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(13C)-Methacetin breath test provides evidence of subclinical
liver dysfunction linked to fat storage but not lifestyle
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Background & Aims: Non-alcoholic fatty liver disease (NAFLD) is characterised by the presence of hepatic steatosis in the
absence of other causes of secondary hepatic fat accumulation, and is usually associated with visceral, metabolically active
obesity. However, the subclinical effects of body and liver fat accumulation on liver function are still unclear.
Methods: We used orally administered (13C)-methacetin and breath test to quantify the efficiency of hepatic extraction from
portal blood flow and liver microsomal function in 81 participants, in relation to presence/absence of ultrasonographic NAFLD,
extent of body fat accumulation, insulin resistance, dietary models, and lifestyle.
Results: NAFLD was present in 23% of participants with normal weight, and prevalence increased with body fat and insulin
resistance. Fat accumulation, NAFLD, and insulin resistance were associated with decreased hepatic extraction efficiency, and
liver microsomal function was impaired in moderate-to-severe NAFLD. Caloric intake, dietary models, and lifestyles had a
minor role in promoting functional changes.
Conclusions: The interplay between body fat accumulation, insulin resistance, and NAFLD is linked with altered hepatic
extraction efficiency from blood flow and deranged microsomal function. Non-invasive diagnosis of subclinical alterations of
liver function is relevant for primary and secondary prevention measures. Furthermore, the occurrence of NAFLD in lean
individuals and the evidence that caloric intake, dietary models, and lifestyle played a minor role require further studies
exploring the role of environmental factors in the natural history of these diseases.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Obesity has reached worldwide epidemic proportions and is
often associated with non-alcoholic fatty liver disease (NAFLD)
(i.e. presence of hepatic steatosis in the absence of significant
alcohol consumption or other known causes of secondary he-
patic fat accumulation). NAFLD has a worldwide prevalence of
almost 30% and has become the most frequent cause of chronic
liver disease.

Obesity, diabetes, dyslipidaemia, hypertension, sedentary
lifestyles, and metabolic syndrome are well-known risk factors
for NAFLD.1,2 Based on these risk factors, a group of experts
recently proposed to introduce the term ‘metabolically associ-
ated fatty liver disease’.3 NAFLD can also develop in lean (likely
metabolically impaired) individuals.1 NAFLD develops with over-
accumulation (>5% hepatocytes) of (mainly) triglycerides in he-
patocytes, leading to a spectrum of conditions ranging from
simple non-alcoholic fatty liver (NAFL) without significant
inflammation to non-alcoholic steatohepatitis (NASH) affecting
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about 5% of the population, when hepatic steatosis parallels
pericellular fibrosis, ballooning degeneration of hepatocytes, and
lobular inflammation.4 NASH, in turn, may progress to cirrhosis
in 20% of cases. Hepatocellular carcinoma can originate from
cirrhosis, but also from non-cirrhotic NAFLD.5 NAFLD prevalence
and liver fibrosis increase with age.6

The pathophysiology of NAFLD is complex, multifactorial, and
partially unknown.1 One aspect is that initial fat storage in the
liver could drive subclinical liver abnormalities.

In particular, NAFLD development and progression increase
the risk for advanced liver disease and liver-related mortality,6

as well as non-liver-related complications, such as cardiovas-
cular disease and malignancy.7 In addition, patients with
NAFLD suffer from poor quality of life compared with healthy
individuals, mostly in the physical health component. Greater
deficits occur with more advanced liver diseases, such as liver
cirrhosis.8

Thus, a comprehensive understanding of the relationships
between body fat accumulation, increased liver fat storage, and
subclinical alterations of liver function might be of great interest
in terms of both primary and secondary prevention of hepatic
and systemic diseases, and for designing novel and efficient
therapeutic interventions.

The diagnosis of NAFLD relies on both non-invasive and
invasive, morphological, functional, and often complementary
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approaches. Relevant alcohol consumption, other causes of liver
steatosis, and other underlying chronic liver diseases must be
ruled out. Liver biopsy and histology remain the gold standard
for diagnosis or to assess the degree of liver injury. However,
liver biopsy is invasive; poorly accepted by patients; and not
totally free from complications, which include pneumothorax,
pain, or significant bleeding.9 In addition, liver biopsy becomes
unrealistic in routine clinical practice because of the large
number of patients with NAFLD as well as several other limita-
tions, mainly attributable to sampling variability,10 intra- and
inter-observer variability,11 and a possible under- or over-
estimation of the liver fibrosis. Liver biopsy is therefore reserved
to the subset of participants with unclear diagnosis, or to predict
the severity of liver disease.12 Laboratory tests (i.e. serum
aminotransferase levels and ferritin or gamma-glutamyl trans-
ferase [GGT] levels) can be either normal or abnormal, but are
insufficient to establish a diagnosis of any subtype of NAFLD.13 A
surrogate marker of NAFLD, namely, the fatty liver index (FLI),
correlates with intrahepatic fat content.14 Imaging (ultrasonog-
raphy for hyperechoic texture, computed tomography, and nu-
clear magnetic resonance) can detect steatosis as well as
cirrhosis, but not the ongoing necro-inflammatory NASH.15 The
presence of advanced fibrosis is detectable by scoring measuring
liver stiffness by non-invasive transient elastography or by
applying specific algorithms, such as NAFLD fibrosis score (which
considers a patient’s age, BMI, hyperglycaemia, aminotransferase
levels, platelet count, and albumin).

None of the aforementioned diagnostic tools provide in-
formation on the ‘dynamic’ functional reserve of the liver as
the result of complex metabolic processes. Breath tests (BTs)
are dynamic diagnostic tools using substrates processed at
different levels in the gastrointestinal tract. Metabolisation
processes produce gases (i.e. CO2 and H2) transferred to blood
and promptly detectable in expired air. BTs are relatively
simple, safe, and non-invasive tools that provide information
in different clinical settings in relation to the chosen substrate.
For the liver, BTs employ specific substrates labelled with the
naturally occurring (13C) stable (non-radioactive) isotope. The
substrate metabolism at specific levels produces (13C)O2

detected in breath16,17 as a marker of hepatic clearance of
metabolically active substances.18 Examples of (13C)-substrates
include aminopyrine, phenacetin, caffeine, lidocaine, meth-
acetin and erythromycin (targeting hepatocyte microsomal
function), phenylalanine and galactose (targeting cytosolic
enzymatic activity), methionine, ketoisocaproic acid (KICA),
and octanoic acid (targeting mitochondrial function). (13C)-
Methacetin is rapidly metabolised, has a low cost, lacks
toxicity,19 and is available as (13C)-methacetin breath test
(MBT) for investigation of liver microsomal function in chronic
liver diseases,20 including chronic HCV infection21 and liver
cirrhosis.22 (13C)-MBT could separate patients with normal/
NAFL from patients with NASH,23,24 and was predictive for F3
or F4 fibrosis score in patients with histologically proven
NASH.

Because of the complex factors involved in NAFLD patho-
genesis, we aimed to study liver function non-invasively by
(13C)-MBT according to body weight and ultrasonographic
NAFLD.

In addition, we explored the interplay between several
anthropometric variables, liver ultrasonography, lifestyle, and
psychological components to unravel the effects of body and
liver fat storage on subclinical hepatic dysfunction.
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Patients and methods
Participants
In total, 81 Caucasians participated in the study (males:females =
45:36; age 45.5 ± SE 1.9 and 41.9 ± SE 2.7 years, respectively)
(Table S1). The recruitment period was concluded in 6 months.
The participants were consecutively enrolled at the outpatient
clinic, with a previous diagnosis of metabolic disorders and/or
liver steatosis, as previously assessed by a routine ultrasonog-
raphy (US). Controls were academic or hospital employees at the
division of internal medicine of a large regional hospital ("Poli-
clinico") in Bari, Italy. The participants were classified according
to BMI and liver steatosis at ultrasonography. We excluded main
and most frequent causes of different chronic liver disease (viral,
alcoholic, drug-induced damage, and autoimmune diseases) af-
ter history, physical examination, and blood samples for the
determination of hepatitis B/C viral markers and autoantibodies.

The protocol included anthropometric evaluation, completion
of specific questionnaires, assessment of liver function by (13C)-
MBT, ultrasonographic measurement of liver steatosis and
visceral fat thickness, elastography assessment of the degree of
liver fibrosis, calculation of the FLI, and essential blood analyses.
All participants underwent the first screening visit at the
outpatient clinic and the complete assessment required for about
4 h.

Anthropometric measurements
We measured body weight (kg), height (m), and calculated BMI
(i.e. Quetelet’s index as kilograms divided by metre squared [kg/
m2]). BMI ranging from 18.5 to 24.9 kg/m2 defined participants
with normal weight. BMI ranging from 25.0 to 29.9 kg/m2

defined participants who were overweight, while BMI >−30 kg/m2

defined participants with obesity. Waist circumference was a
marker of abdominal (visceral) fat, measured using a non-
stretching tape at the superior border of the iliac crest accord-
ing to the indications of the Revised National Cholesterol
Education Programme-Adult Treatment Panel III (R-ATPIII), and
between the iliac crest and the lower border of ribs according to
the indications of the International Diabetes Federation (IDF).
According to R-ATPIII, cut-off values are 88 and 102 cm for
females and males, respectively.25 For IDF, cut-off values are 80
and 94 cm for Caucasian females and males, respectively.26

Questionnaires
We assessed the level of physical activity, adherence to Medi-
terranean diet (MD), a ‘junk’ score, energy intake, health-related
quality of life (HRQoL), and major depression by specific
questionnaires.

The validated physical activity-designed questionnaire (In-
ternational Physical Activity Questionnaire; long-format version)
provides the simple and rapid evaluation of physical activity
during leisure, occupational, and sedentary time on a weekly
basis.27 Physical activity levels were calculated based on meta-
bolic equivalent tasks (METs), with 1 MET equal to 3.5 ml of O2/
kg/min. MET thresholds constitute valid indicators of physical
activity intensity with relatively high accuracy.28

The MD adherence score relies on an 18-point scale (0 point =
lowest adherence to 18 points = highest adherence), using a
validated questionnaire.29

The junk score was calculated based on daily consumption of
7 high-fat high-sugar food items (ice cream, milk chocolate,
chips, soft drinks, confectioned juices, French fries, as well as
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typical Italian ‘fast food’) after completion of a validated ques-
tionnaire assessing food frequency.30 Energy intake (kcal/day)
was also calculated based on daily consumption of each macro-
nutrient, from the aforementioned questionnaire. The HRQoL
was measured by a validated 36-Item Short Form Health Survey
Questionnaire (SF-36),31 with per cent scores provided across 8
domains, that is:

� limitations in physical activities because of health problems;
� limitations in social activities because of physical or

emotional problems;
� limitations in usual role activities because of physical health

problems;
� bodily pain;
� general mental health (psychological distress and well-

being);
� limitations in usual role activities because of emotional

problems;
� vitality (energy and fatigue); and
� general health perceptions.

Scores from the short-form 6 dimension questionnaire (SF-
6D) were calculated and summarised as per cent of scores 1, 3, 4,
and 7 for physical health and scores 2, 5, 6, and 8 for mental
health components.

For evaluation of major depression, we used the Patient
Health Questionnaire-9, a previously validated questionnaire
with a score ranging from 0 to 27. Major depression is diagnosed
if 5 or more of the 9 depressive symptom criteria have been
present at least ‘more than half the days’ in the past 2 weeks, and
1 of the symptoms is depressed mood or anhedonia. Other
depression is diagnosed if 2, 3, or 4 depressive symptoms have
been present at least more than half the days in the past 2 weeks,
and 1 of the symptoms is depressed mood or anhedonia. One of
the 9 symptom criteria (‘thoughts that you would be better off
dead or of hurting yourself in some way’) counts if present at all,
regardless of duration.32
Measurement of liver function by (13C)-MBT
The protocol of (13C)-MBT is described elsewhere in detail23,33–36

(Fig. S1). In brief, the test relies on the capacity of hepatic cyto-
chrome P450 1A2 to demethylate the ingested dose of
(13C)-labelled methacetin into acetaminophen and (13C)-form-
aldehyde. After, (13C)O2 is produced and detectable in expired
breath37 (Fig. S2). The test is performed in the morning with the
participants fasting for at least 8 h. Half an hour before and
during the whole test, the participant refrains from smoking or
from vigorous physical exercise.24,38 We recorded information
about current medical prescription and drugs able to affect liver
function. Samples of expired air were collected at baseline in
duplicate with a straw into glass exetainers. Then, each partici-
pant ingested 75 mg of (13C)-methacetin (AB-13C METACETINA®;
AB ANALITICA SRL, Padua, Italy) diluted in 25 ml of still water.
Breath samples were collected again at 15 and 30 min. For the
interpretation of results, as stated by the manufacturer, a value of
delta over baseline (DOB) of <14.5‰ after 15 min (DOB15) in-
dicates limited hepatic function and extraction ability from blood
flow.33,35 A value of cumulative per cent dose recovery (cPDR) of
<8.1% after 30 min (cPDR30) reflects methacetin cumulative
oxidation percentage over time,39 thus being an expression of
reduced liver microsomal function.23,33,35,36
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Liver steatosis
We assessed liver steatosis and visceral fat thickness by ultra-
sonography (Noblus-E; Hitachi Medical, Tokyo, Japan) using 3.5
MHz convex probes. Kidney cortex echogenicity was the control
parenchyma against the echogenicity of the liver parenchyma
(i.e. isoechoic normal liver or hyperechoic ‘bright’ steatotic liver).
Ultrasonography reliably detects a hyperechoic texture upon
diffuse fatty infiltration. This finding is a sensitive marker of liver
steatosis ranging from Grade 0 (absent: normal liver) to Grade 1
(mild: minor increase in liver echogenicity) and Grade 2 (mod-
erate to severe: marked increase in liver echogenicity, poor
penetration of posterior segment from the right lobe, and poor or
any visual images from the hepatic vessels and diaphragm),
although its accuracy is poor for mild steatosis (<30%) and for the
detection of underlying inflammation.40 The FLI is an algorithm
incorporating BMI, waist circumference, serum triglycerides, and
GGT, and represents an additional marker of liver steatosis, with
an accuracy of 0.84 (95% CI 0.81–0.87). In a scale of 0–100, a
value of <30 (negative likelihood ratio = 0.2) rules out NAFLD,
while an FLI >−60 (positive likelihood ratio = 4.3) is representative
of NAFLD.41

Liver fibrosis
The degree of liver fibrosis was assessed non-invasively by
acoustic radiation force impulse (ARFI) imaging, using the
equipment LOGIQTM E9 (GE Healthcare) with a 3.5 MHz convex
probe. The operator performs 10 measurements in each partici-
pant, focusing on the liver parenchyma, and cut-off values are
calculated from the mean of measurements (<1.19 = F0, no
fibrosis; 1.19–1.32 = F1, portal fibrosis without septa; 1.32–1.71 =
F2, few septa; 1.71–2.0 = F3, numerous septa without cirrhosis;
>2.0 = F4, cirrhosis).42

Blood analysis (serum liver enzymes)
Serum liver enzymes included alanine aminotransferase (ALT),
aspartate aminotransferase (AST), and GGT measured in the
fasting participant. Peripheral venous blood (2.5 ml) was drawn
into serum-separating test tubes. Within 30 min, samples were
centrifuged at 3,000 rpm for 10 min at room temperature,
generating the 1-step centrifugation serum sample (about 1 ml).
Enzymes were measured by using commercially available assay
kits (Sigma-Aldrich SRL, Milan, Italy). Normal upper values were
40 IU/L for AST and ALT. Normal range of GGT was 10–50 IU/L.
The Homeostatic Model Assessment for Insulin Resistance
(HOMA index) measured the severity of insulin resistance in our
cohort, as it is a sensitive and non-invasive method in assessing
the severity of NAFLD. The HOMA index was calculated by the
following formula: (plasma glucose [mg/dl] × plasma insulin
[lU/ml])/405.43

Visceral and subcutaneous fat measurement
Visceral fat thickness was measured by ultrasonography
(Noblus-E) with a 3.5 MHz convex probe. The electronic caliper
measured the distance from the peritoneum boundary to the
linea alba. Measurements were recorded and coded as Vmax to
indicate the visceral fat measured at 2 locations, close to the
xyphoid, and visceral fat was measured at the widest point.44

Subcutaneous fat thickness was measured using a 5 MHz
convex probe at 2 sites. The first site was in the midline just
below the xiphoid process in front of the left lobe of the liver
(LSFT). The second site was just to the right of the umbilicus
(USFT).43
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Statistical analysis
Data are presented as mean ± SEM or as percentages. One-way
ANOVA assessed inter-group differences. Differences between 2
groups were tested by Student’s t test for unpaired data. The Chi-
square test was used to compare proportions. Pearson correla-
tion coefficient was used for correlations. Wilks’ lambda test was
used for multivariate analysis of covariance; https://www.ncss.
com/software/ncss/. Graphic representation of data is provided
by SigmaPlot software (https://systatsoftware.com/products/
sigmaplot/).

The sample size was calculated based on results from previ-
ous studies23 and using the a coefficient of 0.05 for a normally
distributed population and set the power at 0.80 (Calculator.net;
https://www.calculator.net/sample-size-calculator) for parame-
ters of BT. To calculate odds ratios (ORs) and CIs for the ultra-
sonographic score of NAFLD associated with measurement of
liver function by (13C)-MBT, separate logistic regression models
were fitted. DOB15 as marker of extraction efficiency from portal
blood flow and cPDR30 as a marker of liver microsomal function
were the dependent variables, and the ultrasonographic score of
liver steatosis was considered as the independent variable. The
models were adjusted according to possible confounders. Models
were fitted using R software, version 3.1.1 (The R Foundation for
Statistical Computing, Vienna, Austria). The effects of morpho-
logical anthropometric and metabolic parameters (NAFLD,
overweight/obesity, and liver transaminases) on microsomal
function and the extent of hepatic extraction efficiency from
portal blood flow, determined in all the participants included in
the study (n = 81), were calculated as coefficients in a retro-
spective model of multiple logistic regression with participant
groups (absent compared with present) as independent factors.
The sensitivity of the BT and positive and negative predictive
values were calculated to differentiate participants. Results were
considered significant at the 5% critical level (p <0.05). Statistical
analyses were performed with NCSS10 statistical software (NCSS,
LLC, Kaysville, UT, USA).

Study approval
The protocol was approved by the local ethics committee (study
number 5408; protocol number 0013869; AOUCPG23/COMET/P).
Before the study, all participants gave full written informed
consent to allow all authors to access and use the data for
research purposes.
Results
Anthropometric, clinical, and metabolic features according to
BMI
The participants were stratified according to BMI (i.e. normal
weight, N = 26, 32%; overweight, N = 28, 35%; obese, N = 27, 33%)
and compared for general clinical features, anthropometric and
liver characteristics, and questionnaires (Table S1). Males were
mostly overweight (75%) and with obesity (59%), while females
were mostly of normal weight (69%). Participants with normal
weight (otherwise completely healthy) were about 10 years
younger than participants who were overweight and with
obesity. Systolic and diastolic blood pressure increased signifi-
cantly in participants who were overweight/with obesity
compared with those with normal weight. Smoking habits were
comparable between the 3 subgroups.

The analyses of body fat distribution confirmed that BMI,
waist circumferences according to both criteria (i.e. R-ATPIII and
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IDF), and visceral fat thickness (ultrasonography) increased
progressively in participants who were lean, overweight, and
with obesity, irrespective of gender.

NAFLD (a ‘bright liver’ at ultrasonography) was present in 54/
81 (67%) participants. This finding was also present in partici-
pants with normal weight (23%), although the overall mean ul-
trasonographic score and FLI remained very low. With increasing
BMI, however, the prevalence of NAFLD progressively increased
(from 23% in participants with normal weight to 79% in partici-
pants who were overweight and 96% in participants with
obesity). Similar trends were also evident for NAFLD score (0.1 ±
0.1, 1.0 ± 0.1, and 1.6 ± 0.1, respectively) and FLI (10.3 ± 1.8, 50.4 ±
4.4, and 81.2 ± 3.3, respectively). In line with such findings, the
ARFI fibrosis score increased mildly but significantly in partici-
pants with obesity.

Concerning the biochemical markers, serum ALT increased
mildly but significantly within the normal cut-off value in par-
ticipants who were overweight and with obesity. However, the
rate of participants with abnormal ALT levels was significantly
greater in participants who were overweight (21%) and with
obesity (37%). The levels of AST and GGT did not differ across the
3 subgroups, despite the prevalence of individuals with
abnormal levels tended to increase in participants who were
overweight (11%) and with obesity (22%).

Insulin resistance, as assessed by the HOMA index, increased
significantly with body size. Total and LDL cholesterol were
similar across the 3 subgroups. However, participants who were
overweight and with obesity showed lower HDL cholesterol
levels compared with participants with normal weight. The
participants with obesity also showed higher triglyceride levels
than participants with normal weight.

The levels of physical activity were lower in participants with
obesity. The adherence score to MD was similar among groups,
with a trend for progressive increase in the consumption of junk
food from participants with normal weight to those who were
overweight and with obesity. Daily energy intake remained
comparable across groups.

Physical health, as assessed by the SF-36 questionnaire, was
significantly lower in participants with obesity when compared
with those with normal weight. Mental health components,
however, did not differ between the 3 groups, although we
observed a trend towards increased major depression scores
with increasing weight and steatosis.

Anthropometric, clinical, and metabolic features according to
NAFLD
We further explored the anthropometric, clinical, and metabolic
features of the study group according to the presence of NAFLD
(Table 1).

Most of the enrolled participants had NAFLD (60.5%), and
within this subgroup, they were mostly males (63%). The par-
ticipants with NAFLD were older, and had increased BMI, waist
and visceral fat thickness, serum triglycerides, ALT and GGT,
systo-diastolic blood pressure, and HOMA index, but lower HDL
cholesterol compared with participants without NAFLD. No dif-
ference was detected with respect to smoking habits, adherence
to MD, levels of physical activity, daily energy intake, and psy-
chological profiles.

(13C)-MBT for the study of dynamic liver function
All participants completed the BT study without reporting side
effects. Data are presented with respect to classes of BMI
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Table 2. Results of dynamic liver function by (13C)-methacetin breath test
(N = 81), according to BMI.

Normal weight
(BMI:

18.5–24.9 kg/m2)

Overweight
(BMI:

25.0–29.9 kg/m2)

Obesity
(BMI

>−30.0 kg/m2)

N (%) 26 (32) 28 (35) 27 (33)
Hepatic extraction
from portal blood
flow (DOB15)

19.1 ± 1.6 15.4 ± 1.3 12.7 ± 1.1*

Abnormal 6 (23) 15 (54)* 17 (63)*
Liver microsomal
function (cPDR30)

12.9 ± 0.8 11.7 ± 0.7 11.3 ± 0.6

Abnormal 1 (4) 2 (7) 4 (15)

Data are expressed as n (%) or mean ± SEM. Significance levels: *vs. normal weight;
0.0001< p <0.04 (Chi-square test or ANOVA followed by Fisher's LSD multiple com-
parison test, as appropriate). DOB15 is representative of hepatic extraction efficiency
from portal blood flow; abnormal if <14.5‰. cPDR30 is representative of liver
microsomal function; abnormal if <8.1%.
cPDR30, cumulative per cent dose recovery after 30 min; DOB15, delta over baseline
after 15 min.

Table 3. Results of dynamic liver function by (13C)-methacetin breath test
(N = 81), according to NAFLD.

NAFLD absent NAFLD present

N (%) 32 (39.5) 49 (60.5)
Hepatic extraction from
portal blood flow (DOB15)

19.2 ± 1.4 13.4 ± 0.9*

Abnormal 8 (25) 30 (61)*
Liver microsomal function
(cPDR30)

13.0 ± 0.7 11.3 ± 0.5*

Abnormal 1 (3) 6 (12)

Data are expressed as n (%) or mean ± SEM. Significance levels: *vs. NAFLD absent;
0.0001< p <0.04 (Chi-square test or Student's t test for unpaired data, as approproate).
DOB15 is representative of hepatic extraction efficiency from portal blood flow;
abnormal if <14.5‰. cPDR30 is representative of liver microsomal function; abnormal
if <8.1%.
cPDR30, cumulative per cent dose recovery after 30 min; DOB15, delta over baseline
after 15 min; NAFLD, non-alcoholic fatty liver disease.

Table 1. Anthropometric, clinical, metabolic, lifestyle, quality of life, and
major depression features of the study group (N = 81) according to NAFLD.

NAFLD absent NAFLD present

N (%) 32 (39.5) 49 (60.5)*
Males 14 (44) 31 (63)
Females 18 (56) 18 (37)†
Age (years) 36.3 ± 2.6 49.9 ± 1.8*
Normal weight 23 (72) 3 (6)*
Overweight 8 (25) 20 (41)
Obesity 1 (3) 26 (53)*
Systolic blood pressure (mmHg) 114.3 ± 2.1 124.3 ± 1.8*
Diastolic blood pressure (mmHg) 71.8 ± 1.1 79.4 ± 0.9*
Smoking habits (N cigarettes/day) 3.0 ± 1.2 2.3 ± 0.8
BMI (kg/m2) 23.5 ± 0.5 31.4 ± 0.7*
Waist circumference, males (cm)‡ 91.1 ± 2.1 109.5 ± 2.2*
Waist circumference, females (cm)‡ 77.8 ± 2.4† 109.4 ± 3.3*
Waist circumference, males (cm)§ 87.3 ± 2.1 104.7 ± 1.7*
Waist circumference, females (cm)§ 72.5 ± 2.5† 99.4 ± 2.4*
Subcutaneous fat by US (mm) 11.3 ± 0.9 16.2 ± 0.9*
Visceral fat thickness by US (mm) 28.4 ± 2.2 59.6 ± 2.9*
NAFLD by US 32 (0) 49 (100)*
NAFLD by US, score 0 1.5 ± 0.1*
FLI 16.7 ± 3.6 67.0 ± 3.7*
Liver fibrosis score by ARFI 0.3 ± 0.1 0.9 ± 0.1*
Serum ALT (IU/L) 19.9 ± 2.0 33.0 ± 2.5*
ALT, N (%) abnormal 3 (9) 13 (27)
Serum AST (IU/L) 19.6 ± 1.5 22.7 ± 1.2
AST, N (%) abnormal 1 (3) 3 (6)
Serum GGT (IU/L) 23.2 ± 3.4 45.1 ± 7.9*
GGT, N (%) abnormal 1 (3) 9 (18)
HOMA index 1.38 ± 0.2 3.8 ± 0.3*
Total cholesterol (mg/dl) 185 ± 6 188 ± 6
HDL cholesterol (mg/dl) 61 ± 2 50 ± 2*
LDL cholesterol (mg/dl) 106 ± 5 109 ± 6
Triglycerides (mg/dl) 90 ± 8 124 ± 12*
Physical activity (METs/week) 3,520.5 ± 510.8 2,584.5 ± 445.5
Mediterranean diet adherence (score) 10.3 ± 0.4 10.3 ± 0.3
‘Junk’ score 96.2 ± 23.9 127.5 ± 30.6
Energy intake (kcal/day) 2,086 ± 136 2,068 ± 110
SF-36, physical health component (%) 74.8 ± 2.4 67.2 ± 2.8
SF-36, mental health component (%) 72.1 ± 3.3 68.2 ± 2.7
Major depression score 3.9 ± 0.8 5.5 ± 0.6

Data are expressed as n (%) or mean ± SEM. Significance levels: *vs. NAFLD absent; †vs.
males; 0.0001< p <0.04 (Student's t test or Chi-square test, as appropriate). ‡Ac-
cording to the R-ATPIII. §According to the International Diabetes Federation.
ALT, alanine aminotransferase; ARFI, acoustic radiation force impulse; AST, aspartate
aminotransferase; FLI, fatty liver index; GGT, gamma-glutamyltransferase; HOMA,
Homeostatic Model Assessment for Insulin Resistance; MBT, methacetin breath test;
MET, metabolic equivalent task; NAFLD, non-alcoholic fatty liver disease; R-ATPIII,
Revised National Cholesterol Education Programme-Adult Treatment Panel III; SF-36,
36-Item Short Form Health Survey Questionnaire; US, ultrasonography.
(Table 2) and presence of NAFLD (Table 3). Concerning body size,
the analysis of (13C)-MBT revealed that DOB15, a marker of he-
patic extraction efficiency from portal blood flow, tended to
decrease in participants who were overweight and decreased
significantly in participants with obesity compared with those
with normal weight (Fig. 1A). The rate of participants with an
abnormal DOB15 was higher in both participants who were
overweight (54%) and with obesity (63%) than in participants
with normal weight (23%) (Fig. 1C). Values of cPDR30 were
similar among the 3 subgroups (Fig. 1B). The percentage of in-
dividuals with an abnormal cPDR30, however, tended to increase
with body weight (Fig. 1D).

When the participants were stratified according to the pres-
ence of NAFLD (Table 3), both DOB15 and cPDR30 were signifi-
cantly lower in participants with compared with those without
NAFLD. Accordingly, the prevalence of individuals with abnormal
DOB15 and cPDR30 values was higher when NAFLD occurred.
JHEP Reports 2021
In the whole population, we used logistic regression models
to calculate the ORs relating the spectrum of NAFLD at US (US
score), according to DOB15 and cPDR30. The OR for DOB15

decrease changed with the degree of NAFLD, and was higher in
the case of both mild (OR 0.91 [95% CI 0.84–0.99]) and moderate-
to-severe steatosis (OR 0.84 [95% CI 0.76–0.94]) than in the
reference group (normal liver at US). Results persisted after
adjusting for BMI and age, considered as covariates (mild stea-
tosis: OR 0.92 [95% CI 0.9–0.93]; moderate-to-severe steatosis:
OR 0.80 [95% CI 0.78–0.82]; Fig. 2A).

The OR for a cPDR30 decrease according to an increased US
score of NAFLD was higher in the case of moderate-to-severe
steatosis (OR 0.80 [95% CI 0.67–0.96]), but not in mild steatosis,
than in the reference group (normal liver at US). Results per-
sisted after adjusting for BMI and age, considered as covariates
(mild steatosis: OR 0.98 [95% CI 0.95–1.01]; moderate-to-severe
steatosis: OR 0.72 [95% CI 0.7–0.75]; Fig. 2C).

The average DOB15 was lower (p = 0.0007 ANOVA) in both
subgroups of participants with mild (14.7 ± 1.4) and moderate-
to-severe steatosis (12.0 ± 1.4) compared with those with
normal liver at US (19.2 ± 1.2) (Fig. 2B). CPDR30 was significantly
lower in moderate-to-severe NAFLD (10.6 ± 0.7), but not in mild
NAFLD (12.0 ± 0.7), compared with normal liver at US (13.0 ± 0.6,
ANOVA p <0.05 followed by Fisher’s least significant difference
(LSD) multiple comparison test, −0.39 to 0.23; Fig. 2D).

We further explored DOB15 results according to the cut-off
values for normal values (Fig. 3). Participants with abnormal
DOB15 (i.e. <14.5‰) had a significantly increased BMI (30.2 ± 0.9
5vol. 3 j 100203
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Fig. 1. Results from the breath test analysis after orally administered (13C)-
methacetin in participants with different BMI. Results of (13C)-MBT ac-
cording to body weight, as marker of hepatic extraction efficiency from (A)
portal blood flow and (B) liver microsomal function. Prevalence of abnormality
is depicted for hepatic extraction from (C) portal blood flow and (D) liver
microsomal function. Bars represent means; vertical lines are SEM. Intermit-
tent horizontal lines represent normal cut-off values (abnormal DOB15 <14.5‰;
abnormal cPDR30 <8.1%). Significance levels: *vs. normal weight (0.0001< p
<0.04, ANOVA followed by Fisher's LSD multiple comparison test). cPDR30,
cumulative per cent dose recovery after 30 min; DOB15, delta over baseline
after 15 min; n.s., not significant.
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Fig. 2. ORs and analysis of variance relating the spectrum of NAFLD at ul-
trasonography (US score) with DOB15 and cPDR30. (A) and (C) show ORs and
95% CIs relating the spectrum of NAFLD at ultrasonography (US score) with,
respectively, DOB15 and cPDR30. Values were calculated by logistic regression
models, with DOB15 and cPDR30 as dependent variables and the ultrasono-
graphic score of NAFLD as the independent variable. Models were adjusted
according to age and BMI as covariates. (B) and (D) indicate average DOB15 and
cPDR30, respectively, in participants grouped according to the extent of NAFLD,
as assessed by ultrasonography. Data are expressed as mean ± SE. *p <0.01 vs.
participants with normal liver at ultrasonography (ANOVA followed by Fisher’s
least significant difference multiple comparison test). CI, 95% confidence in-
tervals; cPDR30, cumulative per cent dose recovery after 30 min; DOB15, delta
over baseline after 15 min; NAFLD, non-alcoholic fatty liver disease; OR, odds
ratio.
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vs. 26.5 ± 0.8 kg/m2; p = 0.003), waist circumference (R-ATPIII:
103.6 ± 2.5 vs. 95.4 ± 2.9 cm, p = 0.016; IDF: 99.7 ± 2.3 vs. 87.7 ±
2.3 cm, p = 0.001), visceral fat thickness (55.5 ± 3.5 vs. 40.2 ± 3.5
mm; p = 0.002), ultrasonographic NAFLD score (1.2 ± 0.1 vs. 0.6 ±
0.1; p = 0.0000), FLI (59.6 ± 5.1 vs. 36.5 ± 5.3; p = 0.002), serum
ALT (33.7 ± 3.0 vs. 22.2 ± 1.8 IU/L; p = 0.004), and serum GGT (39.7
± 7.9 vs. 34.0 ± 6.9 IU/L; p = 0.048). No difference existed for
cPDR30 according to normal cut-off values (data not shown).

There was a positive and strong correlation between DOB15

and cPDR30 (r = 0.887; p = 0.0000). In addition, DOB15 correlated
negatively with BMI (r = −0.295; p = 0.008), waist circumference
(IDF; r = −0.361; p = 0.001), liver steatosis (r = −0.397; p =
0.0000), visceral fat thickness (r = −0.297; p = 0.007), HOMA
index (r = −0.28; p = 0.01), serum ALT (r = −0.276; p = 0.014), and
FLI (r = −0.347; p = 0.002). DOB15 correlated positively with HDL
cholesterol (r = 0.24; p = 0.03), and liver microsomal function
(cPDR30) correlated negatively with the degree of liver steatosis
(r = −0.274; p = 0.013) (Table 4).

When analysing all potential confounding factors (NAFLD,
age, sex, BMI, waist circumference [IDF], degree of liver steatosis
and fibrosis, smoking habits, physical activity and adherence to
MD), multivariate ANOVA revealed that DOB15 was significantly
JHEP Reports 2021
related to NAFLD and smoking habits (p = 0.019 and p = 0.041,
respectively). Liver microsomal function (cPDR30) related to
NAFLD by Wilks’ lambda test (p = 0.036) (Table 5).
Discussion
In this comprehensive study, we explored 2 markers of sub-
clinical liver dysfunction (the efficiency of hepatic extraction
from portal blood flow and liver microsomal functionality) by
(13C)-MBT, in relation to the presence of liver steatosis in par-
ticipants with normal weight, who were overweight, and with
obesity. Other variables involved in the analysis were anthro-
pometric, clinical, metabolic, lifestyle, quality of life, and major
depression profiles.

Role of age, gender, and body size
Enrolled were individuals with normal weight, but about 10
years younger than participants who were overweight and with
obesity. Also, males were mostly overweight and with obesity
compared with females. This last result confirms previous ob-
servations in the same geographical area (the Apulia region).45

We report a general difficulty in clinical studies to enrol
totally ‘healthy’ individuals with normal weight, not metaboli-
cally compromised with increasing age. This finding might
reflect the worrisome age-related raising prevalence rate of
6vol. 3 j 100203
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Fig. 3. DOB15 results according to the cut-off for normal values. Box and whiskers plots according to cut-off values of DOB15. Boxes report 25th and 75th
percentiles with medians at the centre. Whiskers are calculated from the IQRs. Outliers appear as dots outside the whiskers. Normal DOB15 >−14.5‰; abnormal
<14.5‰. Panels show changes of (A) BMI, (B) waist circumference by R-ATPIII and (C) IDF, (D) visceral fat thickness, (E) NAFLD score, (F) fatty liver index, (G) serum
ALT, and (H) serum GGT. Differences were tested by Student’s t test for unpaired data. ALT, alanine aminotransferase; DOB15, delta over baseline after 15 min; GGT,
gamma-glutamyl transferase; IDF, International Diabetes Federation; NAFLD, non-alcoholic fatty liver disease; R-ATPIII, Revised National Cholesterol Education
Programme-Adult Treatment Panel III; US, ultrasonography.

Table 4. Linear correlations between dynamic liver function and study
variables.

Dynamic liver
function

Study variables Correlation p value

Hepatic extraction
from portal blood
flow (DOB15)

Microsomal
function (cPDR30)

0.887 0.0000

Liver steatosis −0.397 0.0000
Waist circumference* −0.361 0.001
FLI −0.347 0.002
Visceral fat thickness −0.297 0.007
BMI −0.295 0.008
HOMA index −0.28 0.01
Serum ALT −0.276 0.014

Microsomal
function
(cPDR30)

Hepatic extraction
from portal
blood flow (DOB15)

0.887 0.0000

NAFLD by US −0.274 0.013

ALT, alanine aminotransferase; cPDR30, cumulative per cent dose recovery after 30
min; DOB15, delta over baseline after 15 min; FLI, fatty liver index; HOMA, Ho-
meostatic Model Assessment for Insulin Resistance; NAFLD, non-alcoholic fatty liver
disease; US, ultrasonography.
* According to the International Diabetes Federation.

Table 5. Multivariate ANOVA.

Dynamic liver
function

Variable of study p value (Wilks’ lambda)

Hepatic extraction
from portal blood
flow (DOB15)

NAFLD by US 0.019
Smoking habits
(N cigarettes/day)

0.041

Microsomal function
(cPDR30)

NAFLD by US 0.036

cPDR30, cumulative per cent dose recovery after 30 min; DOB15, delta over baseline
after 15 min; NAFLD, non-alcoholic fatty liver disease; US, ultrasonography.
factors contributing to the metabolic syndrome or isolated
components of the metabolic syndrome.46 However, we checked
if (13C)-MBT changed in relation to age, and found no significant
correlation (DOB15, r = 0.02, p = 0.9; cPDR30, r = 0.01, p = 0.9).
Furthermore, age as a covariate did not influence the results in
logistic regression models fitted to calculate ORs for the ultra-
sonographic score of NAFLD, associated with measurement of
JHEP Reports 2021
liver function by (13C)-MBT. Similarly, (13C)-MBT was not
different according to gender. In addition, we found that all
metabolic variables deteriorated with increasing body size,
together with the prevalence and degree of liver steatosis (79%
and 96% in participants who were overweight and with obesity,
respectively) and serum enzymes. Notably, slightly more than
20% of participants with normal weight had liver steatosis, and
this is a major concern in current research because of potential
consequences of chronic liver disease in lean individuals with
‘metabolic obesity’ as well as individuals without obesity.1,47

In the present study, however, the diagnosis of NAFLD in lean
participants can be underestimated as a consequence of the poor
accuracy of liver US in diagnosing the presence of a mild steatosis
(i.e. <30%).40

A novel finding is that with increasing body weight and
liver steatosis, the dynamic indices of liver function
7vol. 3 j 100203
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deteriorate. The derangement concerned parameters related to
hepatic extraction efficiency from portal blood flow and liver
microsomal function, and changes were independent of gender
and age.

Use of methacetin and BT for the dynamic study of the liver
Methacetin is on the market, and its use is approved in Europe
and accepted by local hospital ethical boards because of its
non-invasiveness and lack of potential side effects. The liver
O-demethylation of (13C)-methacetin occurs at the microsomal
level by the cytochrome P450 1A2 (CYP1A2) with production of
acetaminophen + (13C)-formaldehyde and then (13C) O2, which
appear in exhaled air (Fig. 2). The metabolic pathway of
(13C)-methacetin in the liver is summarised as DOB15 and
cPDR30, which become markers of liver functional ‘reserve’ of
extraction efficiency from portal blood flow and microsomal
functionality, respectively.17,48 In a previous study, (13C)-MBT
predicted the risk of liver-related death and development/exac-
erbation of ascites more accurately than the model for end-stage
liver disease score in participants with liver cirrhosis evaluated
for liver transplantation.22 (13C)-MBT was safe and precise in
discriminating between individuals with and without cirrhosis,
with a sensitivity and specificity of 93.5% and 95%, respectively.49

In participants with biopsy-proven advanced steatosis/NASH, we
found that both microsomal (13C)-MBT and mitochondrial
(13C)-ketoisocaproate functions were defective, with more
evident damage in the case of participants with NASH.23 In the
present study, we extended the informative power of (13C)-MBT
in participants with early NAFLD, who were overweight, and
with obesity, and related data with several metabolic and
ultrasonographic parameters.

Although the results from the present study require confir-
mation in a larger group of individuals, evidence points to BT
following oral administration of (13C)-methacetin as a valuable,
non-invasive, and low-cost tool for the assessment of the effi-
ciency of hepatic extraction from portal blood flow and liver
microsomal function.

Hepatic extraction efficiency in participants with obesity and
NAFLD
Participants with obesity and NAFLD had decreased hepatic
extraction efficiency from portal blood flow, and, in this anal-
ysis, the participants with obesity represented the most
impaired group. DOB15 decreased by 34% in participants with
obesity compared with those with normal weight. In line with
these results, the prevalence of abnormal extraction efficiency
from portal blood flow increased significantly in participants
who were overweight (54%) and with obesity (63%) compared
with those with normal weight. In parallel, all markers of liver
steatosis increased with body weight. Moreover, waist
circumference50 and FLI,41 both markers of steatosis and insulin
resistance,51 increased significantly in all participants who
were overweight and with obesity, and correlated negatively
with the extent of extraction efficiency from portal blood flow
(DOB15).

In the present series, the OR for a DOB15 decrease paralleled
the degree of NAFLD, being higher in the case of mild and
moderate-to-severe NAFLD than in participants with normal
liver at US. A first explanation for decreased DOB15 in partici-
pants who were overweight and with obesity and NAFLD is that
the intrinsic liver ‘stiffness’ will increase with fat deposition and
possibly with initial fibrosis. This change might increase the
JHEP Reports 2021
intrahepatic resistance to blood flow, in the absence of apparent
portal hypertension and splenomegaly, 2 conditions often
recorded in advanced liver disease (i.e. liver cirrhosis). This hy-
pothesis is supported by studies in animal models52–54 and in
humans,55 showing an early increase in intrahepatic vascular
resistance to portal blood flow during the development of dis-
ease. These effects on liver microcirculation seem to be mediated
by fat accumulation, insulin resistance, sinusoidal endothelial
dysfunction,52,53,56 increased thromboxane and liver endothelin-
1 expression,53 parenchymal hypoxia,54,56 and architectural
derangement of sinusoidal anatomy.53 In a study exploring portal
pressure in individuals with NAFLD undergoing transjugular liver
biopsy, the degree of steatosis was the unique factor indepen-
dently predicting the presence of portal hypertension.55

The finding in our study is supported by the significant in-
crease of liver fibrosis score by ARFI, especially in participants
with obesity. Fibrosis assessment by ARFI has not been yet
convincingly validated in NAFLD, and obesity may be considered
a limiting factor for the accuracy of this diagnostic technique.
However, a recent systematic review and meta-analysis suggests
that ARFI is an acceptable diagnostic tool in staging hepatic
fibrosis of non-viral origin, in particular in the case of severe
fibrosis (F >−3).

57

Still, our participants had no evidence of advanced liver dis-
ease, including cirrhosis, as documented by history, physical,
instrumental, and blood test analyses. Splenomegaly was also
absent in all participants. Increased visceral adiposity and intra-
abdominal pressure while gaining body weight,58 therefore,
could represent an additional factor playing a role in decreasing
‘dynamic’ portal blood flow, irrespective of gross liver function
per se. Thus, physicians should look after several and mostly
subclinical metabolic determinants in patients with NAFLD
rather than advanced features of chronic liver diseases. We also
found an abnormal DOB15 in 20% of participants with normal
weight. This was the case in individuals with ‘lean’ NAFLD, as
discussed previously.1,47 This finding might point to a different
origin of initial defective extraction efficiency from portal blood
flow in individuals with normal BMI and liver steatosis (e.g.
initial steatotic stiffness without fibrosis). More prospective
studies urge to provide answers in this field.

Liver microsomal function in participants with obesity and
NAFLD
In this study, cPDR30, a marker of microsomal function, tended to
decrease with increasing body weight and was significantly
decreased in the presence of NAFLD, in particular in the case of
moderate-to-severe steatosis.

We previously reported that methacetin demethylation
occurred to a greater extent in individuals with Stages 0–III of
biopsy-proven NASH compared with healthy individuals, likely
reflecting increased metabolic activity of the cytochrome P450
system, in the absence of chronic ethanol consumption or
medication.23 Patients with NASH had decreased decarboxyl-
ation of KICA, pointing to an impaired metabolic pathway for
branched-chain amino acids at the mitochondrial level. In other
studies, patients with chronic non-cirrhotic viral hepatitis had
lower methacetin demethylation capacity or were even compa-
rable with healthy participants.35

Although liver biopsy was not performed in the present study
because of ethical concern, liver fibrosis by ARFI was still mod-
erate, ruling out steatohepatitis (NASH) with advanced fibrosis.
We speculate that the simple accumulation of fat in the liver will
8vol. 3 j 100203



not greatly influence liver microsomal function compared with
the extent of the hepatic extraction efficiency from portal blood
flow.

Altered metabolic homeostasis
A type of metabolic damage to hepatocyte, however, was also
possible in the present series. In our study, we observed
increased serum ALT levels in both participants who were
overweight and with obesity compared with those with normal
weight. Although the increased serum aminotransferase levels
are not representative of the severity of steatohepatitis, toxic
metabolic effects secondary to severe adipose tissue insulin
resistance and high liver triglyceride content are possible.59 In
accordance with previous studies, we found that (13C)-MBT test
is more reliable in predicting advanced fibrosis and cirrhosis
than simple biochemical parameters (AST-to-platelet ratio; AST-
to-ALT ratio).34

In the present series, levels of triglycerides were higher, and
those of HDL cholesterol were lower in participants with obesity
compared with those with normal weight. A comparable serum
lipid profile was detected in participants with NAFLD compared
with those without NAFLD. Independent relationship between
TG/HDL cholesterol ratio,60 total cholesterol/HDL cholesterol ra-
tio,61 and NAFLD exist, and both indices act as predictors of
NAFLD.

Several redox and oxidant signalling pathways involving
cholesterol could play a role in the pathogenesis of NAFLD, as
loaded cholesterol in the hepatocyte can impair mitochondrial
and lysosomal function. NAFLD progression would not be merely
associated with excess caloric intake, but dependent on lip-
otoxicity in patients with NAFLD both with and without
obesity.62 These findings are in line with results from the present
study, showing subclinical alterations involving microsomal ac-
tivity and a poor role played by daily caloric intake, which was
similar across subgroups.

In addition, a recent study found that cholesterol (free
cholesterol and oxidised LDL) can accumulate in the portal vein
wall, a step predisposing to portal venous NLRP3 inflammasome-
mediated inflammation and fibrosis in NAFLD.63 This situation
might account for reduced DOB15, an index of hepatic extraction
from portal blood flow, as observed in our study in participants
with obesity and those with NAFLD.

Our study provides further clues to the role of NAFLD in
clinical medicine. NAFLD was associated with wide abnormalities
of anthropometric, clinical, metabolic, quality of life, and major
depression features, and both DOB15 and cPDR30 decreased in
participants with NAFLD. Most of these changes are the conse-
quences of pathways involving a dysfunctional adipose tissue,
insulin resistance, lipotoxicity, and glucotoxicity,59,64 rather than
merely dietary habits and lifestyle.

Role of diet and physical activity
MD has been previously associated with improvements in
anthropometric measurements, liver enzymes, lipid profile, and
NAFLD severity indices (including FLI), in participants with
NAFLD. Dietary interventions are also indicated as a low-cost
low-risk strategy to reduce the burden of liver diseases.65 In
our study, however, both the adherence to MD and the daily
caloric intake seem to have a limited role, probably also
explained by the high standard adherence to the MD in the
particular population studied. In fact, MD scores and the average
caloric intake were similar according to body weight and
JHEP Reports 2021
presence of NAFLD. Furthermore, when classifying groups by
adherence to MD (score: 0–18; low adherence <10 or high
adherence >−10), all participants were, on average, above 10, and
there were no significant differences (data not shown) con-
cerning hepatic extraction efficiency from portal blood flow
(DOB15) and liver microsomal function (cPDR30). The consump-
tion of junk food did not seem to have a relevant role. Only a
non-significant trend towards an increased junk score was
noticed in participants who were overweight and with obesity
compared with those with normal weight, and no difference in
this index was evident when comparing participants with or
without NAFLD.

The results of questionnaires also bring additional informa-
tion regarding lifestyles, quality of life, and major depression in
relation to BMI and NAFLD.

Physical exercise, especially aerobic exercise, has previously
shown to decrease the intrahepatic fat content as well as
ameliorated the liver enzymes profile. Further, other benefits
of exercise include improved flow-mediated vascular dilation
and cardiac function and increased oxygen uptake.66 In our
study, participants with obesity showed a reduced physical
activity compared with those with normal weight. However,
the extent of physical activity was similar in participants with
or without NAFLD, and we found no relation between total
volume of physical activity and liver function parameters by
(13C)-MBT.

Despite the poor role of diet and lifestyle, in the present se-
ries, as expected, the analysis of the HOMA index revealed an
increased insulin resistance in participants who were overweight
and with obesity compared with those with normal weight.
Similarly, an increased HOMA index was evident in participants
with NAFLD compared with those without NAFLD.

Quality of life in participants with obesity and NAFLD
The quality of life might deteriorate with increasing BMI and
NAFLD, regardless of chronic illnesses. We confirm that phys-
ical health was significantly impaired in participants with
obesity compared with those who were overweight and with
normal weight, likely because of limited affordable daily ac-
tivities.67 Physical health, rather than mental health, tended to
be lower with NAFLD. This finding is in line with previous
reports.8,67

NAFLD has been previously associated with major depression
in a representative sample of adults in the USA.68 We noticed a
trend towards deterioration of major depression score in both
participants who were overweight and those with obesity as well
as in participants with NAFLD. Differences in sampling, location,
and cultural backgrounds might partly explain our findings.

Limitations of the study
There are some limitations in our study. First, the number of
participants enrolled in each subgroup was small. Although
results depict a clear trend pointing towards the existence of
extraction abnormalities (probably flow mediated) and func-
tional liver alterations appearing early in the development of
NAFLD, further observations are needed to confirm these
data.

Second, the absence of histology and the use of non-invasive
diagnostic tools might have generated an underestimation of
the ultrasonographic diagnosis of steatosis (i.e. unrecognised
mild steatosis) and an inaccurate fibrosis assessment by ARFI,
a diagnostic technique still not fully validated in NAFLD. A recent
9vol. 3 j 100203
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analysis, however, indicated ARFI as a suitable tool in staging
liver fibrosis of non-viral origin, mainly in the case of severe
fibrosis.57 By contrast, over- or underestimation of the anatomo-
pathological results is also possible following liver histology.10,11

Third, we used a dichotomous split-up of the populations,
leading to very heterogeneous categories that cover a whole
spectrum of severity. However, logistic regression models
considering the whole population of enrolled participants
confirmed the increased risk of altered DOB15 and cPDR30 ac-
cording to the degree of NAFLD, after adjusting for covariates.

Conclusions
We found that liver dynamic function in response to meth-
acetin demethylation was deranged with respect to increasing
body weight and NAFLD, and that NAFLD was also associated
with impaired liver function, although tightly associated with
JHEP Reports 2021
obesity and metabolic abnormalities. Our study supports the
hypothesis that the interplays between NAFLD, visceral fat
accumulation, and adipose tissue dysfunction result in an
increased intrahepatic vascular resistance, with flow alter-
ations determining extraction abnormalities during NAFLD
development.

The extraction abnormalities (probably flow mediated rather
than function mediated) and the functional abnormalities seem
to appear early during the development of NAFLD, and should
therefore be considered in the initial diagnostic work-up and in
the follow-up of these individuals.

Further studies should assess the efficacy of this approach,
considering, in particular, possible primary and secondary pre-
vention measures in individuals at high risk for liver and sys-
temic diseases.
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