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Abstract: In addition to direct damage to hepatocytes, long-term ethanol consumption leads to lipid
accumulation and hepatic steatosis, as well as to the dysregulation of lipid metabolism. The final
step in various liver diseases is cirrhosis. The aim of this study was to compare the FA (fatty acids)
profile and expression levels of genes involved in lipid metabolism in cirrhotic liver tissue and normal
liver tissue. Exploring the changes in the FA profile and expression of genes related to fatty acid
metabolism in cirrhotic liver tissue reveals a molecular landscape that goes beyond the surface of
traditional liver function assessments. Understanding the shifts in gene expression and fatty acid
composition in liver tissue opens avenues for interventions that may aid in the treatment of cirrhosis
in the future.
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1. Introduction

Liver cirrhosis is caused by the progressive formation of scar tissue, which leads to
impaired liver function. This damage usually occurs as a result of non-alcoholic fatty liver
disease (NAFLD), alcoholic liver disease (ALD), hepatitis B (HBV) or C (HCV) infection,
or autoimmune diseases. ALD is responsible for almost half of cirrhosis-related deaths
(47.9%) worldwide [1]. Despite the global trend showing a significant increase in NAFLD
in the general population and in patients with liver disease, the majority of patients in our
clinic and in Poland in general are still diagnosed with cirrhosis due to alcohol abuse. ALD
can be diagnosed when the accumulation of fat in the liver is associated with excessive
and regular alcohol consumption—more than 30 g/day (3 drinks) for men and more than
20 g/day (2 drinks) for women [2,3]. In addition to direct damage to hepatocytes, long-term
ethanol consumption leads to lipid accumulation and hepatic steatosis, as well as to the
dysregulation of lipid metabolism. It is described that ethanol leads to an imbalance in
fatty acid (FA) composition by upregulating FA uptake and downregulating the action of
lipid transporters that enable lipid export from the liver to the circulatory system [4].

The prevalence of chronic liver disease is increasing worldwide, with NAFLD being
the most common. NAFLD also includes non-alcoholic steatohepatitis (NASH), which
is characterized by the inflammation and death of hepatocytes. NASH can lead to the
development of fibrosis, cirrhosis, and even hepatocellular carcinoma [5]. The prevalence
of NAFLD in Western Europe is around 25% [6]. However, as there are no non-invasive
tests for early detection, these figures may be underestimated. Diagnosis is based on the
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result of the histopathological examination of a liver biopsy, which is performed when
significant symptoms are present and therefore at a high stage of the disease [5]. The
development of NAFLD is closely associated with insulin resistance, type 2 diabetes
mellitus (T2D), hypertension, and obesity. Therefore, the prevalence of NAFLD in patients
with T2D is probably even higher than indicated above. It has been proposed that NAFLD’s
name should be changed to metabolic-associated fatty liver disease (MAFLD) to reflect
the manifestations of systemic metabolic disturbances due to the accumulation of fat in
the liver [7].

The liver is an essential organ of lipid metabolism; however, the accumulation of lipids
can lead to alterations in the metabolic pathways involved in the synthesis of FAs [8]. FAs
are the basic components that make up most lipid classes and determine their properties.
Previous lipidomic studies suggest changes in the FA profile of the liver within ALD
and NAFLD patients, including an increase in the level of saturated fatty acids (SFAs),
monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs) [9,10].
In particular, SFAs and PUFAs were found in higher concentrations in NAFLD compared
to healthy livers [9]. This also indicates an increased expression of lipid synthesis and
desaturation enzymes [10]. In contrast, many studies show a particular decrease in long-
chain PUFAs in the liver as a result of long-term alcohol consumption [11]. These changes
may be crucial for the development of liver cirrhosis [5].

The final step in various liver diseases is cirrhosis. The FA profile and metabolism
in the cirrhotic liver have not yet been studied in detail. Thus, the aim of this study was
to compare the FA profile and expression levels of genes involved in lipid metabolism in
cirrhotic liver tissue and normal liver tissue. To identify the molecular mechanisms of the
above-mentioned lipid changes, the expression of genes related to lipid metabolism was
also examined in normal and cirrhotic liver tissue samples.

2. Results
2.1. Effect of Cirrhosis on Hepatic FA Profile

To examine the progression of liver fibrosis, we analyzed the hydroxyproline concen-
tration [12] in cirrhotic tissue and in control samples. We found strongly elevated levels of
hydroxyproline in cirrhotic tissue (Figure 1).
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Figure 1. Content of hydroxyproline in µg per 1 mg of liver tissue in hepatic control group and
cirrhotic liver tissue. ** p < 0.0001.

In cirrhotic tissue, where the fibrosis process is advanced and fibrin is deposited, the
lipids make up a lower proportion of the mass per 1 g of tissue (Figure 2).
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Figure 2. Content of total lipids in mg per 1 g of liver tissue in the hepatic control group and cirrhotic
liver tissue. ** p < 0.001.

We also found an interesting inverse correlation between the lipid mass per 1 g of
tissue and the MELD-Na score (R = −0.586, p = 0.012). The MELD-Na scale (Model of
End-Stage Liver Disease) is a clinical imaging tool used to assess liver tissue destruction.
The MELD-Na scale indicates the severity of a patient’s condition and the urgency of
transplantation, with higher numerical values indicating a worse condition. In our study,
patients with cirrhosis had higher MELD-Na scores and lower lipid content per gram of
tissue compared to the hepatic control group (Table 1).

Table 1. Clinical and anthropomorphic characteristics of groups.

Parameter Hepatic Control Patients with Cirrhosis p Value

Age (years) 57.9 ± 17.6 50.6 ± 11.3 NS
BMI (kg/m3) 27.5 (23.5; 32.0) 26.0 (23.5; 32.5) NS

MELD-Na 7.00 ± 1.63 17.0 ± 7.27 0.012 *
Total cholesterol (mg/dL) 151 ± 38.1 138 ± 50.9 NS

LDL-C (mg/dL) 80.9 ± 27.9 90.0 ± 40.3 NS
HDL-C (mg/dL) 51.2 ± 15.2 35.0 ± 13.3 0.017 *

TAG (mg/dL) 98.0 ± 43.9 91.7 ± 24.7 NS
Glucose (mg/dL) 96.0 (89.5; 110) 101 (93.0; 116) NS
Bilirubin (mg/dL) 0.58 (0.40; 0.75) 2.0 (1.16; 4.05) <0.001 ##

GGTP (IU/L) 43.0 (24.0; 96.0) 79.0 (47.0; 238) NS
ALT (U/L) 20.0 (17.0; 41.0) 36.0 (13.0; 72.0) NS
AST (U/L) 25.5 (19.0; 37.8) 51.0 (28.5; 90.5) 0.033 #

WBC (109/l) 7.37 (5.66; 8.87) 5.46 (3.56; 7.54) 0.022 #
ALP (U/L) 76.0 (66.5; 113) 116 (91.3; 218) 0.034 #

Creatinine (mg/dL) 0.81 (0.69; 0.94) 0.82 (0.67; 1.25) NS
Albumin (g/L) 38.6 ± 3.75 33.2 ± 6.81 0.028 *

For parametric: values presented as mean ± SD; Student’s t-test * p < 0.05;NS—not significant. For non-parametric:
values presented as median and 25% and 75% quartiles; Mann–Whitney U test # p < 0.05; ## p < 0.001. ALT—alanine
aminotransferase, ALP—alkaline phosphatase, AST—asparagine aminotransferase, BMI—body mass index,
GGTP—gamma-glutamyl transpeptidase, HDL-C—high-density lipoprotein cholesterol, LDL-C—low-density
lipoprotein cholesterol, MELD-Na—Model of End-Stage Liver Disease for liver cirrhosis, TAG—triacylglycerols,
WBC—white blood cells.

We then analyzed the FA profiles in control and cirrhotic liver samples. We found an
increased level of heptadecanoic acid (C17:0) (0.29% ± 0.018 vs. 0.37% ± 0.021, p < 0.05)
in the cirrhotic livers compared to the normal liver samples. The same trend was also
observed in the whole group of odd-chain fatty acids (OCFAs) (Figure 3).
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Figure 3. Content of C17:0 (A) and OCFA (B) in the hepatic control group (Ctrl) and cirrhotic liver
tissue. * p < 0.05.

Similar to the OCFA content, lower levels of individual representatives of branched-
chain fatty acids (BCFAs) were found in the cirrhotic tissue sections compared to the hepatic
control tissue samples. In Figure 4, we have shown three of them that reached statistical
significance in the comparison between groups.
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the hepatic control group and cirrhotic liver tissue. For non-parametric values: Mann–Whitney U test
# p < 0.05; for parametric: Student’s t-test * p < 0.05.

In addition, we found significantly lower levels of total BCFAs in the tissues of patients
with cirrhosis compared to normal tissues. Most of them showed iso conformation (total
iso BCFAs). These two results can be seen in the graphs below (Figure 5).
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Our study revealed a statistically significant increased amount of saturated very long-
chain fatty acids (VLCFAs) with 20–24 carbon atoms in tissues from patients with cirrhosis
compared to tissues from the hepatic control group (Figure 6).

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 5 of 15 
 

 

 

Figure 5. Content of total iso BCFAs (A) and total BCFAs (B) in the hepatic control group and cir-

rhotic liver tissue. * p < 0.05 

Our study revealed a statistically significant increased amount of saturated very 

long-chain fatty acids (VLCFAs) with 20–24 carbon atoms in tissues from patients with 

cirrhosis compared to tissues from the hepatic control group (Figure 6). 

 

Figure 6. Content of various VLC-SFA (A–C) and total VLC-SFA (D) in the hepatic control group 

and cirrhotic liver tissue. * p < 0.05 

Furthermore, monounsaturated VLCFAs (VLC-MUFAs) at 20, 22, and 24 carbons 

were significantly higher in the tissue samples of patients with liver cirrhosis than in the 

tissue samples of the hepatic control (Figure 7). 

Figure 6. Content of various VLC-SFA (A–C) and total VLC-SFA (D) in the hepatic control group and
cirrhotic liver tissue. For non-parametric values: Mann–Whitney U test ## p < 0.001; for parametric:
Student’s t-test * p < 0.05.

Furthermore, monounsaturated VLCFAs (VLC-MUFAs) at 20, 22, and 24 carbons were
significantly higher in the tissue samples of patients with liver cirrhosis than in the tissue
samples of the hepatic control (Figure 7).
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Figure 7. Content of representatives (A–C) and total VLC-MUFAs (D) in hepatic control group and
cirrhotic liver tissue samples. For parametric values: Student’s t-test * p < 0.05; for non-parametric:
Mann–Whitney U test # p < 0.05.

In addition, the level of palmitoleic acid (C16:1) was higher in cirrhotic samples
compared to normal tissue samples (p = 0.02) (Figure 8). This may have been a result of
increased desaturation in the cirrhosis liver samples compared to hepatic control samples
(0.20 ± 0.073, 0.15 ± 0.046, respectively, p = 0.008).
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We found reduced levels of n3 FAs in patients with cirrhosis. Furthermore, the level
of docosahexaenoic acid (DHA), which is the most important among the n3 PUFAs, was
significantly lower in the cirrhotic tissues compared to the tissues of the hepatic control
(Figure 9). On the other hand, the higher level of n6 PUFAs in cirrhotic tissues was
surprising. The levels of two examples of this FA group, n6 docosapentaenoic acid (DPA n6)
and adrenic acid (AdA), were significantly increased in damaged liver samples (Figure 9).

The estimated enzyme activities (EEAs) of FAs in the livers were calculated as the
ratio of product to substrate for ELOVL 5/AdA/ARA; for ELOVL 2/DPAn6/ARA; for
desaturase 5 (D5D)/ARA/dihomo-γ-linolenic acid (DGLA); for D6D–DHA/EPA; and for
D6D–DHA/DPAn3. The estimated EEAs confirmed the results of the GC-MS analysis.
Higher ELOVL5 and ELOVL2 activity levels, responsible for AdA and DPAn6 formation,
respectively, were observed in cirrhotic tissues compared to the liver control (Figure 10A,B).
In turn, the activity of D6D, a lipogenic enzyme responsible for DHA synthesis, decreased
in cirrhotic samples (Figure 10C,D). The next lipogenic enzyme D5D, which is responsible
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for ARA synthesis, did not change in the liver samples examined (Figure 10E). The ARA
level also did not differ between the two liver groups examined (Supplementary Table S1).
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2.2. Effect of Cirrhosis on Hepatic FA Metabolism

Gene expression analysis performed in the cirrhotic tissue samples showed lower
expression of almost all genes tested. The only exception to this rule was ELOVL1-fatty
acid elongase 1, whose expression was higher in cirrhotic livers (Figure 11). Furthermore,
all the differences in mRNA abundance reached statistical significance, which is a good
indication of the group trend, despite the rather large statistical variation in the results of
individual patients.
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To check if FA transport may be disturbed in cirrhotic livers, we analyzed the mRNA
level of FA transporter CD36. In the tissues of patients with cirrhosis, we found a statistically
significant decrease in the expression of the CD36 gene, the encoding FA transporter,
compared to the group without cirrhosis (Figure 12).
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Additionally, to verify the possible relationship between liver cells expressing leucine-
rich repeat-containing G-protein coupled receptor 5 (LGR5) and the process of liver cirrhosis,
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we measured the mRNA level of gene encoding this protein. We found a significantly lower
mRNA level of LGR5 in cirrhotic liver tissue (Figure 13).
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3. Discussion

Exploring the changes in the FA profile and expression of genes related to FA metabolism
in cirrhotic liver tissue reveals a molecular landscape that goes beyond the surface of
traditional liver function assessments. Understanding the shifts in gene expression and FA
composition in liver tissue opens avenues for interventions that may aid in the treatment
of cirrhosis in the future.

The results on the changes in the FA profile and the expression of genes related to FA
metabolism in cirrhotic liver tissue offer some insights into the molecular landscape of this
severe liver disease. In interpreting the results, several key themes emerged that shed light
on the potential impact of the pathogenesis and progression of cirrhosis.

Our observation of increased SFAs and reduced n3 PUFAs in cirrhotic liver tissue
is consistent with most studies of damaged liver tissue, indicating a distinct molecular
signature associated with this pathologic condition [13,14]. The shift towards SFAs could
contribute to a pro-inflammatory environment in the liver and possibly even exacerbate
tissue damage [14–16]. At the same time, the lower levels of n3 PUFAs, which are crucial
for the anti-inflammatory response and homeostasis in cells, suggest that the liver is unable
to cope with ongoing oxidative stress [17,18].

The identification of elevated levels of VLC-MUFAs, VLC-SFAs, and C16:1 in patients
with cirrhosis represents a significant and potentially worrying aspect of our findings. These
FAs have been associated with a high cardio-metabolic risk in several studies published
prior to our study [19–21]. MUFAs are also thought to be associated with conditions such
as T2D and IR [22,23], which are becoming an epidemic problem worldwide. However,
there are a lot of mixed data on the beneficial and destructive role of MUFA-enriched
food [21,24–26], so we cannot determine their influence on the structure of damaged liver
tissue. In addition, understanding the specific role of VLCFAs in the context of cirrhosis
may reveal new insights into the pathophysiology of the disease and the altered metabolism
of liver cells [18].

The decreased BCFA content in cirrhotic patients raises concerns about possible unfa-
vorable consequences. BCFAs, known for their anti-inflammatory properties, have been
associated with some health benefits [27,28]. The reduction in these beneficial FAs in
cirrhosis could also contribute to liver inflammation.

In conclusion, our observation of increased VLC-MUFAs, VLC-SFAs, and C16:1 along-
side decreased BCFAs in cirrhotic patients underscores the complexity of the metabolic
changes in this disease. Future studies investigating the relationships between different
FAs and clinical markers in cirrhotic patients should definitely be considered.



Int. J. Mol. Sci. 2024, 25, 8115 10 of 14

The question arises whether the altered FA profiles in cirrhotic liver tissue are in any
way correlated with dysregulated gene expression. In different tissues and under different
conditions, genes involved in the oxidation, synthesis, and transport of FAs show significant
changes, suggesting a link between genes and metabolic shifts in lipid metabolism [29–31].
Understanding these genetic patterns may contribute to the understanding of the molecular
mechanisms that lead to the changes in the FA profile.

The downregulation of almost all analyzed genes (FASN, SCD1, ELOVL6, BCKDHA,
BCKDHB, BCAT1, BCAT2, and CD36) in the cirrhotic liver tissue samples in this study was
a surprising observation. A study previously performed in a rodent model [32] showed
that enzymes responsible for the desaturation and synthesis of FAs have even higher levels
of RNA in the tissues of animals that consumed alcohol. Moreover, FASN expression was
elevated in guinea pigs with liver fibrosis [33]. Considering this fact, we expected that
the mRNA levels of the analyzed genes were increased compared to the hepatic control
samples. This significant reduction in the expression of various genes may be the result
of a regulatory failure in the damaged liver or simply fibrosis of the liver tissue [34]. In
contrast, patients with NAFLD have an increased expression of genes, such as acetyl-CoA
carboxylase (ACC1), FASN, and SCD1 [5,32]. Therefore, we can hypothesize that the
observed FA changes may be the result of processes that were active at earlier stages of the
disease. Some data can support our results. For example, mice with the SCD1 knockout
have increased liver fibrosis and increased markers for liver cirrhosis (eg. TGFb, and
collagen) [35]. This suggests that decreased SCD1 expression may not only be a result
of liver tissue damage but also may contribute to the progression of fibrosis. Another
study’s results also match with ours, showing a lower activity of BCKHD in cirrhotic
human livers compared to control liver tissues [36]. In contrast to other studied genes, we
found that ELOVL1 gene expression was upregulated in cirrhotic liver tissue. Our results
are consistent with those of Kyrytsi et al. [37], who also found increased ELOVL1 protein
levels in livers of patients with cirrhosis suffering from alcoholism compared to control
subjects. Considering the elevated levels of VLCFA and VLC-MUFA, we can speculate
that the expression of ELOVL1 remained at an elevated level despite liver tissue damage
and was probably even higher in earlier stages of the disease. Investigating the metabolic
consequences of ELOVL1 overexpression may reveal a new therapeutic target. We strongly
believe that understanding the reasons behind the upregulation of ELOVL1 and VLCFA
could give us some insights into the molecular pathways of liver cirrhosis.

Additionally, we measured LGR5 gene expression to see if this protein—which is
a marker of adult stem cells in various tissues, including the liver—may also influence
the process of liver cirrhosis. The hepatocytes that express the LGR5 gene can repair
liver tissues that have been exposed to damage because they promote the regeneration of
hepatocytes and ductal cells [38]. Thus, the decreased expression of LGR5 in cirrhotic liver
may contribute to the development of liver damage in our patients.

Our study has several advantages. Due to our collaboration with a surgical department
team, we were able to obtain tissue samples from cirrhotic livers and control tissues in
the middle of a surgery. In this respect, our experimental design appears to be completely
unique and unfathomable. Our study has also certain limitations, including a relatively
small sample size. Moreover, the study group consisted mainly of patients with ALD, which
is not a major focus point worldwide. In addition, it is possible that the lipid composition
of the liver in the control group who underwent liver tumor resection was different from
that of healthy individuals without liver impairment. Nevertheless, our different results
reached statistical significance.

4. Materials and Methods
4.1. Subjects

The study group included 21 patients (6 women and 15 men) diagnosed with cirrhosis,
who underwent orthotopic liver transplantation in the Department of General, Endocrine,
and Transplant Surgery at the Medical University of Gdansk (Poland). Our patients
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suffered from cirrhosis with different etiological backgrounds, such as ALD, HBV, or HCV
infection; NASH; autoimmune hepatitis; primary sclerosing cholangitis; and MAFLD. The
control group consisted of 16 patients (8 women and 8 men), who had undergone liver
tumor resection. Blood was collected from the patients before surgery. The laboratory
parameters were determined in the patients’ blood at the Central Clinical Laboratory,
Medical University of Gdansk. Selected biochemical and anthropometric parameters of the
two groups are presented in Table 1.

4.2. Sample Collection

Liver biopsies were taken from both the livers with cirrhosis and the hepatic control
group. Written informed consent was obtained before the procedure in each case. In
patients from the cirrhotic liver group, the cirrhotic liver was removed during orthotropic
liver transplantation–hepatectomy. At an early stage of the procedure, when the blood
flowing through the liver tissue was still present, a representative biopsy was taken. The
liver parenchyma was transfected, and a sample was taken from the sectional plane of the
left lobe of the liver. The sample was taken at least 1 cm deep from the surface to avoid
distortions related to the fibrosis process of the liver capsule. Patients from the control
group: in the anatomical resection of a liver tumor from a non-cirrhotic liver, an entire
segment or segments of the liver was removed. In the early phase of resection, after the
initial parenchymal transection, a sample was taken (always from the area similar to the
cirrhotic group): 1 cm deep from the surface, from the incision plane of the removed liver
segment. A patient was excluded from this study if taking a sample affected the radicality
of the resection or influenced the final histopathologic examination. More than 500 mg of
each liver biopsy sample was collected. Samples were then immediately frozen in liquid
nitrogen and stored at −80 ◦C until analysis.

4.3. Sample Preparation

Total lipids were extracted from the liver tissue samples using a mixture of chloro-
form/methanol 2:1 (v/v), as described in Folch et al. [39]. The lipid extracts were evaporated
to dryness under nitrogen stream and then weighed on an analytical scale. The samples
were hydrolyzed with 1 mL of 0.5 KOH in methanol for 3 h at 90 ◦C. Then, 0.2 mL of
6 M HCl was added, and the non-esterified FAs were extracted three times with H2O and
n-hexane and dried by evaporation under nitrogen steam. The FA methyl esters (FAMEs)
were obtained by incubation with 1 mL of 10% BF3 in methanol for 1.5 h at 55 ◦C. Subse-
quently, 1 mL of H2O was added to mixture, and the FAMEs were re-extracted three times
with n-hexane. The dried samples were stored at −20 ◦C until analysis.

4.4. Gas Chromatography–Mass Spectrometry Analysis

The analysis of FAMEs was performed using a GC-EI-MS QP-2010SE (Shimadzu,
Kyoto, Japan) with Zebron ZB-5MSi column of 30 m length × 0.25 µm i.d. × 0.25 µm film
thickness (Phenomenex, Torrance, CA, USA). The GC oven was set to 60–300 ◦C (increase
of 4 ◦C per minute), with a total analysis time of 60 min. Helium was used as the carrier
gas, and the column head pressure was set at 100 kPa. The electron energy of 70 eV was
used to FAME ionization. 19-methylarachidic acid was used as an internal standard. Full
scan mode analysis with mass scan range m/z 45–700 was applied. Accurate identification
of the FA profile was possible based on FAME mixture standards (Larodan, Monroe, MI,
USA, and Merck, Darmstadt, Germany).

4.5. Analysis of mRNA Level

Total RNA was extracted from deep frozen tissue samples using RNeasy Plus Uni-
versal Mini Kit (Qiagen, Venlo, The Netherlands) according to the attached protocol. The
RNA was eluted through the elution column with 50 µL of RNAse and DNAse-free water.
First, the RNA concentration and two purity ratios—260/230 and 260/280—were deter-
mined using NanoDrop™ One/OneC (Thermo Fisher Scientific, Waltham, MA, USA).



Int. J. Mol. Sci. 2024, 25, 8115 12 of 14

Samples that achieved an absorbance between 1.6 and 2.2 were used for gene expression
analysis. Furthermore, the samples were analyzed again for quality and RNA integrity using
automated gel electrophoresis (Experion, Bio-Rad, Hercules, CA, USA). Only the samples
with an RQI above 6.0, reflecting the representative RNA, were considered. We then syn-
thesized cDNA from total RNA after enzymatic digestion of DNA using the RevertAid First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) and diluted it
at a ratio of 1/25 with RNase-free water. The mRNA concentrations for gene expression
analysis were determined by real-time PCR, using the CFX Connect Real-Time System (Bio-
Rad) with SensiFAST SYBR NO-ROX Kit (Thermo Fisher Scientific, USA) detection. Human
cyclophilin was used as a housekeeping gene in all of the analyzed samples (sequence forward—
CGTCTCCTTTGAGCTGT, reverse—TCGAGTTGTCCACAGTCA). The primer sequences used
for all genes selected for our analysis were as follows: FASN–forward CTCGTTGAAGAACG-
CATCCA, reverse CGCTCGGCATGGCTATCT; SCD1–forward AACAGTGTGTTCGTTGC-
CACTT, reverse GGTAGTTGTGGAAGCCCTC; ELOVL1–forward CTGTGGCACAACCC-
TACCTT, reverse CTGGGAGATGTGCAGTGAGA; ELOVL6–forward CAAAGCACCCGAAC-
TAGGAG, reverse TGGTGATACCAGTGCAGGAA; FADS1–forward CCAACTGCTTCCG-
CAAAGAC, reverse GCTGGTGGTTGTACGGCATA; FADS2–forward AAGGGTGCCTCT-
GCCAACT, reverse GATTGTAGGGCAGGTATTTCAGC; BCKDHA–forward GATGA-
CAAGCCCCAGTTCCCA, reverse TGGGGTTGATGATCTGGCCTT; BCKDHB–forward
GCGGCAGGTGGCTCATTTTACT, reverse CAGTAGGATCTTTGGCCAATGAGTTAT; BCAT1–
forward GGTCCCATATTCAACATCTGCTAGTCT, reverse TCCCATCTTGCAGTCCCCAGT;
BCAT2–forward TTACGCGCCGCACGGATCAT, reverse GGTCGGTAAATGTCTTCCCAAAC;
CD36–forward AAGTCACTGCGACATGATTAATGG, reverse GAACTGCAATACCTG-
GCTTTTCTC; LGR 5–forward CCTGCTTGACTTTGAGGAAGACC, reverse CCAGCCAT-
CAAGCAGGTGTTCA. The amplification of the specific transcripts was confirmed using
melting curve profiles in comparison to the profiles of the housekeeping gene.

4.6. Analysis of Hydroxyproline Content

Hydroxyproline analysis of the collected liver tissue samples was performed using
a specialized kit (Merck, Darmstadt, Germany). In brief, tissue sections of the appropri-
ate weight were homogenized and then hydrolyzed in 10 M NaOH. Samples were then
heated at 120 ◦C for one hour, neutralized with 10 M HCl, and centrifuged at 10,000× g
for 5 min to remove all impurities. The remaining supernatant was used to determine
the hydroxyproline concentration in the sample using a colorimetric assay according to
the manufacturer’s instructions. The analyzed platelets were read with the Synergy HT
Microplate Reader (BioTek, Winooski, VT, USA) at a wavelength of 560 nm.

4.7. Statistical Analysis

Data analysis was performed in SigmaPlot 14.5 (Systat Software Inc., San Jose, CA,
USA). All values are given as mean ± SD. A value of p < 0.05 was considered statistically
significant. The significance of differences between FA profiles and gene expression levels
in cirrhotic and hepatic control tissues was tested using Student’s t-test for the parametric
distribution (* p < 0.05, ** p < 0.001) and the Mann–Whitney test for the non-parametric
distribution (# p < 0.05, ## p < 0.001). The correlation was calculated using the Pearson
correlation coefficient. The relevant expression levels were determined by the 2−∆∆ formula.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25158115/s1.
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