRS data were available for the full sample). Bold values indicate statistical significance at p < 0.05.

Abbreviations: Adipo-IR, adipose tissue insulin resistance index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AU, arbitrary units; BMI,
body mass index; CK18, cytokeratin-18; CRP, C-reactive protein; DBP, diastolic blood pressure; GGT, gamma-glutamyl transferase; HbA1c, glycated
haemoglobin; HOMA-IR, homeostatic model assessment of insulin resistance; IGR, impaired glycaemic regulation; IL-6, interleukin-6; NEFA, non-esterified
fatty acids; NGR, normal glycaemic regulation; PDFF, proton density fat fraction; PUI, polyunsaturation index; SBP, systolic blood pressure; ScAT,
subcutaneous abdominal adipose tissue; Sl, saturation index; TAG, triacylglycerol; TAT, total adipose tissue; Ul, unsaturation index; VAT, visceral adipose

tissue; VO, peak, peak oxygen uptake.
Indicates non-parametric analyses were performed.
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pattern of results and interpretation for all group differences
(Supplementary Table S2).

In the whole cohort, higher HbA1lc and circulating glucose were
hepatic Ul
(Figure 2A-D). Furthermore, HOMA-IR was positively associated

associated with greater hepatic SI and lower

with hepatic Sl (Figure 2E) and inversely associated with hepatic Ul
(Figure 2F) and PUI (rho = —0.316; p = 0.047). Circulating CK18
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Mé65 concentrations were positively associated with hepatic S|
(rho = 0.327; p = 0.040) and inversely associated with hepatic
Ul and PUI (rho <—0.325; p = 0.040). Consequently, a lower
CK18 M30:M65 ratio was associated with higher hepatic SI
(rho = —0.398; p =0.011) and lower hepatic Ul (rho = 0.398;
p = 0.011). BMI and liver PDFF were inversely related to hepatic
PUI (rho <—0.333; p < 0.036).
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FIGURE 2 Associations of glycaemic parameters with the hepatic saturation index (SI; A,C,E) and unsaturation index (Ul; B,D,E) in the normal
glycaemic regulation (NGR) and impaired glycaemic regulation (IGR) groups combined (n = 40). Data were analysed using Spearman's rank order
correlation analyses (rho). AU, arbitrary units; HOMA-IR, homeostatic model assessment of insulin resistance.
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TABLE 2 Baseline (pre-intervention) participant characteristics of the exercise training and control groups (Part B).
Variable EX(n=11) CON (n = 13)
Ethnicity, n (%)
White European 9(81.8) 10 (76.9)
South Asian 2(18.2) 2(15.4)
Other 0(0.0) 1(7.7)
Type 2 diabetes, n (%) 8(72.7) 10(76.9)
Metformin use, n (%) 7 (63.6) 7 (53.8)
Age, years 61(17) 63 (18)
Anthropometry, body composition and cardiorespiratory fitness
Body weight, kg 101.2 (28.5) 98.5 (14.8)
BMI, kg-m~2 34.1(5.6) 31.9 (4.1)
Waist circumference, cm 113.8 £ 10.6 111.2+9.9
Body fat, % 32747 30.9+5.9
ScAT, mL 3741 + 1303 3303 + 640
VAT, mL 3389 + 1119 2769 + 871
VAT:TAT ratio, AU 0.48 + 0.08 0.45 + 0.09
Absolute VO, peak, L-min~* 3.07 £ 0.55 2.77 £0.53
Relative VO, peak, mL-kg-min~! 28.7+4.0 274 +43
Exercise capacity, s 734 + 203 652 + 286
Hepatic lipids
SI, % 90.7 (4.2) 89.3 (5.0)
Ul, % 9.3(4.2) 10.7 (5.0)
PUI, % 0.6 (1.6) 1.0(3.3)
Liver PDFF, % 21172 13.9+£5.9
Glycaemic regulation and insulin sensitivity
HbA1c, mmol-mol~* 51 (20) 50 (6)
HbA1c, % 6.8(1.8) 6.7 (0.5)
Glucose, mmol-L™* 7.9 (1.5) 7.2(1.7)
Insulin, pmol-L~* 84+ 24 73+ 24
HOMA-IR, AU 52+16 38+13
Adipo-IR, AU 50.5(35.5) 34.9 (12.7)
Blood pressure, circulating lipids and other circulating proteins
SBP, mmHg 143 + 14 136 + 20
DBP, mmHg 98 + 10 92 +10
TAG, mmol-L 1 2.18 (0.82) 2.00 (1.31)
NEFA, mmol-L~* 0.60 £ 0.19 0.57 £0.17
Total cholesterol, mmol-L~* 4.00 £ 1.05 441 £0.77
HDL, mmol-L~* 0.93+0.21 0.98 £0.16
LDL, mmol-L~* 2.20 £ 0.87 2.44 £ 0.66
ALT,U.L? 36.7 (19.2) 32.6 (20.7)
AST,U.L? 39.8+9.2 43.1+£10.8
AST:ALT ratio, AU 1.03(0.23) 1.12 (0.36)
GGT,U.L? 35.8 (17.4) 35.0(21.8)
CRP, mg-L™* 1.47 (2.00) 1.18 (1.90)
IL-6, pg-mL~* 1.79 (1.42) 1.50 (1.24)
CK18 M30, IU-L~* 150 (98) 114 (98)
CK18 Mé65, IU-L 1 297 (259) 206 (151)
CK18 M30:M65 ratio, AU 0.57 £0.21 0.56 +0.13

Note: Categorical data are presented as frequency (percentage) and continuous data are presented as mean + SD, or as median (interquartile range) where
data were non-normally distributed. For the EX and CON groups, respectively, n = 8 and n = 11 for MRI data (*H-MRS data were available for the full

sample).

Abbreviations: Adipo-IR, adipose tissue insulin resistance index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AU, arbitrary units; BMI,
body mass index; CK18, cytokeratin-18; CON, control; CRP, C-reactive protein; DBP, diastolic blood pressure; EX, exercise training; GGT, gamma-glutamyl
transferase; HbAlc, glycated haemoglobin; HOMA-IR, homeostatic model assessment of insulin resistance; IL-6, interleukin-6; NEFA, non-esterified fatty
acids; PDFF, proton density fat fraction; PUI, polyunsaturation index; SBP, systolic blood pressure; ScAT, subcutaneous abdominal adipose tissue; SI,
saturation index; TAG, triacylglycerol; TAT, total adipose tissue; Ul, unsaturation index; VAT, visceral adipose tissue; VO, peak, peak oxygen uptake.
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TABLE 3 Pre- to post-intervention changes and the intervention effects (exercise training minus control) after the 6-week intervention
period.
Ve Pre- to post-intervention change (95% Cl) Intervention effect
EX (n = 11) CON (n = 13) EX minus CON p value Effect size, d
Anthropometry, body composition and cardiorespiratory fitness
Body weight, kg -1.1(-2.1,0.0) -0.4(-1.3,0.6) —0.7 (-2.0,0.6) 0.273 0.40
BMI, kg:m~? -0.3(-0.7,0.0) -0.1(-0.4,0.2) -0.2(-0.6,0.2) 0.363 0.35
Waist circumference, cm —2.5(-4.0,-1.1) —1.1(-2.4,0.3) —-1.4(-3.2,0.3) 0.096 0.59
Body fat, % -1.3(-23,-0.3) -0.4(-1.4,0.5) -0.9(-2.1,04) 0.166 0.50
ScAT, mL —281(—676, 114) —58(—378, 262) —223(—682, 236) 0.342 0.40
VAT, mL —235 (—450, —20) —112(-295,71) —123(-377,131) 0.344 0.40
VAT:TAT ratio, AU 0.00 (—0.02, 0.03) 0.00 (—0.02, 0.02) 0.00 (—0.03, 0.03) 0.969 0.02
Absolute VO, peak, L-min~* 0.02 (-0.08, 1.12) —0.10 (—0.20, 0.00) 0.12 (-0.01, 0.24) 0.067 0.68
Relative VO, peak, mL-kg-min~* 0.4 (-0.5,1.4) -0.9 (-1.7,0.0) 1.3(0.1,2.4) 0.030 0.80
Exercise capacity, s 72 (8, 136) 25(—-32,82) 47 (30, 125) 0.230 0.47
Hepatic lipids
SI, % -2.6(-5.2,0.1) -0.8(-3.0,1.4) -1.8(-4.8,1.3) 0.270 0.40
ul, % 2.6(-0.1,52) 0.8(-1.4,3.0) 1.8(-1.3,4.8) 0.270 0.40
PUI, % 0.5(-0.7,1.7) 0.1(-0.9,1.1) 04(-1.1,1.8) 0.620 0.18
Liver PDFF, % -2.0(-5.0,1.0 0.2(-25,3.0) —-22(-6.2,1.6) 0.257 0.45
Glycaemic regulation and insulin sensitivity
HbA1c, mmol-mol~* -0.3(-2.1,1.5) 0.3(-1.2,1.9) -0.6(-2.8,1.5) 0.538 0.23
HbAlc, % —0.02 (-0.19, 0.15) 0.03 (-0.11, 0.17) —0.05 (-0.25, 0.14) 0.601 0.20
Glucose, mmol-L~* —0.8(-1.4,-0.3) 0.2 (-0.3,0.6) -1.0(-1.7,-0.3) 0.006 111
Insulin, pmol-L~* —23 (-65, 18) 15(-23, 52) —38(-88,12) 0.140 0.55
HOMA-IR, AU -21(-5.3,1.0) 14(-14,43) —3.5(-7.6,0.5) 0.083 0.68
Adipo-IR, AU —9.2(-23.6,5.1) 1.7 (-11.8,15.1) —10.9 (-28.2,7.1) 0.235 0.44
Blood pressure, circulating lipids and other circulating proteins
SBP, mmHg -2(-7,3) -6(-11,-1) 4 (-3, 10) 0.282 0.40
DBP, mmHg -6(-10, -2) -3(-7,0) -3(-8,2) 0.284 0.40
TAG, mmol-L~* —0.43(-0.67, —0.18) —0.62 (—0.84, —0.40) 0.19 (-0.10, 0.49) 0.194 047
NEFA, mmol-L~* 0.00 (-0.13,0.14) —0.03 (-0.15, 0.10) 0.03 (-0.13, 0.20) 0.712 0.13
Total cholesterol, mmol-L~* 0.01 (-0.29, 0.30) —0.11 (-0.37,0.15) 0.12 (-0.24,0.47) 0.512 0.24
HDL, mmol-L~* 0.04 (-0.01, 0.09) 0.04 (0.02, 0.08) 0.00 (—0.06, 0.05) 0.891 0.05
LDL, mmol-L™* 0.09 (-0.14, 0.31) 0.06 (—0.14, 0.26) 0.03 (—0.24, 0.30) 0.849 0.07
ALT,U-L7? -0.3(-7.3,6.7) -5.8(-12.1,0.5) 5.5(-2.9,13.9) 0.203 0.47
AST,U.L™? 0.3(-5.2,5.8) -27(-77,24) 3.0(-3.9,9.6) 0.392 0.31
AST:ALT ratio, AU 0.03 (-0.11, 0.17) 0.06 (-0.08, 0.19) —0.03 (-0.20, 0.15) 0.744 0.12
GGT,U.L? -4.7 (-9.3,-0.1) —4.4(-8.5,-0.3) -0.3(-5.8,5.2) 0.916 0.04
CRP, mg-L™* 3.66 (—1.18, 8.50) 6.21 (1.89, 10.53) —2.55(-8.37,3.28) 0.391 0.32
IL-6, pg-mL~* —0.18 (—1.25,0.88) 0.03 (-0.94, 1.00) —0.21 (-1.51, 1.08) 0.741 0.12
CK18 M30, IU-L™? —14 (-55, 28) —1(-39,36) —13(-63, 38) 0.631 0.18
CK18 M65, IU-L~? —49 (-114,16) —24(-80, 33) —25(-1083, 52) 0.517 0.24
CK18 M30:M65 ratio, AU 0.07 (-0.05, 0.19) 0.05 (—0.06, 0.16) 0.02 (-0.12,0.16) 0.773 0.10

Note: Data were analysed using generalized linear models with a normal distribution and identity link function, and are presented as mean (95% confidence
interval) change from baseline adjusted for pre-intervention values and ethnicity. For the EX and CON groups, respectively, n = 8 and n = 11 for MRI data
(*H-MRS data were available for the full sample). Bold values indicate statistical significance at p < 0.05.

Abbreviations: Adipo-IR, adipose tissue insulin resistance index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AU, arbitrary units; BMI,
body mass index; CK18, cytokeratin-18; CON, control; CRP, C-reactive protein; DBP, diastolic blood pressure; EX, exercise training; GGT, gamma-glutamyl
transferase; HbAlc, glycated haemoglobin; HOMA-IR, homeostatic model assessment of insulin resistance; IL-6, interleukin-6; NEFA, non-esterified fatty
acids; PDFF, proton density fat fraction; PUI, polyunsaturation index; SBP, systolic blood pressure; ScAT, subcutaneous abdominal adipose tissue; SI,
saturation index; TAG, triacylglycerol; TAT, total adipose tissue; Ul, unsaturation index; VAT, visceral adipose tissue; VO, peak, peak oxygen uptake.
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3.3 | Six-week randomized controlled trial: Part B
Baseline characteristics of the two intervention groups are presented
in Table 2. Collectively, participants were predominantly White
European (79.2%), had type 2 diabetes (75.0%) and were taking met-
formin (58.3%). Baseline characteristics were similar in each group
(Table 2, Supplementary Table S3), except for PDFF, circulating glu-
cose and HOMA-IR, which were lower in the CON versus the EX
intervention group (Table 2). During EX, participants attended 23.1
+ 1.1 of 24.0 (96.2%) training sessions. Participants' mean heart rate
during exercise was 118 + 6 bpm (73.0% of age-predicted maximum
heart rate), while their total weekly exercise volume increased from
148 + 19 min/week in Week 1 to 197 =79 min/week in Week
6. Changes in habitual physical activity and dietary intake across the
intervention period were similar in the two groups, except for
moderate-to-vigorous physical activity bouts =5 min and 210 min,
which were increased during EX compared to CON (Supplementary
Table S4). Furthermore, dietary mono- and polyunsaturated fatty acid
intake were increased and decreased after EX and CON, respectively
(Supplementary Table S4).

Table 3 shows the intervention responses. Across the 6 weeks,
aerobic fitness (relative VO, peak) was improved with EX compared
with CON. Intervention responses were similar between groups for all
hepatic lipid composition indices (Supplementary Figure S5A-C) as
well as other anthropometric/adiposity-related outcomes. Given base-
line differences in liver PDFF between EX and CON, an additional
post-hoc sensitivity analysis was conducted for the hepatic lipid com-
position indices, with baseline PDFF included as a covariate. The same
results were obtained, albeit with marginally smaller estimates
(hepatic SI: —1.1% [—4.5, 2.2%], p = 0.505, ES = 0.26; hepatic Ul:
1.1% [-2.2, 4.5%], p = 0.505, ES = 0.26; hepatic PUI: 0.3% [-1.2,
1.9%], p = 0.681, ES = 0.16).

Changes in HbA1c, circulating insulin and Adipo-IR were similar in
the two interventions, whereas circulating glucose concentrations
were reduced, and HOMA-IR tended to be reduced after EX com-
pared to CON (Table 3). No differences were observed in changes in
blood pressure, circulating lipids, liver enzymes, systemic inflammatory
markers and CK18 neoepitopes between the two interventions
(Table 3). The intention-to-treat sensitivity analysis showed the same
pattern of results and interpretation for all intervention responses
(Supplementary Table S5).

Correlation analysis (EX and CON combined) revealed that the change
in relative VO, peak was inversely associated with changes in hepatic SI
(Supplementary Figure S6A) and positively associated with changes in
hepatic Ul and PUI (Supplementary Figure S6B,C). Similar associations
were observed between absolute VO, peak and hepatic SI (r = —0.442;
p = 0.031), Ul (r = 0.442; p = 0.031) and PUI (r = 0.400; p = 0.053).

3.4 | Adverse events

Ten non-serious adverse events occurred across the study, with three

related to baseline cardiac arrythmias, five related to cardiac

arrythmias during the pre-intervention VO, peak test and two related
to chest tightness during training sessions. Three incidental findings
were identified during the pre-intervention MRI scan, which were

deemed benign upon referral.

4 | DISCUSSION

Using validated *H-MRS-derived indices of hepatic lipid composition,
this study demonstrated that men with MASLD and IGR had higher
hepatic lipid saturation and lower hepatic lipid unsaturation compared
to those with NGR, whereas hepatic lipid polyunsaturation was similar
regardless of glycaemic status. Furthermore, 6 weeks of moderate-
intensity exercise training had minimal impact on hepatic lipid
composition.

Hepatic lipid composition is thought to be central to the meta-
bolic and hepatic consequences of hepatic steatosis in MASLD, such
as insulin resistance and hepatic fibro-inflammation.> Accordingly, in
our MASLD population, we observed a higher hepatic SI and lower
hepatic Ul in individuals with IGR versus individuals with NGR. Addi-
tionally, this lipid profile was associated with markers of glycaemic
dysregulation and insulin resistance. These findings corroborate previ-
ous studies reporting elevated saturated hepatic lipids in populations
with MASLD, type 2 diabetes, and obesity with high versus low
HOMA-IR.2%121% Notably, these previous observations have been
made against comparator groups with markedly lower liver fat content
(2.2%-5.0%). In our study, the differences in hepatic Sl and Ul were
evident despite high liver PDFF in both study groups, highlighting a
close relationship between hepatic lipid composition and glycaemic
regulation in MASLD.

Mechanistically, elevated hepatic DNL may contribute to these
observed relationships, given that this pathway exclusively produces
palmitate (saturated fatty acid; [SFA]) and is upregulated by hypergly-
caemia and hyperinsulinaemia.’®> Hepatic DNL is disproportionately
elevated in MASLD,??° and positively correlates with both 24-h cir-
culating glucose concentrations and the liver SFA fraction.?>?? Con-
versely, genetic forms of steatotic liver disease are characterized by
preserved metabolic function, lower DNL and increased hepatic poly-
unsaturated lipids.?3* Consequently, it is plausible that hyperglycae-
mia in our participants with MASLD and IGR could be driving the
greater accumulation of saturated hepatic lipids through increased
hepatic DNL. In turn, a greater production of hepatic SFAs and their
associated lipotoxic lipid intermediates may exacerbate glycaemic dys-
regulation and insulin resistance in a continual cycle.® Mechanistic
studies are required for confirmation.

Another novel finding was that circulating CK18 Mé5 concentra-
tions, a marker of total hepatocyte cell death,?? were higher in the
IGR versus NGR group, and were directly associated with a higher
hepatic SI and lower hepatic Ul. CK18 is the major intermediate fila-
ment protein in the liver which holds strong potential as a biomarker
for MASH, including fibrotic MASH.32 While observational, our data
imply that greater hepatic injury in conditions of glycaemic dysregula-

tion could be related to higher hepatic lipid saturation and lower
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unsaturation. In support of this, human MASH and fibrosis is charac-
terized by a further enrichment of saturated hepatic lipids and deple-

tion of polyunsaturated hepatic lipids,”3%3*

while in preclinical
studies, SFAs promote hepatocellular stress, inflammation, apoptosis
and fibrogenesis.>”> Collectively, these data could help explain the
more aggressive liver disease trajectory in coexisting MASLD and type
2 diabetes.®

Contrary to our hypothesis, 6 weeks of exercise training did not
appreciably alter hepatic lipid composition compared to CON. Albeit
in a sample with less severe metabolic dysfunction, one previous
study also reported a lack of change in hepatic saturated lipid compo-
sition, despite a more intense exercise programme (70% VO, peak)
over 4 weeks.?! Conversely, our data contrast with those showing an
increase in hepatic PUI after 7 consecutive days of treadmill walking
(85% maximum heart rate) in individuals with MASLD.?° The latter
study was limited, however, by the absence of a control group, and
the higher PUI could reflect an effect of the last exercise bout on fatty
acid mobilization/uptake, as observed in rodents.?” Nevertheless, it is
noteworthy that the absolute change in hepatic Sl after our exercise
intervention was —2.6%, which is similar to the difference observed
between the IGR and NGR groups (2.9%) in our study. Consequently,
our sample size may have been insufficient to detect these potential
subtle yet meaningful changes as the study was powered on larger
expected differences (5.0%).

We also found that the change in liver PDFF, which reflects total
hepatic lipid, was similar in the EX compared to the CON intervention.
This was despite a control-adjusted absolute change of —2.1% after EX,
which matches a previous meta-analysis summarizing exercise training
studies in individuals with MASLD where significant weight loss was not
achieved.!” However, this modest change in liver PDFF and the lack of
change in body weight, in addition to a relatively short intervention
period, may explain why more substantial changes in hepatic lipid com-
position were not observed. Indeed, two recent studies involving a
24-week comprehensive lifestyle intervention®® and an 8-week low-
energy diet?” reported significant decreases in hepatic lipid saturation
where the average weight loss was 9 kg. Longer-term lifestyle interven-
tions with larger reductions in body weight may be required for more
substantial alterations in hepatic lipid composition in MASLD.

One previous study noted positive associations between baseline
aerobic fitness and hepatic PUI in individuals with MASLD.* Interest-
ingly, we found that VO, peak was improved after EX compared with
CON, and the change in VO, peak was inversely associated with the
change in hepatic SI and positively associated with the change in hepatic
Ul and PUL. This could suggest that exercise training regimens optimized
to achieve the greatest improvements in VO, peak may promote the
largest shifts towards a more favourable hepatic lipid profile. Improve-
ments in whole-body aerobic capacity partly reflect improved oxidative
capacity of multiple tissues, including the liver.®® Thus exercise-induced
improvements in hepatic mitochondrial function and fatty acid oxidative
capacity,*® which share a reciprocal relationship with hepatic DNL°
could partly explain these observed associations.

Strengths of this study include the novel comparisons in an

MASLD population, with varying degrees of glycaemic regulation, and

the robust randomized controlled trial design and intervention adher-
ence in Part B. Furthermore, we internally validated our 1H-MRS mea-
surement of hepatic lipid composition. However, the validation
experiment did identify some degree of bias and variability, particu-
larly with regard to the hepatic PUI. Although this would not impact
the interpretation of the study findings, further in vivo validation is
required against gold standard liver biopsy assessment. Additionally,
although a multi-ethnic population was recruited, the inability to gen-
eralize our findings to women is a limitation of the study. Importantly,
the decision to recruit men was based on the recognition that MASLD
and related cardiovascular morbidity is more prevalent and severe in
men compared with women*® and on funding constraints which
demanded a homogenous sample. Further limitations include the
observational nature of Part A, preventing causality from being estab-
lished, and the potential for undetected differences in dietary intake
to have confounded hepatic lipid composition data (due to poor sensi-
tivity of diet records). Additionally, while our cross-sectional analyses
were powered a priori, larger studies are needed to further explore
factors associated with differences in hepatic lipid composition. In
Part B, baseline differences in liver PDFF and glycaemic parameters
between the intervention groups may have dampened our ability to
detect intervention effects. Equally, although our sample size was
informed by formal calculations, our ES data indicate an intervention
effect may have potentially been detectable with a larger sample.

In conclusion, this study demonstrates that glycaemic dysregula-
tion in MASLD is characterized by greater hepatic lipid saturation and
lower hepatic lipid unsaturation, a lipid profile that is associated with
markers of insulin resistance and hepatic injury. Conversely, 6 weeks
of moderate-intensity exercise training does not appreciably alter
hepatic lipid composition in men with MASLD and IGR, despite small
numerical differences potentially beginning to emerge. These findings
support the notion that this more ‘lipotoxic’ hepatic lipid profile could
contribute to the relationship between MASLD, type 2 diabetes, and a
worse liver disease prognosis, while exercise training alone with mini-
mal changes in body weight/adiposity may be insufficient to impact
hepatic lipid composition. Future research should unpick the mecha-
nisms linking glycaemic status and hepatic lipid composition and
explore the impact of longer-term exercise and/or pharmacological

interventions on hepatic lipid composition in MASLD.

AUTHOR CONTRIBUTIONS

Jack A. Sargeant, Penny Gowland, David R. Webb, Melanie J. Davies,
Guruprasad P. Aithal and James A. King were involved in the concep-
tion and design of the study. Scott A. Willis, Sundus Malaikah, Ste-
phen J. Bawden, Aron P. Sherry, Jack A. Sargeant, Nicole A. Coull,
Christopher R. Bradley, Alex Rowlands, lyad Naim, Ghazala Waheed
and James A. King contributed to the acquisition and/or analysis of
the study data. Scott A. Willis, Sundus Malaikah, Gaél Ennequin,
Thomas Yates, David J. Stensel, Guruprasad P. Aithal and James
A. King were involved in the interpretation of the study data. Scott
A. Willis, Sundus Malaikah and James A. King drafted the manuscript,
while all authors critically revised the manuscript for important intel-

lectual content. Furthermore, all authors approved the final version of



2 | WILEY

WILLIS ET AL.

the manuscript and agree to be accountable for all aspects of the
work. James A. King is the guarantor of this work and, as such, had full
access to all the data in the study and takes responsibility for the

integrity of the data and the accuracy of the data analysis.

ACKNOWLEDGEMENTS

This study was funded by Diabetes UK (17/0005659) and supported by
the National Institute for Health and Care Research (NIHR) Leicester and
Nottingham Biomedical Research Centres. The views expressed are
those of the authors and not necessarily those of the NHS, the NIHR or
the Department of Health and Social Care. The authors would like to
thank Mr Chris Brough, Ms Nayna Naliyapara and Mr Daniel Nixon for
their technical support during data collection, and all the participants for

their involvement in this research study.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

PEER REVIEW

The peer review history for this article is available at https://
www.webofscience.com/api/gateway/wos/peer-review/10.1111/dom.
15755.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Jack A. Sargeant
Ghazala Waheed
David R. Webb

Melanie J. Davies

https://orcid.org/0000-0003-0395-7329

https://orcid.org/0000-0002-5142-110X
https://orcid.org/0000-0002-3932-3339

https://orcid.org/0000-0002-9987-9371

James A. King " https://orcid.org/0000-0002-8174-9173

REFERENCES

1. Rinella ME, Lazarus JV, Ratziu V, et al. A multisociety Delphi consen-
sus statement on new fatty liver disease nomenclature. Hepatology.
2023;78(6):1966-1986.

2. Mantovani A, Byrne CD, Bonora E, Targher G. Nonalcoholic fatty liver
disease and risk of incident type 2 diabetes: a meta-analysis. Diabetes
Care. 2018;41(2):372-382.

3. McPherson S, Hardy T, Henderson E, Burt AD, Day CP, Anstee QM.
Evidence of NAFLD progression from steatosis to fibrosing-
steatohepatitis using paired biopsies: implications for prognosis and
clinical management. J Hepatol. 2015;62(5):1148-1155.

4. Mantovani A, Scorletti E, Mosca A, Alisi A, Byrne CD, Targher G.
Complications, morbidity and mortality of nonalcoholic fatty liver dis-
ease. Metabolism. 2020;1115:154170.

5. Willis SA, Bawden SJ, Malaikah S, et al. The role of hepatic lipid com-
position in obesity-related metabolic disease. Liver Int. 2021;41(12):
2819-2835.

6. Musso G, Cassader M, Paschetta E, Gambino R. Bioactive lipid species
and metabolic pathways in progression and resolution of nonalcoholic
steatohepatitis. Gastroenterology. 2018;155(2):282-302.€8.

7. Listenberger LL, Han X, Lewis SE, et al. Triglyceride accumulation pro-
tects against fatty acid-induced lipotoxicity. Proc Natl Acad Sci U S A.
2003;100(6):3077-3082.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

Depner CM, Philbrick KA, Jump DB. Docosahexaenoic acid attenuates
hepatic inflammation, oxidative stress, and fibrosis without decreasing
hepatosteatosis in a Ldlr(—/—) mouse model of western diet-induced
nonalcoholic steatohepatitis. J Nutr. 2013;143(3):315-323.

Puri P, Baillie RA, Wiest MM, et al. A lipidomic analysis of nonalco-
holic fatty liver disease. Hepatology. 2007;46(4):1081-1090.
Luukkonen PK, Zhou Y, Sédevirta S, et al. Hepatic ceramides dissoci-
ate steatosis and insulin resistance in patients with non-alcoholic
fatty liver disease. J Hepatol. 2016;64(5):1167-1175.

Johnson NA, Walton DW, Sachinwalla T, et al. Noninvasive assess-
ment of hepatic lipid composition: advancing understanding and man-
agement of fatty liver disorders. Hepatology. 2008;47(5):1513-1523.
Roumans KHM, Lindeboom L, Veeraiah P, et al. Hepatic saturated
fatty acid fraction is associated with de novo lipogenesis and hepatic
insulin resistance. Nat Commun. 2020;11(1):1891.

Hamilton G, Schlein AN, Wolfson T, et al. The relationship between
liver triglyceride composition and proton density fat fraction as
assessed by 1 H MRS. NMR Biomed. 2020;33(6).:e4286.

Erickson ML, Haus JM, Malin SK, Flask CA, McCullough AJ,
Kirwan JP. Non-invasive assessment of hepatic lipid subspecies
matched with non-alcoholic fatty liver disease phenotype. Nutr Metab
Cardiovasc Dis. 2019;29(11):1197-1204.

Sanders FWB, Griffin JL. De novo lipogenesis in the liver in health
and disease: more than just a shunting yard for glucose. Biol Rev Camb
Philos Soc. 2016;91(2):452-468.

Rinella ME, Neuschwander-Tetri BA, Siddiqui MS, et al. AASLD prac-
tice guidance on the clinical assessment and management of nonalco-
holic fatty liver disease. Hepatology. 2023;77(5):1797-1835.

Sargeant JA, Gray LJ, Bodicoat DH, et al. The effect of exercise train-
ing on intrahepatic triglyceride and hepatic insulin sensitivity: a sys-
tematic review and meta-analysis. Obes Rev. 2018;19(10):1446-1459.
Stine JG, Long MT, Corey KE, et al. American College of Sports
Medicine (ACSM) international multidisciplinary roundtable report on
physical activity and nonalcoholic fatty liver disease. Hepatol
Commun. 2023;7(4):e0108.

Willis SA, Malaikah S, Parry S, et al. The effect of acute and chronic
exercise on hepatic lipid composition. Scand J Med Sci Sports. 2023;
33(5):550-568.

Haus JM, Solomon TPJ, Kelly KR, et al. Improved hepatic lipid compo-
sition following short-term exercise in nonalcoholic fatty liver disease.
J Clin Endocrinol Metab. 2013;98(7):E1181-E1188.

Johnson NA, Sachinwalla T, Walton DW, et al. Aerobic exercise train-
ing reduces hepatic and visceral lipids in obese individuals without
weight loss. Hepatology. 2009;50(4):1105-1112.

Szczepaniak LS, Nurenberg P, Leonard D, et al. Magnetic resonance
spectroscopy to measure hepatic triglyceride content: prevalence of
hepatic steatosis in the general population. Am J Physiol Endocrinol
Metab. 2005;288(2):E462-E468.

Borg GA. Perceived exertion: a note on ‘history’ and methods. Med
Sci Sports. 1973;5(2):90-93.

Sargeant JA, Bawden S, Aithal GP, et al. Effects of sprint interval
training on ectopic lipids and tissue-specific insulin sensitivity in men
with non-alcoholic fatty liver disease. Eur J Appl Physiol. 2018;118(4):
817-828.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF,
Turner RC. Homeostasis model assessment: insulin resistance and
beta-cell function from fasting plasma glucose and insulin concentra-
tions in man. Diabetologia. 1985;28(7):412-419.

Gastaldelli A, Cusi K, Pettiti M, et al. Relationship between
hepatic/visceral fat and hepatic insulin resistance in nondiabetic and
type 2 diabetic subjects. Gastroenterology. 2007;133(2):496-506.
Henson J, Davies MJ, Bodicoat DH, et al. Breaking up prolonged sit-
ting with standing or walking attenuates the postprandial metabolic
response in postmenopausal women: a randomized acute study. Dia-
betes Care. 2016;39(1):130-138.


https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/dom.15755
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/dom.15755
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/dom.15755
https://orcid.org/0000-0003-0395-7329
https://orcid.org/0000-0003-0395-7329
https://orcid.org/0000-0002-5142-110X
https://orcid.org/0000-0002-5142-110X
https://orcid.org/0000-0002-3932-3339
https://orcid.org/0000-0002-3932-3339
https://orcid.org/0000-0002-9987-9371
https://orcid.org/0000-0002-9987-9371
https://orcid.org/0000-0002-8174-9173
https://orcid.org/0000-0002-8174-9173

WILLIS ET AL.

WILEY_L %

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd ed.
Lawrence Erlbaum Associates; 1988.

Smith GI, Shankaran M, Yoshino M, et al. Insulin resistance drives
hepatic de novo lipogenesis in nonalcoholic fatty liver disease. J Clin
Invest. 2020;130(3):1453-1460.

Lambert JE, Ramos-Roman MA, Browning JD, Parks EJ. Increased de
novo lipogenesis is a distinct characteristic of individuals with nonal-
coholic fatty liver disease. Gastroenterology. 2014;146(3):726-735.
Luukkonen PK, Qadri S, Ahlholm N, et al. Distinct contributions of
metabolic dysfunction and genetic risk factors in the pathogenesis
of non-alcoholic fatty liver disease. J Hepatol. 2022;76(3):526-535.
Eguchi A, Wree A, Feldstein AE. Biomarkers of liver cell death.
J Hepatol. 2014,;60(5):1063-1074.

Chiappini F, Coilly A, Kadar H, et al. Metabolism dysregulation
induces a specific lipid signature of nonalcoholic steatohepatitis in
patients. Sci Rep. 2017;7(1):46658.

Fridén M, Rosqvist F, Ahlstrom H, et al. Hepatic unsaturated fatty
acids are linked to lower degree of fibrosis in non-alcoholic fatty liver
disease. Front Med (Lausanne). 2022;8:814951.

Ogawa Y, Imajo K, Honda Y, et al. Palmitate-induced lipotoxicity is
crucial for the pathogenesis of nonalcoholic fatty liver disease in
cooperation with gut-derived endotoxin. Sci Rep. 2018;8(1):11365.
Deibert P, Lazaro A, Schaffner D, et al. Comprehensive lifestyle inter-
vention vs soy protein-based meal regimen in non-alcoholic steatohe-
patitis. World J Gastroenterol. 2019;25(9):1116-1131.

Pang MD, Bastings JJAJ, Op den Kamp-Bruls YMH, et al. The effect
of weight loss on whole-body and tissue-specific insulin sensitivity

38.

39.

40.

and hepatic lipid content and composition: SWEET substudy. Obesity
(Silver Spring). 2023;31(7):1745-1754.

Brouwers B, Hesselink MKC, Schrauwen P, Schrauwen-
Hinderling VB. Effects of exercise training on intrahepatic lipid con-
tent in humans. Diabetologia. 2016;59(10):2068-2079.

McGarry JD, Mannaerts GP, Foster DW. A possible role for malonyl-
CoA in the regulation of hepatic fatty acid oxidation and ketogenesis.
J Clin Invest. 1977;60(1):265-270.

Lonardo A, Nascimbeni F, Ballestri S, et al. Sex differences in nonalco-
holic fatty liver disease: state of the art and identification of research
gaps. Hepatology. 2019;70(4):1457-1469.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Willis SA, Malaikah S, Bawden SJ,

et al. Greater hepatic lipid saturation is associated with
impaired glycaemic regulation in men with metabolic
dysfunction-associated steatotic liver disease but is not
altered by 6 weeks of exercise training. Diabetes Obes Metab.
2024;1-13. doi:10.1111/dom.15755


info:doi/10.1111/dom.15755

	Greater hepatic lipid saturation is associated with impaired glycaemic regulation in men with metabolic dysfunction-associa...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Study design and ethical approval
	2.2  Participants
	2.3  Procedures
	2.3.1  Cross-sectional analyses: Part A
	2.3.2  Six-week randomized controlled trial: Part B
	2.3.3  Magnetic resonance acquisition and analysis
	2.3.4  1H-MRS method validation
	2.3.5  Biochemical analyses

	2.4  Outcomes
	2.5  Sample size
	2.6  Statistical analysis

	3  RESULTS
	3.1  Participant flow and missing data
	3.2  Cross-sectional analyses: Part A
	3.3  Six-week randomized controlled trial: Part B
	3.4  Adverse events

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


