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Abstract

Context: Metabolic dysfunction—-associated steatotic liver disease (MASLD) is characterized by the intracellular lipid accumulation in
hepatocytes. Excess caloric intake and high-fat diets are considered to significantly contribute to MASLD development.

Objective: To evaluate the hepatic and serum fatty acid (FA) composition in patients with different stages of MASLD, and their relationship with
FA dietary intake and MASLD-related risk factors.

Methods: This was a case—control study in patients with obesity undergoing bariatric surgery at a university hospital between January 2020 and
December 2021. Participants were distributed in 3 groups: no MASLD (n=26), steatotic liver disease (n=33), and metabolic dysfunction—
associated steatohepatitis (n=32). Hepatic and serum FA levels were determined by gas chromatography-mass spectrometry. Nutritional
status was evaluated using validated food frequency questionnaires. The hepatic expression of genes involved in FA metabolism was
analyzed by reverse transcription quantitative polymerase chain reaction.

Results: The hepatic, but not serum, FA profiles were significantly altered in patients with MASLD compared with those without MASLD. No
differences were observed in FA intake between the groups. Levels of C16:0, C18:1, and the C18:1/C18:0 ratio were higher, while C18:0 levels
and C18:0/C16:0 ratio were lower in patients with MASLD, being significantly different between the 3 groups. Hepatic FA levels and ratios
correlated with histopathological diagnosis and other MASLD-related parameters. The expression of genes involved in the FA metabolism
was upregulated in patients with MASLD.

Conclusion: Alterations in hepatic FA levels in MASLD patients were due to enhancement of de novo lipogenesis in the liver.
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Abbreviations: ACC, acetyl-CoA carboxylase alpha; ACLY, ATP citrate lyase; ALT, alanine aminotransferase; ANOVA, analysis of variance; Apo-Al,
apolipoprotein A-I; Apo-B, apolipoprotein B; AST, aspartate aminotransferase; BMI, body mass index; DGATI, diacylglycerol O-acyltransferase 1; DGAT2,
diacylglycerol O-acyltransferase 2; DNL, de novo lipogenesis; ECFA, even chain fatty acid; ELOVLG, fatty acid elongase 6; FA, fatty acids; FASN, fatty acid
synthase; GC-MS, gas chromatography-mass spectrometry; GGT, gamma-glutamyltransferase; HbA1lc, glycated hemoglobin; HDLc, high-density lipoprotein
cholesterol; HOMA-IR, Homeostasis Model Assessment of Insulin Resistance; LDLc, low-density lipoprotein cholesterol; MASH, metabolic dysfunction—
associated steatohepatitis; MASL, metabolic dysfunction—associated steatotic liver; MASLD, metabolic dysfunction—associated steatotic liver disease;
MUFA, monounsaturated fatty acid; OCFA, odd chain fatty acid; PUFA, polyunsaturated fatty acid; SAF, Steatosis Activity Fibrosis; SCD1, stearoyl-CoA
desaturase; SFA, saturated fatty acid; TC, total cholesterol; TG, triglyceride; VLDLc, very low—density lipoprotein cholesterol.

Metabolic dysfunction—associated steatotic liver disease
(MASLD; formerly known as nonalcoholic fatty liver disease
or metabolic dysfunction-associated fatty liver disease) is one
of the leading causes of hepatic disease worldwide with an
estimated prevalence of 30% and represents a major eco-
nomic burden for health systems (1-3). MASLD includes
metabolic dysfunction—associated steatotic liver (MASL)
and metabolic dysfunction—associated steatohepatitis (MASH),
which may evolve into fibrosis and cirrhosis and ultimately to
hepatocellular carcinoma and liver failure (4, 5). MASLD is
not only associated with the development of primary liver cancer
but has also been linked to an increased risk of extrahepatic can-
cers such as gastrointestinal, breast, and genitourinary cancer in
the long-term (6, 7).

MASLD is characterized by lipid accumulation in the liver to-
gether with metabolic and cardiovascular conditions including
obesity, type 2 diabetes mellitus, dyslipidemia, or hypertension
(3). Excessive caloric intake, obesity, insulin resistance, genetic
modifiers, and, more recently, the gut microbiome have been de-
scribed to play a critical role in the development and progression
of MASLD (8, 9). The intracellular accumulation of lipids in
hepatocytes represents the hallmark of MASLD. Previous stud-
ies have provided valuable information on the alterations in
hepatic fatty acid (FA) levels associated with human MASLD
pathogenesis. Thus, increased hepatic accumulation of satu-
rated FAs (SFAs) and monounsaturated FAs (MUFAs), as well
as reduced levels of polyunsaturated FAs (PUFAs), has been re-
ported in several lipidomic studies performed in liver tissue sam-
ples of patients with MASLD (10). Remarkably, elevated levels
of certain hepatic SFAs such as palmitic acid (C16:0) or stearic
acid (C18:0) can promote liver damage by inducing lipotoxicity
and insulin resistance, which may influence the development
and progression of MASLD (11, 12). Hepatic alterations of
FA content are a consequence of imbalances in lipid homeostasis
in the liver with increased uptake of FAs and de novo lipogenesis
(DNL), while export and oxidation are insufficient to normalize
FA levels (13).

Epidemiological studies have also suggested that excessive
calorie intake or diets rich in fats together with a sedentary life-
style are major risk factors for MASLD development (14). Thus,
high consumption of SFAs may promote insulin resistance and
could be associated with a higher risk of MASLD development
and progression (15-17). On the other hand, diets rich in n-3
PUFAs have been described to exert anti-inflammatory proper-
ties, suppress lipogenesis, and stimulate FA oxidation, thus pre-
venting diet-induced hepatic steatosis (18). However, most of
these studies have been performed using lean subjects as the con-
trol group and, thus, whether elevated FA consumption plays a
key role in the accumulation of FA in liver remains unclear.

The purpose of this study was to determine the hepatic FA
composition in patients with obesity and biopsy-proven
MASLD and whether it relates to serum FA profiles and FA diet-
ary intake. Furthermore, we also investigated if the hepatic FA
composition associates with MASLD-related histopathological

and biochemical parameters. In addition, we evaluated the ex-
pression of genes encoding enzymes involved in the FA metab-
olism in the liver and explored the potential correlations that
they might have with clinical parameters related to MASLD.

Materials and Methods

Study Design and Participants

In this observational cohort study, we enrolled 91 consecutive
patients with obesity undergoing bariatric surgery at the
Virgen de la Arrixaca University Hospital (Murcia, Spain) be-
tween January 2020 and December 2021. Inclusion criteria
included adult subjects (men and women) with body mass
index (BMI) > 35 kg/m? or BMI > 30 kg/m” with significant
obesity-related comorbidities, duration of obesity > 5 years,
and age between 18 and 635 years old. Exclusion criteria were
(1) evidence of liver disease other than MASLD; (2) history of al-
cohol abuse (>30 g daily for men and >20 g daily for women);
(3) use of drugs known to promote steatosis; or (4) subjects
who declined to participate. Patients were distributed in 3 groups
depending on the histological findings in liver biopsies according
to the SAF (Steatosis, Activity, Fibrosis) classification system
(19): (1) patients with no MASLD (n=26); (2) patients with
MASL (n = 33) defined by the presence of at least grade 1 (5%)
liver steatosis, with or without ballooning or lobular inflamma-
tion but not both at the same time; and (3) patients with MASH
(n =32), defined by the presence of at least grade 1 steatosis, bal-
looning, and lobular inflammation, with or without fibrosis.

The study was performed in agreement with the Declaration
of Helsinki according to local and national laws and was ap-
proved by the Ethics and Clinical Research Committee of the
Virgen de la Arrixaca University Hospital (ref. number
2020-2-4-HCUVA) and written informed consent was ob-
tained from each participant.

Anthropometric Measurements

Anthropometric and biochemical measurements were deter-
mined as previously described (20). Briefly, the measurements
of weight, height, and waist ratio were performed to deter-
mine the nutritional status of the participants, and the BMI
of the individual was calculated by Quetelet’s formula:

BMI = weight in kg/(height in meters)*
Preoperative clinical data were collected on the day of the surgery
after an overnight fast of at least 12 hours and serum was sepa-
rated by centrifugation. Laboratory measurements including glu-
cose, total cholesterol (TC), high-density lipoprotein cholesterol
(HDLc), triglycerides (TGs), alanine aminotransferase (ALT), as-
partate aminotransferase (AST), gamma-glutamyltransferase
(GGT), apolipoprotein A-I (Apo-Al), and apolipoprotein B
(Apo-B) levels were performed using the Cobas Analyzer ¢702
(Roche) following standardized methods. Non-HDLc¢ was calcu-
lated by subtracting HDLc values from TC. Low-density
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lipoprotein cholesterol (LDLc) levels were calculated using
Friedewald’s formula (LDLc = TC — HDLc — TG/S5 ). Thelevels
of glycated hemoglobin (HbA1c) were measured in blood with
the glycohemoglobin analyzer HLC-723G8 (Tosoh Bioscience).
Insulin levels were measured using the Cobas Analyzer 801
(Roche). Insulin resistance was determined by the Homeostasis
Model Assessment of Insulin Resistance (HOMA-IR) index,
and was calculated as insulin (pU/mL)xglucose (mmol/L)/
22.5 (21).

Liver Biopsies Collection and Sample Processing
Liver biopsies of at least 1 cm® were obtained from patients on
the day of the surgery. The biopsy specimens were divided into
3 parts: 1 part was fixed in 4% buffered neutral formalin (pH
7.4), processed, and paraffin-embedded for histological as-
sessment; a second part was snap-frozen and stored at
—80 °C for FA profile determination; a third part was col-
lected in 1.5 mL nuclease-free tubes containing 1 mL of
RNA stabilization Solution (RNAlater, Sigma) for reverse
transcription quantitative polymerase chain reaction analyses,
maintained overnight at 4 °C and kept in —80 °C until use.
Paraffin-embedded 5-pm sections of liver biopsies were
stained with hematoxylin and eosin, Masson’s trichrome,
Periodic acid-Schiff, Prussian blue, and reticulin staining.
All biopsies were reviewed and scored by trained liver pathol-
ogists from the Virgen de la Arrixaca University Hospital and
the Experimental Pathology Platform of the Biomedical
Research Institute of Murcia to determine the SAF score (19).

Food Frequency Questionnaires

The dietary habits of the patients were recorded before sur-
gery by trained dietitians using a semiquantitative food fre-
quency questionnaire previously validated in the Spanish
population (22, 23) and comprising 146 food items and 9 con-
sumption frequencies ranging from never or rarely to more
than 6 times/day. The recorded intakes were representative
of their usual diets. Nutrient intakes were calculated with a
computer program designed on the basis of Spanish food com-
position tables. Intakes of FAs were also calculated from
Spanish food composition tables (24). Individual nutrient in-
takes were calculated as the mean daily intake. These calcula-
tions allow the estimation of the intake of the major SFAs,
MUFAs, and PUFAs, including linoleic acid (18:2n-6),
a-linolenic acid (18:3n-3), n-3 FAs of marine origin (20:5n-3
and 22:6n-3), and trans FA content.

Analysis of Fatty Acids

Preparation of FAs from serum included extraction of total
lipids using the method described by Folch et al (25) with
chloroform:methanol mixture (2:1, v/v) and hydrolysis of ex-
tracted lipids by KOH in methanol; 10% boron trifluoride in
methanol solution was used to obtain FA methyl esters
(FAMEs) and gas chromatography-mass spectrometry
(GC-MS) analysis of FA methyl esters was conducted with a
GC-MS QP-2010 SE (Shimadzu, Kyoto, Japan) as described
previously (26).

Reverse Transcription Quantitative Polymerase
Chain Reaction Analysis

Liver samples maintained in RNAlater were homogenized
with Trizol (Life Technologies, Carlsbad, CA) using an IKA

T10 Ultra-Turrax equipment (Janke and Kunkel, IKA
Lavortechnick, Germany) at 24 000 rpm at 4 °C for 1 minute.
Total RNA extraction and quality assessment were performed
as previously described (26). Only samples with A 260/230
and 260/280 ratios between 1.8 and 2.2 were used for gene ex-
pression analysis. cDNA was obtained from RNA following
reverse transcription according to the manufacturer’s instruc-
tions (High-Capacity RNA-to-cDNA kit, Applied Biosystems,
USA). Transcriptomic analyses were done using the Power
SYBR Green Master mix (Applied Biosystems, USA) in a
Fast 7500 Real-Time instrument (Applied Biosystems, USA).
Primers are outlined elsewhere (Table S1 (27)), and 18S
rRNA was used as housekeeping gene control. Relative ex-
pression levels were analyzed using the 27T method. The
amplification setup used was 40 runs in 96-well plates with
SYBR green detection format. Product melting curve measure-
ment was performed in continuous acquisition with 1°C
every 30 seconds.

Statistical Analysis

Data were analyzed using the SPSS 28.0.1.1 software (IBM,
NY, USA). All variables were assessed for normality using
the Kolmogorov—-Smirnov test. Pearson’s chi-squared test
was performed to evaluate intergroup differences in categoric-
al data. For quantitative measures, the analysis of variance
(ANOVA) test, or the Kruskal-Wallis 1-way analysis of vari-
ance on ranks were performed to evaluate group differences in
those variables with and without a normal distribution re-
spectively. The intergroup differences were adjusted by the
Bonferroni post hoc analysis. Relationships between pairs of
continuous variables were determined based on Spearman’s
correlation test. All values are given as mean + SD. A level
of P<.05 was considered statistically significant. Figures
were represented using the Prism 9.0 program (GraphPad
Software Inc., La Jolla, CA, USA).

Results

Characteristics of the Study Participants

The clinical, anthropometric, and laboratory measurements
of the patients (26 without MASLD, 33 with MASL, and 32
with MASH) included in the study are shown in Table 1.
Dietary intake of macronutrients are presented in Table 1
and dietary FAs are presented elsewhere (Table S2 (27)).
Table 2 shows the main histopathological results obtained
from liver biopsies (ie, SAF, steatosis, lobular inflammation,
hepatocellular ballooning, and fibrosis).

There were no statistically significant differences between
the groups regarding age, weight, or BMI. Of the 91 patients
included in our study, 70 were females and 21 males with an
uneven distribution among the groups (P =.020) (Table 1).
Compared with those subjects without MASLD, patients
with MASL and MASH showed significantly higher levels of
HbA1c and lower HDLc. Levels of TG, VLDL¢, and Apo-B
as well as values of TC/HDLc and LDLc/HDLc ratios were
elevated in patients with MASL in comparison to patients
without MASLD. Similarly, patients with MASH had higher
values of systolic blood pressure, glucose, and GGT than
patients without MASLD. On the other hand, non-HDLc
was higher in patients with MASL, and AST and ALT in pa-
tients with MASH, than in the other groups. Finally, no differ-
ences were observed in nutritional habits between any of the
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No MASLD (1 = 26) MASL (n=33) MASH (n=32)

Gender (FIM) 2511 22/11 23/9 .020
Age (years) 43.35+12.3 48.2+10.4 49.0 +10.3 117
Weight (kg) 114.6 £9.5 117.1 £20.2 115.3£23.2 .906
BMI (kg/m?) 42.9+4.4 43.4+6.0 43.1+6.3 926
WC (cm) 121.6 £9.1 125.3+12.3 126.9 +15.1 286
SBP (mm Hg) 131.7 + 18.8° 140.6 + 19.7%° 144.5 +17.9° .036
DBP (mm Hg) 83.3+9.7 85.3+12.1 83.4+9.6 .536
Glucose (mgl/dL) 90.2 +10.9* 103.8 +£25.7%b 122.7 +57.2° .016
HbAlc (%) 5.4+0.4° 6.1+1.1° 6.6+1.7° .001
Insulin (WIU/mL) 15.2+12.9 14.3+6.7 20.8 £23.2 317
HOMA-IR 3.5+3.0 3.7+2.0 6.4+8.2 .070
Cholesterol (mg/dL) 155.1+26.9 172.3 +31.1 156.9 +30.4 .048
HDLc (mg/dL) 48.8 +11.9° 40.1+8.9° 42.0+12.3° 019
LDLc (mg/dL) 81.3+22.7 93.7+28.8 79.2+£27.6 .084
VLDLc (mgldL) 27.8+8.7° 37.6+12.3° 34.8 +11.9%P .009
Non-HDLc (mg/dL) 109.0 +21.9° 131.4 +30.4° 114.3 £29.5* .003
TC/HDLc 34+.7° 44+1.1° 3.8+0.9%P .001
LDLc¢/HDLc 1.7 +0.6* 2.4+0.8° 1.9+0.8%b .007
Triglycerides (mg/dL) 152.2+87.7° 2342 +215.6° 183.1 +73.0%° .007
AST (U/L) 17.0 + 5.0° 18.4+6.1° 27.3+11.0° .001
ALT (U/L) 14.6 + 4.4° 21.7 +10.9% 33.4+15.4° .001
GGT (U/L) 19.3+15.7° 23.1+21.6%° 33.7+£32.6° .007
ApoA-I (mg/dL) 145.7 + 38.1 139.4 +34.7 138.7 £ 30.1 463
ApoB (mgldL) 77.2+£15.7° 98.3+25.8° 87.3 +19.9%° .001
Platelets (10°/uL) 245.4+53.2 247.5+61.3 272.8+79.9 202
Nutritional habits

Energy (Kcal/day) 4232.3+2073.8 4574.4+3313.8 5064.7 +3479.9 732
Carbohydrates (g/day) 377.9 +£214.9 474.2+413.6 502.2+342.7 .379
Fiber (g/day) 51.1+34.4 53.6+41.8 54.8£30.9 .608
Protein (g/day) 208.8+95.1 199.9 +115.7 226.5+119.4 768
Total fat (g/day) 196.5 +110.1 193.9+156.2 223.8+185.4 767

Values are presented as mean + SD. All variables were assessed for normality using the Kolmogorov—Smirnov normality test. Statistical significance was
calculated using 1-way ANOVA in those parameters with a normal distribution (ie, age, BMI, weight, WC, SBP, cholesterol, LDLc, TC/HDLc, LDLc/HDLc,
ALT, and platelets), and Kruskal-Wallis for those parameters without normal distribution, considering P < .05 to be statistically significant (significant P values

are represented in bold), followed by a Bonferroni post hoc analysis for the intergroup differences test in those parameters with a significant P value.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; DBP, diastolic blood pressure; F, female; GGT,
gamma-glutamyltransferase; HbAlc, glycated hemoglobin; HDLc, high-density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment of insulin
resistance; LDLc, low-density lipoprotein cholesterol; M, male; MASH, metabolic dysfunction—associated steatohepatitis; MASL, metabolic dysfunction—
associated liver; MASLD, metabolic dysfunction—associated steatotic liver disease; SBP, systolic blood pressure; TC, total cholesterol; VLDLc, very low density

lipoprotein cholesterol; WC, waist circumference.

Different superscript letters indicate statistically significant difference at P < .05 within each row between the groups.

study groups neither in energy and macronutrient intake nor
in FA consumption (Table 1 and Table S2 (27)).

Lipidomic Analysis of Hepatic and Serum Fatty Acid
Levels.

The analysis of hepatic and serum composition of the different
FAs according to histopathological diagnosis is shown in
Fig. 1 and Fig. 2 (see also Tables S3, S4, S5, and S6 (27)).
The analysis of hepatic FA composition revealed that the ab-
solute concentration (expressed as pumol/g tissue) of both total
and distinct families of FAs (ie, odd chain fatty acids [OCFAs],
even chain fatty acids [ECFAs], MUFAs, and n-6 PUFAs), as
well as the n-6/n-3 PUFA ratio, were significantly higher in

patients with MASL and MASH (Table S3 (27)). In addition,
when the hepatic FA composition was analyzed as a percent-
age of total FAs, only MUFAs were significantly higher with
the severity of MASLD (Fig. 1A; Table S4 (27)). Moreover,
in contrast to the results obtained for relative abundance,
the percentages of OCFAs, n-3, and n-6 PUFAs were signifi-
cantly reduced in the MASL and MASH groups compared
with subjects without MASLD.

Similarly, FA species followed a similar pattern as the FA
families. Thus, while absolute concentrations of most of the
specific FAs analyzed were different between groups, being
higher in the MASH group (Table S3 (27)), such changes
were not observed when analyzed as a percentage of total
FAs (Table S4 (27)). In this regard, while C16:0 and C18:1
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levels were higher in both relative abundance and percentage
of total FAs, the percentage of C16:1 did not change between the
groups (Fig. 2). Whereas C18:0 showed higher concentrations

Table 2. Histopathological findings in livers of the study population

MASL MASH P
(n=33) (n=32)
SAF score (0/1/2/3/4/5/6/7/8)  0/16/12/4/1/0/0/ 0/0/0/8/8/9/4/ < .001
0/0 2/1
Steatosis (0/1/2/3) 0/25/8/0 0/14/9/9 <.001
Hepatocellular ballooning (0/ 19/13/1 0/24/8 <.001
1/2)
Lobular inflammation (0/1/2/ 33/0/0/0 0/23/9/0 <.001
3)
Fibrosis (0/1) 33/0 2517 <.001

Values are presented as frequencies. Statistical significance was calculated
using Pearson’s chi-squared test, considering P < .05 to be statistically
significant (significant P values are represented in bold).

Abbreviations: MASH, metabolic dysfunction-associated steatohepatitis;
MASL, metabolic dysfunction—-associated liver; MASLD, metabolic
dysfunction—associated steatotic liver disease; SAF, steatosis, activity,

fibrosis.

in the MASL and MASH groups, the percentage to total FAs
of C18:0 was drastically lowered with MASLD severity, as
values were significantly lower in the MASH group than in
the other groups (Fig. 2). On the other hand, no differences
were observed in serum FAs between the 3 groups (Tables
S5 and S6 (27)).

Correlations Between Selected Hepatic Fatty Acids
and Histopathological/Biochemical Parameters.

Correlations analyses were performed to establish the relation-
ship between the different FAs and the different histopathologic-
al and biochemical parameters altered (Table 3). We observed a
strong positive correlation between hepatic concentrations of to-
tal MUFAs, C16:0,and C18:1, and the histopathological param-
eters including histopathological diagnosis, SAF score, steatosis,
hepatocyte ballooning, lobular inflammation, and fibrosis.
Furthermore, these FAs were also positively associated with dif-
ferent biochemical parameters related to MASLD such as
VLDLc, non-HDLc, TC/HDLc ratio, AST, ALT, GGT, and
TG. On the other hand, these correlations followed a negative
trend between OCFAs, n-6 PUFAs, n-3 PUFAs, and C18:0 and
the histopathological parameters mentioned above. However,
the correlations between these FAs and the biochemical

OCFAs ECFAs MUFAs
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Figure 1. Hepatic levels of fatty acid families quantified by GC-MS and n-6/n-3 polyunsaturated ratio, presented as % of total fatty acids. All variables
were assessed for normality using the Kolmogorov—Smirnov normality test. Statistical differences were calculated using ANOVA in those parameters
with normal distribution (MUFAs and n-6 PUFAs) or the Kruskal-Wallis test in those parameters without normal distribution, considering P< .05 to be
statistically significant. Bonferroni post hoc analysis was performed for the intergroup differences test in those parameters with a significant P value.
ECFA, even chain fatty acid; FA, fatty acid; GC-MS, gas chromatography-mass spectrometry; MASH, metabolic dysfunction—associated
steatohepatitis; MASL, metabolic dysfunction-associated steatotic liver; MASLD, metabolic dysfunction-associated steatotic liver disease; MUFA,
monounsaturated fatty acid; OCFA, odd chain fatty acid; PUFA, polyunsaturated fatty acid. Medians and quartiles are represented in violin plots.
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Figure 2. Hepatic levels of individual fatty acids quantified by GC-MS.
Represented as % to total FAs. All variables were assessed for
normality using the Kolmogorov—Smirnov normality test. Statistical
differences were calculated using ANOVA in those parameters with
normal distribution (C18:0 and C18:1) or Kruskal-Wallis test in those
parameters without normal distribution, considering P< .05 to be
statistically significant. Bonferroni post hoc analysis was performed for
the intergroup differences test in those parameters with a significant P
value. FA; fatty acid; GC-MS, gas chromatography-mass spectrometry;
MASH, metabolic dysfunction-associated steatohepatitis; MASL,
metabolic dysfunction—-associated steatotic liver; MASLD, metabolic
dysfunction-associated steatotic liver disease. Medians and quartiles
are represented in violin plots.

parameters included showed that, while n-6 PUFAs, n-3 PUFAs,
and C18:0 were negatively associated with the majority of bio-
chemical parameters included, changes in OCFAs only corre-
lated moderately with HbAlc and ALT. Interestingly, lower
levels of n-3 PUFAs and C18:0 were also correlated with higher
cholesterol, LDLc/HDLc ratio, and GGT levels (Table 3). No as-
sociations were found between serum FA levels and the
MASLD-related histopathological and biochemical parameters
(Table S7 (27)).

Hepatic Fatty Acid Desaturation and Elongation
Indexes and Correlations With Histopathological/
Biochemical Parameters.

The C18:0/C16:0,C16:1/C16:0,and C18:1/C18:0 ratios were
studied to evaluate the elongation index and the desaturation
index (Fig. 3). Results showed that the C18:0/C16:0 ratio

was lower with MASLD severity, being significantly different
between the 3 groups. On the other hand, the C18:1/C18:0 ra-
tio, but not the C16:1/C16:0 ratio, was elevated in patients
with MASH compared with the MASL and no MASLD groups.
Furthermore, such differences were also significant between
patients with MASL and those without MASLD.

Correlations between hepatic C18:0/C16:0, C16:1/C16:0,
and C18:1/C18:0 ratios and the histopathological/biochem-
ical parameters are shown in Table 4. As expected, except
for cholesterol and non-HDLc levels, no correlations were ob-
served between the parameters included and the C16:1/C16:0
ratio. In contrast, the C18:0/C16:0 ratio was negatively and
the C18:1/C16:1 positively correlated with all the histopatho-
logical parameters included. Also, except for HDLc, the
C18:1/C16:1 ratio correlated with the MASLD-biochemical
parameters selected. Regarding the C18:0/C16:0 ratio, there
was a significant negative correlation with HbAlc, choles-
terol, VLDLc, non-HDL¢, TC/HDLc, AST, ALT GGT, and
TGs.

Expression of Genes Involved in Fatty Acid
Synthesis.

The expression of genes involved in FA synthesis was deter-
mined in liver biopsies (Fig. 4). The levels of fatty acid synthase
(FASN) were significantly upregulated in patients with MASL
and MASH compared with patients without MASLD
(P=.032 and P =.005 respectively). In addition, the expression
of FA elongase 6 (ELOVLG6), diacylglycerol O-acyltransferase 1
and 2 (DGAT1 and DGAT2), and ATP citrate lyase (ACLY)
were significantly higher in patients with MASH compared
with patients with MASL or without MASLD.

On the other hand, the expression of stearoyl-CoA desatur-
ase (SCD1) was higher in the MASH group compared with
those patients without MASLD but not compared with pa-
tients with MASL. No significant differences were observed
among the groups in the expression levels of the acetyl-CoA
carboxylase alpha (ACC) (Fig. 4).

Finally, significant correlations were observed between gene
expression of some of the enzymes involved in FA metabolism
and histopathological parameters and the FA ratios (Table 5;
Table S8, respectively) (27).

Discussion

In this study, we have evaluated the FA composition in hepatic
and serum samples of patients with obesity and different grades
of MASLD and examined the relationship between the FA
composition and different histopathological/biochemical pa-
rameters associated with MASLD. Our results revealed that
the hepatic FA composition was significantly altered in patients
with MASL and MASH compared with a control group with-
out MASLD. Furthermore, we observed a strong correlation
between the relative amount of different hepatic FAs (% to to-
tal FAs) and histopathological diagnosis as well as those pa-
rameters related to MASLD progression including SAF score,
hepatocyte ballooning, inflammation, fibrosis, or levels of
AST, ALT, and GGT. We also evaluated the serum compos-
ition of FA as well as the dietary habits of the studied popula-
tion, finding no significant differences between study groups.
MASLD is known to be associated with increased lipogen-
esis and FAs accumulate in the liver entailing a major cause of
cell injury and death (10). Previous reports have described that
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Table 3. Correlations between hepatic fatty acids and histopathological/biochemical parameters

OCFAs MUFAs n-6 PUFAs n-3 PUFAs C16:0 C18:0 C18:1

Histopathological diagnosis —0.298** 0.690** -0.617** —0.604** 0.479** —0.705** 0.693**
SAF score —0.331** 0.724** —0.634** -0.710** 0.518** —0.750** 0.726**
Steatosis —0.293** 0.696** —0.586** -0.710** 0.413** —0.714** 0.719**
Hepatocyte ballooning —0.299%* 0.587%* —0.566** —0.608** 0.533** —0.615%* 0.563%*
Lobular inflammation —0.268* 0.596** —0.509** —-0.521** 0.414** —0.603** 0.592%*
Fibrosis -0.057 0.355%* —0.304** —0.276** 0.217* —0.293%* 0.360%*
HbA1lc (%) —0.222% 0.184 -0.189 -0.203 0.181 —0.225% 0.250*
Cholesterol (mg/dL) —-0.162 0.212*% -0.196 —0.227* 0.164 —0.257* 0.174
HDLc (mg/dL) -0.011 —-0.144 0.094 0.209* -0.169 0.117 -0.196
VLDLc (mg/dL) -0.118 0.324%* —0.380** -0.377** 0.383** —0.292%* 0.289%*
non-HDLc (mg/dL) —-0.143 0.262*% —0.223* —0.328*** 0.261% -0.316** 0.249*
TC/HDLc -0.154 0.286%* —0.213* —0.384** 0.287** —0.306** 0.249*
LDLc/HDLc —-0.092 0.190 -0.112 -0.269* 0.163 —0.228* 0.206
AST (U/L) —-0.047 0.501** —0.419** —0.493** 0.289** —0.508** 0.469**
ALT (U/L) —0.288** 0.587** —0.453** —0.586** 0.292%* —0.587** 0.589**
GGT (U/L) —-0.105 0.297** -0.206 —0.332** 0.163 —0.255* 0.293**
Triglycerides (mg/dL) —-0.206 0.314%* —0.364** —0.375%* 0.405** —0.309** 0.288%*

Values are presented as the Spearman correlation coefficient. Values in bold represent statistical significance.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; ECFAs, even chain fatty acids; GGT, gamma-glutamyltransferase; HbAlc,
glycated hemoglobin, HDLc, high-density lipoprotein cholesterol; LDLc, low-density lipoprotein cholesterol; MUFA, monounsaturated fatty acid; OCFA, odd
chain fatty acid; PUFA, polyunsaturated fatty acid; SAF, steatosis, activity, fibrosis; TC, total cholesterol; VLDLc, very low-density lipoprotein cholesterol.

*P<.05.
**P<.01.
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Figure 3. Elongation index and desaturation index in liver samples. All variables were assessed for normality using the Kolmogorov—Smirnov normality
test. Statistical differences were calculated using the Kruskal-Wallis test, considering P < .05 to be statistically significant. Bonferroni post hoc analysis
was performed for the intergroup differences test in those parameters with a significant P value. MASH, metabolic dysfunction-associated

steatohepatitis; MASL, metabolic dysfunction—-associated steatotic liver; MASLD, metabolic dysfunction-associated steatotic liver disease. Medians

and quartiles are represented in violin plots.

elevated SFAs such as C18:0 or reduced PUFA consumption is
associated with MASLD severity (12, 28). Similarly, several
studies have described alterations in the serum FA profile
in patients with MASLD compared with healthy subjects
(29, 30). However, we did not find any differences between
the groups regarding energy intake, macronutrient, and micro-
nutrient consumption, and serum levels of FAs, probably be-
cause our control group is formed by patients with obesity.
Nevertheless, our results agree with previous studies where
no alterations were observed in dietary FAs intake or serum

FA levels suggesting that such alterations in hepatic FAs might
be due to DNL rather than higher FA consumption (31, 32).
A detailed analysis of the hepatic FA composition in our
samples showed that absolute concentrations (umol/g tissue)
of all FAs (Table S3 (27)) were higher in patients with
MASLD. However, here we performed the analysis based on
the relative amount to total FAs (% of total FAs) as it has
been suggested to be more useful for the prognosis of
MASLD (11, 33). Thus, our results showed that patients
with MASL and MASH had an elevated proportion of
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Table 4. Correlations between hepatic fatty acid ratios and
histopathological/biochemical parameters

C18:0/ C16:1/ C18:1/
C16:0 C16:0 C18:0
Histopathological —0.686%* 0.080 0.729%**
diagnosis

SAF score —0.734%* 0.118 0.773%*
Steatosis -0.673%** 0.156 0.742%*
Hepatocyte ballooning —-0.639%* 0.079 0.629**
Lobular inflammation —0.588%* 0.003 0.629**
Fibrosis ~0.305**  0.008 0.342%*
HbA1c (%) -0.221* -0.210 0.250*
Cholesterol (mg/dL) —0.257* 0.326%* 0.222*
HDLc (mg/dL) 0.116 0.134 -0.149
VLDLec (mg/dL) —0.313** 0.184 0.300%*
non-HDLc (mg/dL) —0.317++ 0.292%* 0.289%*
TC/HDLc —0.304** 0.129 0.306**
LDL¢/HDLe ~0.212 0.163 0.216*
AST (U/L) —0.507** 0.151 0.524%*
ALT (UL) —0.570%* 0.133 0.622**
GGT (UL) -0.238* 0.147 0.283%*
Triglycerides (mg/dL) -0.336** 0.177 0.310%*

Values are presented as the Spearman correlation coefficient. Values in bold
represent statistical significance.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate
aminotransferase; GGT, gamma-glutamyltransferase; HbAlc, glycated
hemoglobin, HDLc, high-density lipoprotein cholesterol; LDLc, low-density
lipoprotein cholesterol; SAF, steatosis, activity, fibrosis; TC, total
cholesterol; VLDLc, very low-density lipoprotein cholesterol.

*P<.0S.

**P<.01.

MUFAs while the levels of SFAs were similar among the
groups. We have also observed lower n-6 and n-3 PUFAs lev-
els with higher n-6/n-3 ratio. Elevated n-6/n-3 ratios in both
liver and serum have been already described to be associated
with MASLD severity. This is probably due to reduced FA oxi-
dation and increased liver triacylglycerol storage as n-3 PUFAs
are efficient activators of PPAR-a which in turn induces the ex-
pression of genes involved in FA oxidation and degradation
and, thus, favoring the accumulation of fat in the liver (16,
34, 35). Interestingly, when the analysis was performed at the
species level, we observed that the proportion of C16:0 was sig-
nificantly elevated in patients with MASH compared with the
MASL and no MASLD groups. Furthermore, the levels of
C18:0 were lower and C18:1 higher in the MASLD groups
(MASL and MASH), being significantly different between the
3 groups. Notably, we did not observe differences in the levels
of C16:1 between the groups, in contrast to previous studies
where higher levels of C16:1, both in serum and liver, were as-
sociated with liver disease development including MASLD (29,
36, 37). Such a discrepancy might be explained by the fact that
our control group was composed of patients with morbid obes-
ity, a condition that is already characterized by the abnormal
accumulation of lipids in the liver (11), whereas in the other
studies the control group included lean subjects. Also, it has
to be considered that such studies were performed analyzing
the concentrations of FAs, not the % composition.

We have also assessed the associations between the different
FAs in both serum and liver samples and MASLD occurrence

and severity in patients with obesity. As expected, circulating
levels of FAs showed no associations with any of the parame-
ters analyzed (ie, histopathological diagnosis, SAF score, stea-
tosis, hepatocyte ballooning, lobular inflammation, or
fibrosis). Previous studies have described higher levels of cir-
culating levels of FAs. Indeed, the potential use of serum
C14:0 and C16:1 as possible biomarkers for MASLD has
been previously addressed (38). However, this study was per-
formed comparing lean to overweight and obese patients with
MASLD while all our participants were subjects with obesity
which suggests that these changes in FA profile suggested by
these other studies in serum might be due to obesity grade ra-
ther than MASLD stage.

On the other hand, associations between relative concentra-
tions of different hepatic FAs (as relative concentrations and
ratios) and MASLD severity parameters were observed.
Thus, our results showed a strong positive correlation be-
tween MUFAs and the histopathological findings including
SAF score, steatosis, hepatocyte ballooning, lobular inflam-
mation, and fibrosis. At the species level, such correlations
were also observed for C16:0 and C18:1 levels. Conversely,
levels of OCFAs, n-6 PUFAs, n-3 PUFAs, and C18:0 were
negatively correlated with the histopathological findings
with C18:0 showing the strongest correlation with all the pa-
rameters included except for fibrosis. Regarding biochemical
parameters, the correlations between FAs and such parame-
ters were less clear as, except for ALT and AST, correlations
were weaker, although a certain degree of significance was ob-
served. Insulin resistance and HOMA-IR index are hallmarks
of MASLD (9, 39). However, even though we observed a posi-
tive trend with MASLD severity, we did not find significant
differences between our groups in the levels of insulin or
HOMA-IR index, and therefore, no correlations were ob-
served between FAs and these parameters which might be
due to the characteristics of our study population.

We next evaluated the FA desaturation and elongation in-
dexes by analyzing different hepatic FA ratios. The analysis
showed a lower C18:0/C16:0 ratio and a higher C18:1/
C18:0 ratio in patients with either MASL or MASH compared
with those without MASLD. These results are consistent with
those previously reported by others (36, 40, 41), highlighting
that even though the content of FAs is higher in patients with
MASL and MASH, not all the FAs increase in the same pro-
portion. Furthermore, contrary to what has been described
in the above-mentioned studies (36, 40, 41), the C16:1/
C16:0 ratio was not altered in patients with MASL or
MASH in our study population. It must be considered that
our control group was made up of patients with obesity while
these studies used lean volunteers as controls. Regarding
the alterations in the C18:0/C16:0 and C18:1/C18:0 ratios,
we observed that these strongly correlated with MASLD severity
including SAF score, hepatocyte ballooning, lobular inflamma-
tion, and fibrosis negatively and positively, respectively, con-
firming that the composition ratio of FAs is closely associated
with the progression of early MASLD to MASH (41).

Finally, we performed the analysis of the gene expression of
enzymes involved in FA metabolism in the liver including
FASN, SCD1, ELOVL6, DGAT1, DGAT2, ACC, and
ACLY. The increase in DNL has been previously linked to
steatohepatitis due to the accumulation of FAs such as
C16:0 and C18:0 (13, 42). In this regard, the alteration of
the elongase ELOLV6 and the desaturase SCD1 have been re-
ported to be involved in MASH development (43, 44).
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Figure 4. Hepatic expression of genes involved in fatty acid metabolism. The results are represented as mMRNA expression levels in liver tissue
normalized to 78S. All variables were assessed for normality using the Kolmogorov—Smirnov normality test. Statistical analyses were performed using
the Kruskal-Wallis test, considering P < .05 to be statistically significant, followed by a Bonferroni post hoc analysis for the intergroup differences testin
those parameters with a significant P value. ACC, acetyl-CoA carboxylase; ACLY, ATP citrate synthase; DGATT, diacylglycerol acyltransferase-1;
DGAT2, diacylglycerol acyltransferase-2; ELOVLG, fatty acid elongase 6; FASN, fatty acid synthase; MASH, metabolic dysfunction-associated
steatohepatitis; MASL, metabolic dysfunction—associated steatotic liver; MASLD, metabolic dysfunction-associated liver disease; SCD1, stearoyl-CoA
desaturase-1.
Table 5. Correlations between gene expression levels of fatty acid metabolism enzymes and histopathological parameters
FASN ELOVL6 SCD1 DGAT1 DGAT2 ACC ACLY
Histopathological diagnosis 0.282%* 0.339%* 0.349** 0.364** 0.320%* 0.235* 0.268*
SAF score 0.235% 0.239% 0.266* 0.278%* 0.254* 0.161 0.178
Steatosis 0.202 0.163 0.149 0.226% 0.193 0.138 0.097
Hepatocyte ballooning 0.204 0.168 0.232* 0.199 0.169 0.095 0.137
Lobular inflammation 0.214* 0.369%* 0.359%* 0.333%* 0.331%* 0.240* 0.324%**
Fibrosis 0.203 0.178 0.212 0.175 0.227* 0.155 0.183

Values are presented as the Spearman correlation coefficient. Values in bold represent statistical significance.
Abbreviations: ACC, acetyl-CoA carboxylase; ACLY, ATP citrate synthase; DGAT1, diacylglycerol acyltransferase-1; DGAT2, diacylglycerol
acyltransferase-2; ELOVLG6, fatty acid elongase 6; FAS, fatty acid synthase; SAF, steatosis, activity, and fibrosis.; SCD1, stearoyl-CoA desaturase-1.

*P<.05.
**P<.01.

ELOVLS6, an enzyme involved in the elongation of C16:0 to
C18:0 FAs, has been identified as a major player in the pro-
gression of MASH by promoting hepatic oxidative stress, in-
flammatory damage, liver injury, and fibrosis (36, 44).
Furthermore, ELOVLG6 expression has been positively corre-
lated with steatosis and inflammation (44), which agrees with
our observations where overexpression of ELOVL6 was asso-
ciated with the histopathological diagnosis, SAF score, and in-
flammation. This increase in ELOVL6 expression might be
considered contradictory to our previous statement about

the decreased elongation ratio. However, it should not be ne-
glected that although the C18:0/C16:0 ratio is reduced, the
absolute concentrations (umol/g tissue) concentrations of
both C16:0 and C18:0 in patients with MASLD, which ex-
plains this potential discrepancy. In addition, we also detected
an overexpression of SCD1 mRNA. SCD1 is the enzyme re-
sponsible for the desaturation of SFAs C16:0 and C18:0 to
their respective MUFAs C16:1 and C18:1 (45). In addition,
the inhibition of SCD1 has been described to increase FA oxi-
dation and decrease de novo synthesis and thus steatosis (46).
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In this study, we observed a noticeable increase in the SCD1
activity, mainly reflected in the conversion of C18:0 to
C18:1, which would support that MASLD is mainly pro-
moted by DNL in our study population. Lastly, we also dem-
onstrated an increase in DGAT activity. Previous studies have
described C18:1 to be the preferred substrate for the hepatic
synthesis of TGs (31). After several enzymatic steps,
DGAT1 and DGAT?2 are responsible for the final step of TG
synthesis which are either stored in the liver or assembled
into VLDL and released into the circulatory system (45, 47).
In our study population, the increased expression of both
DGATI1 and DGAT2 in MASL and MASH patients was
strongly correlated with histopathological diagnosis and in-
flammation and was concomitant with higher circulatory lev-
els of VLDL.

We acknowledge that our study has certain limitations. One
of the limitations is the relatively small sample size although
the distribution of groups is well-balanced. As this represents
a cross-sectional design, it has also inherent limitations related
to the nature of the study where causality cannot be eluci-
dated. Also, gender imbalance is another limitation that arises
in bariatric surgery studies where the majority of the subjects
are females. Nevertheless, the inclusion of patients with obes-
ity in the control group, rather than lean subjects strengthens
our study, since it minimizes any possible bias related to BMI
differences between the groups. In addition, our careful de-
sign, the liver biopsy-driven MASLD definition, the use of
gas chromatography-mass spectrometry for FA determin-
ation, and the gene expression analysis of FA-metabolizing en-
zymes in liver tissue samples are also important strengths in
this study. Finally, it is also important to highlight that previ-
ous studies have mainly based on nonalcoholic fatty liver dis-
ease rather than MASLD classification. However, given that
such classifications differ on small nuances, we do not expect
any significant impact on the results obtained.

Conclusions

In this study, we have shown that the alterations in hepatic FA
composition are associated with MASLD severity in patients
with obesity. Furthermore, we also have described that neither
dietary nor serum FA levels were altered within the groups. At
individual levels, changes in all FA families analyzed (except
for ECFAs), as well as changes in C16:0, C18:0, and C18:1,
were associated with MASLD histopathological and biochem-
ical parameters. The alterations in the FA desaturation and
elongation ratios together with the gene expression analysis
showed an enhancement of the DNL in the liver mainly driven
by C18:1, albeit further research is needed to confirm these re-
sults in larger populations. Elucidating how these alterations
in the FA synthesis and how C18:1 contributes to the progres-
sion of MASLD severity may lead to the development of future
prevention and treatment strategies.
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