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Abstract

Background: MicroRNAs (miRNAs) regulate hepatic lipid biosynthesis and fatty-acid oxidation, but the
overall connection between disease-associated miRNAs and their enzyme targets throughout the histological
continuum of non-alcoholic fatty liver disease (NAFLD) is not fully understood.

Objective: To investigate the expression of miR-34a-5p, miR-33a-5p, and miR-122-5p and their functional
effects in a hepatocyte steatosis model in relation to lipid-metabolism enzymes.

Methods: A simulated case-control dataset was created with 96 adults who were histologically normal controls
(n = 24), simple steatosis (n = 36), or non-alcoholic steatohepatitis (NASH; n = 36). The expression of hepatic
miRNAs and mRNAs was measured by reverse-transcription quantitative polymerase chain reaction (RT-
gPCR), and the expression of proteins SIRT1, CPT1A, and FASN was assessed by immunoblotting. HepG2
cells were loaded with free fatty acids and treated with miRNA inhibition or replacement.

Results: Hepatic miR-34a-5p and miR-33a-5p increased progressively from controls to simple steatosis and
NASH (1.00£0.29, 2.05+0.72, and 3.54+1.21-fold; and 1.00+0.25, 1.62+0.51, and 2.41+0.83-fold, respectively;
both p<0.001), whereas miR-122-5p decreased (1.00+0.31, 0.74+0.22, and 0.49+0.18-fold; p<0.001). miR-34a-
5p correlated inversely with SIRT1 (r=-0.72), miR-33a-5p with CPT1A (1=-0.68), and miR-122-5p with FASN
(r=-0.47; all p<0.001). The miRNA model had an AUC of 0.91 when combined to differentiate NASH from
non-NASH. The combination of anti-miR-34a/anti-miR-33a and miR-122 replacement decreased the levels of
intracellular triglycerides by 41.6% relative to the fatty-acid loaded controls (p<<0.001).

Conclusion: Coordinated miR-34a and miR-33a activation upon hepatic miR-122 depletion indicated a multi-
miRNA regulatory network in NAFLD progression.
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Introduction

The most common chronic liver disease in the
world is now considered to be non-alcoholic fatty
liver disease (NAFLD), which is now part of the
broader category of metabolic dysfunction-
associated steatotic liver disease. A recent
systematic review estimated that about 30% of
adults have NAFLD, and that the prevalence of
NAFLD increases as obesity, insulin resistance and
type 2 diabetes increase [1]. Modern clinical
recommendations acknowledge a spectrum of
disease from simple steatosis to steatohepatitis,
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fibrosis, and cirrhosis and hepatocellular carcinoma
[2]. The mechanisms leading to the development of
excess calorie intake and insulin resistance are the
first step in hepatic lipid accumulation, but the
process is driven by interacting disturbances of
lipid uptake, de novo lipogenesis, mitochondrial
fatty-acid oxidation, oxidative stress, inflammation,
and cell injury [3]. MicroRNAs are small non-
coding RNAs that regulate gene expression by
binding to target messenger RNAs by sequence
complementarity. They are especially relevant for
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complex disorders where multiple enzymes and
transcriptional regulators are altered at the same
time as they can affect several targets in the same
metabolic pathway. In the liver, miRNAs control
the synthesis of sterols, uptake of fatty acids,
assembly of triglycerides, beta-oxidation, and
secretion of lipoproteins, insulin signalling and
inter-organ metabolic communication [4]. Several
miRNAs have been repeatedly reported as
dysregulated in NAFLD, such as miR-34a, miR-
122, miR-192, miR-21 and miR-33 family, but with
different directions and magnitudes depending on
tissue compartment, disease stage and analytical
method [5].

miR-122 is the most abundant liver-enriched
miRNA and plays a dual function in maintaining
liver identity and regulating lipid homeostasis. The
expression of miR-122 is increased in the blood
when the liver is injured, while it may be reduced
as the steatosis and fibrosis increase. This
compartment-specific behaviour has been shown in
the studies that correlated serum miRNA signatures
with liver histology [6] and that correlated hepatic
and circulating miR-122 with the severity of
steatosis and fibrosis [7]. So, the elevation of serum
does not necessarily mean there is more regulatory
activity inside cells.

miR-34a and miR-33 are more directly related to
metabolic enzyme suppression. Experimental miR-
34a inhibition leads to an increase in the expression
of SIRT! and peroxisome proliferator-activated
receptor-alpha (PPARalpha), activation of AMP-
activated protein kinase (AMPK), and decreases
hepatocellular lipid accumulation [8]. In humans,
miR-33a, which is encoded by SREBF2, and miR-
33b, which is encoded by SREBF1, regulate the
expression of carnitine palmitoyltransferase 1A
(CPT1A), carnitine O-octanoyltransferase and
hydroxyacyl-CoA dehydrogenase, which limit
fatty-acid oxidation in the mitochondria and affect
insulin signalling [9]. Independent work also
confirmed that miR-33 inhibits cholesterol export
and fatty-acid oxidation by acting in a coordinated
fashion on ABCA1 and oxidative enzymes [10].

Other miRNAs regulate the other lipogenic arm.
miR-27a has been reported to inhibit fatty-acid
synthase (FASN) and stearoyl-CoA desaturase 1
(SCD1) and miR-21 has been associated with
regulation of 3-hydroxy-3-methylglutaryl-CoA
reductase, which is involved in triglyceride and
cholesterol metabolism [11,12].

Most studies, however, focus on a single miRNA or
target, often in animal or cell models. There are
few human studies combining histological, miRNA
expression, enzyme level changes, and functional
validation. The current simulated study aimed to
explore the coordinated expression of miR-34a-5p,
miR-33a-5p and miR-122-5p in normal liver,
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simple steatosis and NASH; identify their
relationships with SIRT1, PPARA, CPT1A, FASN,
SCD1 and ACACA; and assess the ability of
targeted modulation of these miRNAs to reverse
lipid accumulation in fatty-acid-loaded
hepatocytes.

Materials and Methods

Study design and sample size: This model of the
academic was a simulated comparative
translational design. The dataset consisted of 96
adults, aged 18-65 years, who were divided into
three groups: histologically normal controls (n=24),
simple steatosis without ballooning (n=36), and
NASH (n=36). The minimum sample size for a
one-way analysis of variance with three groups,
with an effect size of £=0.35, a power of 90%, and
an alpha of 0.05 was estimated to be 90, while 96
observations were modelled to allow for
incomplete molecular measurements.

Eligibility criteria and histological classification:
The simulated inclusion criteria included
availability of liver tissue, fasting serum, complete
metabolic data, liver biochemical data, and the
length of the biopsy, which was at least 15 mm and
contained 10 or more portal tracts. Macrovesicular
steatosis of at least 5% of the hepatocytes,
excluding secondary causes, was used to define
NAFLD. Alcohol consumption > 20 g/day in
women and > 30 g/day in men, viral hepatitis,
autoimmune or cholestatic liver disease, Wilson
disease, hemochromatosis, pregnancy, malignancy,
treatment with steatogenic drugs, decompensated
cirrhosis and recent weight change > 5% were
exclusion criteria. The NAFLD activity score
(NAS) was assigned based on steatosis, lobular
inflammation and ballooning. Steatosis and lobular
inflammation with hepatocyte ballooning were
required by NASH.

Clinical and biochemical assessment

The following factors were documented: age,
sex, body mass index (BMI), waist circumference,
diabetes status, and medication use. Standardized
automated methods were used to measure fasting
glucose, insulin, triglycerides, total cholesterol,
high-density  lipoprotein  cholesterol, alanine
aminotransferase (ALT), aspartate
aminotransferase, and gamma-glutamyl transferase.

When glucose was measured in mg/dL, insulin
resistance was estimated as HOMA-IR by
multiplying the fasting insulin level by the fasting
glucose level and dividing by 405.

RNA extraction and quantitative expression
analysis: The total RNA, including small RNA,
was simulated as being extracted from frozen liver
tissue by phenol-column purification. The integrity
and concentration of RNA were assessed
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spectrophotometrically and by  microfluidic
electrophoresis. The expression of miR-34a-5p,
miR-33a-5p and miR-122-5p was determined by
stem-loop reverse transcription and TaqMan
assays. After stability testing, RNU6B and miR-16-
Sp were used as reference controls. SYBR Green
assays were used to quantify the expression of
messenger RNA (mRNA) of SIRT1, PPARA,
CPT1A, FASN, SCDI1, and ACACA, with
normalization to GAPDH and RPLPO. The relative
expression was determined by the 2"-delta-delta Ct
method using the control group as calibrator.

Protein quantification: Immunoblotting was used
to measure the levels of SIRT1, CPT1A and FASN
proteins. Equal amounts of total protein were
separated by SDS-PAGE, transferred to PVDF
membranes and then incubated with validated
primary antibodies. Chemiluminescence was used
to visualize bands, densitometry to quantify bands,
and normalization to beta-actin and expressed as
fold of the control mean.

Functional hepatocyte validation: HepG2 cells
were grown in high glucose Dulbecco modified
Eagle medium containing 10% fetal bovine serum.
Steatosis was induced with 2:1 oleate-palmitate
mixture at a final concentration of 0.5 mmol/L for
24 hours. Cells were transfected with anti-miR-34a,
anti-miR-33a, miR-122 mimic, a combination of
anti-miR-34a and anti-miR-33a, and sequence-
matched negative controls. Intracellular
triglycerides were normalised to total protein. Lipid
accumulation and target restoration were evaluated
using oil red O staining, quantitative polymerase

e-ISSN: 0976-822X, p-ISSN: 2961-6042

chain reaction, and immunoblotting. For each
condition six independent experiments were run.

Statistical Analysis: Data were presented as mean
+ SD, median (IQR) or number and percentage,
depending on the distribution. One-way analysis of
variance with Tukey post-hoc testing, Kruskal-
Wallis testing with Dunn correction, or chi-square
testing were used to evaluate group differences.
The Benjamini-Hochberg false-discovery rate was
used for molecular comparisons. Spearman
correlations were used to evaluate the relationship
between miRNAs, enzyme targets, metabolic
parameters and NAS. After controlling for age, sex,
BMI, HOMA-IR, and ALT, multivariable logistic
regression revealed independent associations with
NASH. Discrimination was assessed using receiver
operating characteristic analysis. A p value <0.05
was deemed significant for two-tailed tests. The
analyses were performed in SPSS version 29.0 and
R version 4.3.2.

Results

Of 104 simulated records screened, eight were
excluded because of incomplete tissue quality or
missing metabolic data, leaving 96 observations for
analysis. The groups were similar in age and sex
distribution. BMI, waist circumference, HOMA-IR,
triglycerides, ALT, and NAS increased
progressively across the control, simple steatosis,
and NASH groups. Diabetes was present in 5.6% of
participants with simple steatosis and 30.6% with
NASH (p<0.001).

Table 1: Clinical, biochemical, and histological characteristics

Variable Control (n=24) Simple steatosis (n=36) NASH (n=36) p-value
Age (years) 43.2+10.1 45.8+9.6 473 +8.9 0.18
Male sex, n (%) 13 (54.2) 20 (55.6) 21(58.3) 0.94
BMI (kg/m2) 24.1+£24 29.0£3.1 31.2+3.6 <0.001
Waist circumference (cm) 84.6 £8.7 98.1+9.5 104.2 +10.8 <0.001
Type 2 diabetes, n (%) 0(0.0) 2 (5.6) 11 (30.6) <0.001
HOMA-IR 1.6+0.7 32+13 45+1.8 <0.001
Triglycerides (mg/dL) 118.5+32.8 168.4 +44.7 201.6 £56.3 <0.001
HDL cholesterol (mg/dL) 51.6+10.2 43.8+09.1 39.5+£8.7 <0.001
ALT (U/L) 24.7+£8.1 46.8 +19.4 72.5+31.6 <0.001
AST (U/L) 23.8+6.9 349+13.2 51.6+224 <0.001
Hepatic steatosis (%) 21+14 286+123 46.8+16.7 <0.001
NAFLD activity score 0.8+0.6 3.1+£0.8 54+0.7 <0.001

Values are mean = SD unless otherwise stated.
ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BMI, body mass index; HDL,
high-density lipoprotein; HOMA-IR, homeostatic
model assessment of insulin resistance; NASH,
non-alcoholic steatohepatitis. Hepatic miR-34a-5p
and miR-33a-5p showed stepwise increases with
histological severity, while miR-122-5p declined.
Oxidative regulators SIRT1, PPARA, and CPT1A
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were significantly lower in simple steatosis and
further reduced in NASH. Conversely, FASN,
SCD1, and ACACA were increased, indicating a
shift toward de novo lipogenesis. Protein
abundance followed the corresponding messenger
RNA patterns: SIRTI1 and CPT1A were 53% and
49% lower in NASH than in controls, whereas
FASN was 2.21-fold higher (all false-discovery-
rate-adjusted p<0.001).
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Table 2: Hepatic miRNA, tar

et-gene, and protein expression
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Marker (relative expression) Control Simple steatosis NASH FDR p-value
miR-34a-5p 1.00 +0.29 2.05+0.72 3.54+£1.21 <0.001
miR-33a-5p 1.00+£0.25 1.62 £0.51 241+0.83 <0.001
miR-122-5p 1.00 £ 0.31 0.74+£0.22 0.49+0.18 <0.001
SIRT1 mRNA 1.00 +0.21 0.71+£0.20 0.47+0.16 <0.001
PPARA mRNA 1.00+0.24 0.69 £0.21 0.43+£0.17 <0.001
CPT1A mRNA 1.00 +£0.23 0.68+0.19 0.44+0.15 <0.001
FASN mRNA 1.00 £0.27 1.61 +£0.49 248 £0.81 <0.001
SCD1 mRNA 1.00 £0.30 1.43 £0.46 2.05+£0.67 <0.001
ACACA mRNA 1.00 +£0.26 1.38 £0.41 1.91 +£0.59 <0.001
SIRT]1 protein 1.00+£0.19 0.73+£0.18 0.47+0.14 <0.001
CPTI1A protein 1.00 £0.22 0.75+0.20 0.51+0.17 <0.001
FASN protein 1.00+£0.25 1.52+£0.43 2.21 £0.66 <0.001

Expression is normalized to the control mean
(1.00). ACACA, acetyl-CoA carboxylase alpha;
CPTI1A, carnitine palmitoyl transferase 1A; FASN,
fatty-acid synthase; FDR, false-discovery rate;
PPARA, peroxisome proliferator-activated
receptor-alpha; SCD1, stearoyl-CoA desaturase 1;
SIRT1, sirtuin 1. miR-34a-5p correlated inversely
with SIRT1 and PPARA and positively with NAS.
miR-33a-5p correlated inversely with CPT1A and
positively with HOMA-IR. miR-122-5p correlated

inversely with FASN and NAS. In adjusted logistic
regression, higher miR-34a-5p and miR-33a-5p
remained independently associated with NASH,
whereas higher miR-122-5p was protective. A
clinical model containing BMI, HOMA-IR, and
ALT yielded an area under the receiver operating
characteristic curve (AUC) of 0.82. Addition of the
three hepatic miRNAs increased the AUC to 0.91
(95% confidence interval 0.84-0.97; p=0.018 for
AUC comparison).

Table 3: Correlation and multivariable analyses

Analysis Variable Effect estimate 95% CI p-value
Correlation miR-34a-5p vs SIRT1 r=-0.72 -0.81 to -0.60 <0.001
Correlation miR-34a-5p vs PPARA r=-0.66 -0.76 to -0.52 <0.001
Correlation miR-34a-5p vs NAS r=0.71 0.59 t0 0.80 <0.001
Correlation miR-33a-5p vs CPT1A r=-0.68 -0.78 to -0.55 <0.001
Correlation miR-33a-5p vs HOMA-IR r=0.49 0.32t0 0.63 <0.001
Correlation miR-122-5p vs FASN r=-0.47 -0.62 to -0.29 <0.001
Correlation miR-122-5p vs NAS r=-0.54 -0.67 to -0.38 <0.001
Adjusted NASH model miR-34a-5p (per fold) OR =235 1.42 to 3.88 0.001
Adjusted NASH model miR-33a-5p (per fold) OR=1.91 1.13 t0 3.22 0.016
Adjusted NASH model miR-122-5p (per fold) OR =0.38 0.17 to 0.83 0.015
The logistic model was adjusted for age, sex, BMI, . .

Discussion

HOMA-IR, and ALT. CI, confidence interval;
NAS, NAFLD activity score; OR, odds ratio. In
HepG2 cells, fatty-acid loading increased
intracellular triglycerides 2.74-fold and increased
miR-34a-5p and miR-33a-5p by 2.81-fold and
2.06-fold, respectively, while reducing miR-122-5p
to 0.58-fold. Anti-miR-34a restored SIRT1 protein
by 46.3% and reduced triglycerides by 28.4%
relative to fatty-acid-loaded negative controls.
Anti-miR-33a restored CPTIA by 39.8% and
reduced triglycerides by 24.7%. miR-122
replacement reduced FASN by 31.5% and
triglycerides by 22.9%. The combined intervention
produced the greatest effect, reducing triglycerides
by 41.6%, Oil Red O-positive area by 44.2%, and
FASN protein by 38.7%, while increasing SIRT1
and CPT1A by 58.1% and 51.4%, respectively (all
p<0.001).
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The most important result of this simulated
translational analysis was a coordinated miRNA
pattern that was linked to the deterioration of
NAFLD histology: miR-34a-5p and miR-33a-5p
were up-regulated, miR-122-5p was down-
regulated, oxidative regulators were down-
regulated and lipogenic enzymes were up-regulated
in the liver. These changes were not restricted to
statistical ~relationships. Responses that were
similar in direction in fatty-acid-loaded hepatocytes
indicated that the combined modulation of the three
miRNAs resulted in a greater reduction in lipid
accumulation than modulation of any single
miRNA. The findings thus indicate that multiple
post-transcriptional regulators are involved in the
maintenance of impaired beta-oxidation and
enhanced lipogenesis in the network model.
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The results of the miR-34a are biologically
plausible. miR-34a is able to directly inhibit SIRT1
and reduce PPARalpha-mediated fatty-acid
oxidation. The strong inverse correlation between
miR-34a and SIRTI, and the restoration of SIRT1
expression after miR-34a inhibition, in the present
dataset, implies that this pathway could link
histological progression with decreased metabolic
flexibility. Experimental studies on NAFLD in iron
overload also demonstrated that miR-34a
overexpression led to triglyceride accumulation,
mitochondrial dysfunction, and that the silencing of
miR-34a reversed SIRT1 and decreased steatosis
[13]. The progressive increase of miR-34a from
simple steatosis to NASH also suggests that the
function of miR-34a may not be limited to lipid
storage, but may also involve oxidative stress,
inflammation, and hepatocyte injury.

miR-33a showed a similar correlation with the
severity of the disease and was most correlated
with CPT1A. CPTIA is a rate limiting enzyme for
entry of long chain fatty acids into the
mitochondria and thus regulates beta-oxidation.
The inverse miR-33a-CPT1A correlation and
partial recovery of CPT1A upon anti-miR-33a
treatment is consistent with known miR-33
biology. More recent hepatocyte-specific deletion
experiments showed that miR-33 deficiency
decreased lipid production, increased mitochondrial
fatty-acid oxidation, increased insulin sensitivity,
and prevented the progression from steatosis to
steatohepatitis, fibrosis and HCC [14]. The present
model is expanded to human histological categories
and proposes that miR-33a may be more
informative if used in conjunction with expression
of oxidative enzymes, rather than as a single
biomarker.

In contrast to the previously reported increase in
circulating miR-122 in liver injury, hepatic miR-
122 was found to be decreased as NAS increased.
This paradox is anticipated as active secretion and
passive leakage of miR-122 from damaged
hepatocytes contribute to the extracellular pool,
while the intrahepatic pool is the remaining
regulatory pool.

The free fatty acids may inhibit the expression of
miR-122 in the liver and activate a lipogenic
pathway to promote triglyceride accumulation in
the liver and muscle [15]. In our cell model,
replacement of miR-122 reduced the expression of
FASN and intracellular triglycerides, suggesting a
homeostatic, rather than merely pathogenic,
intracellular function of miR-122. The results
highlight the importance of biological compartment
when proposing miR-122 as a diagnostic or
therapeutic marker. The observed rise in FASN,
SCD1 and ACACA suggests an improvement in de
novo lipogenesis. These enzymes are regulated by
insulin, SREBPlc, and carbohydrate-responsive
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element-binding protein, as well as epigenetic
mechanisms, but miRNA can either upregulate or
downregulate their activity. The decrease in FASN
following replacement of miR-122 and the
enhanced effect following combined treatment
indicate that there may be cross-talk between
miRNA pathways that regulates lipogenesis.
Clinically relevant interaction because circulating
miRNA panels have typically discriminated NASH
better than single miRNA measurements. A study
that used a combination of miR-122, miR-192,
miR-21 and cytokeratin-18 had better classification
of NASH than the conventional markers alone [16].
The AUC improvement (0.82 to 0.91) for the
present model also supports multi-marker
integration.

From a therapeutic perspective, miRNAs are very
appealing because they can have multiple targets
within a metabolic pathway. The same property,
however, poses issues of safety such as unintended
gene suppression, activation of the immune system,
tissue distribution outside of the liver, and loss of
normal physiological functions. Experimental
miRNA therapies were the subject of a systematic
review, revealing that the most commonly studied
approach was the antagonism of miR-34a, which
has been linked to the improvement of hepatic
triglycerides and aminotransferases, though most
studies were preclinical [17]. Thus, delivery
systems need to be hepatocyte selective, have the
correct dose, be reversible and have minimal off-
target activity. Theoretically, combination therapy
allows for lower doses of each agent, but this needs
to be formally evaluated for toxicity.

There are also some significant limitations to the
study. First, all numerical data is simulated and not
used to make conclusions about clinical efficacy or
causal inference. Secondly, a Cross-Sectional
design cannot establish whether changes in miRNA
occur before or after metabolic deterioration. Third,
there is a difference between HepG2 and primary
human hepatocytes in terms of lipid handling and
insulin responsiveness. Fourth, miRNA
measurements are still technically challenging due
to the quality of the RNA, the choice of reference
genes, and the heterogeneity of tissues. Lastly, the
model was limited to three miRNAs and six
metabolic targets, while NAFLD has a broader
network of hepatocytes, Kupffer cells, stellate cells,
endothelial cells, adipose tissue and the gut. Recent
case-control studies have also demonstrated that
miRNA expression is disease state dependent, and
that panels containing miR-122, miR-192 and miR-
33 family members may be more effective than
single miRNAs [18]. Multicentre prospective
cohorts, paired serum and liver measurements,
single cell or spatial transcriptomics, and target-
specific intervention studies in primary human
systems should be used in future research.
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The model highlights the potential integration of
tissue miRNA profiling, enzyme-level
measurements, histology, and  functional
perturbation in a single study, despite these
limitations.

The most significant translational implication is not
that a single miRNA is responsible for NAFLD, but
that the suppression of SIRT1/PPARalpha by miR-
34a, repression of CPT1A by miR-33a, and lack of
miR-122-mediated inhibition of lipogenesis could
all contribute to maintaining hepatic TG levels and
driving progression to NASH.

Conclusion

In this simulated study, progressive NAFLD was
defined as higher levels of miR-34a-5p and miR-
33a-5p, lower levels of miR-122-5p, lower levels
of SIRTI/PPARA/CPTIA and higher levels of
FASN/SCDI/ACACA. A coordinated regulatory
network, not a single miRNA mechanism, was
supported by the combined miRNA correction that
led to the greatest reduction in hepatocyte
accumulation of triglycerides. These miRNAs are
yet to be validated in prospective human cohorts
and primary liver models before they can be used
as diagnostic or therapeutic agents.
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