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Article Info Abstract

@ Insulin resistance (IR) is a key contributor to the development of metabolic diseases, and metformin has been
shown to help mitigate IR. Long non-coding RNAs (IncRNAs) are emerging as important regulators in meta-

bolic disorders. This study aimed to investigate the differential expression of IncRNAs in IR and assess the
impact of metformin on these IncRNAs. Using the Huh7 cell line to model IR (Huh7-IR), we treated the cells
with metformin (Huh7-IR+Metf). Microarray analysis, followed by bioinformatic analysis in RStudio, identi-
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Received: October 03, 2024 fied 127 downregulated and 109 upregulated IncRNAs, among which 60 showed reduced expression follow-
Accepted: January 19, 2025 ing metformin treatment in Huh7-IR cells. Notably, the upregulated IncRNAs HOX transcript antisense RNA
Published: March 31, 2025 (HOTAIR), long intergenic non-protein coding RNA, muscle differentiation 1 (LINCMD1) and Prader-Willi

region non-protein coding RNA 2 (PWRN2) were found to be associated with genes involved in the insulin

Use your device to scan and read | jonaling pathway. These three IncRNAs were further validated using real-time RT-PCR. This study highlights

the article online the differential expression of IncRNAs in IR and their modulation by metformin. Specifically, metformin re-
stores the expression of IncRNAs that were deregulated in IR, including HOTAIR, LINCMD1, and PWRN2,
likely through the regulation of critical biological processes and signaling pathways associated with IR. In
conclusion, our findings demonstrate that metformin modulates the expression of key IncRNAs, including
HOTAIR, LINCMD1, and PWRN2, which are deregulated in insulin resistance. This regulation likely occurs
through the modulation of critical signaling pathways, such as NFkB and AMPK, suggesting that targeting

IncRNAs could offer new therapeutic avenues for managing IR and related metabolic disorders.
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1. Introduction post-transcriptional levels [4].

Insulin resistance (IR) arises when cells exhibit a di- Several studies have identified a relationship between
minished response to insulin. RI contributes to the devel- IncRNAs and IR as well as other metabolic alterations as-
opment of metabolic syndrome, type-2 diabetes (T2D), sociated with insulin. The IncRNA metastasis-associated
non-alcoholic steatohepatitis, and cardiovascular diseas- lung adenocarcinoma transcript 1 (MALATI1) has been
es. Factors associated with IR development include obe- found to positively regulate sterol regulatory element-
sity, hypertension, and inflammation [1]. Inflammation binding protein-1c (SREBP-1c¢), a transcription factor that
is linked to elevated levels of proinflammatory cytokines controls the expression of hepatic lipogenic genes. In-
such as interleukin (IL)-6, IL-1B, and tumor necrosis fac- creased expression and activity of SREBP-1c contribute
tor a (TNFa), which are upregulated by nuclear factor to hepatic lipid accumulation and IR. MALAT1 also acti-
kappa B (NFxB) [2]. Additionally, mutations, post-trans-  vates the c-Jun N-terminal kinase (JNK) pathway, leading
lational modifications of the insulin receptor (INSR), and  to the inhibition of insulin receptor substrate-1 (IRS-1) and
the deregulation of downstream effector molecules of the  protein kinase B (AKT) phosphorylation [5, 6]. LncRNA
INSR have been associated with IR [1, 2]. Epigenetic fac- MEG3 promotes IR by significantly increasing the expres-
tors, including long non-coding RNAs (IncRNAs), have sion of forkhead box protein O1 (FOXO1), which in turn
also been implicated in the IR [3]. IncRNAs are known enhances the transcription of the gluconeogenic enzymes
to regulate gene expression at both the transcriptional and  glucose 6-phosphatase and phosphoenolpyruvate car-
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boxykinase-1. Additionally, MEG3 functions as an endog-
enous RNA of miR-181, a miRNA that suppresses early
growth response 2 (EGR2) expression, which is elevated
in palmitate-induced IR [7, 8]. Similarly, the upregulated
HOX transcript antisense RNA (HOTAIR) is suggested
to promote hepatic IR by inhibiting sirtuin 1 (SIRT1) ex-
pression and the AKT/GSK3 pathway [9]. High levels
of HOTAIR in patients with type 2 diabetes (T2D) have
been shown to help discriminate uncontrolled comorbidi-
ties related to the disease, suggesting its potential use as a
biomarker for prognosis or early diagnosis [10]. Other In-
cRNAs implicated in IR include GASH, MIAT (Gomafu),
Risa, and H19 [3]. However, the mechanisms by which
IncRNAs participate in IR remain unclear.

Metformin is commonly used to enhance insulin sen-
sitivity, alongside a healthy diet, weight management, and
physical activity. Its hypoglycemic effect primarily stems
from inhibiting hepatic gluconeogenesis through complex
I inhibition in the mitochondrial respiratory chain. This
leads to an increased AMP/ATP ratio, activating the AMP-
activated protein kinase (AMPK) pathway. Additionally,
metformin inhibits complex IV, resulting in decreased
glycerol-3-phosphate dehydrogenase activity and an al-
tered cytosolic redox state (NADH: NAD+), ultimately
reducing gluconeogenesis from lactate [11]. In this study,
the differential expression of IncRNAs in IR and after
metformin treatment was evaluated, and the expression of
three IncRNAs upregulated in IR and downregulated with
metformin were validated.

2. Materials and methods
2.1. Cell culture, induction of insulin resistance and

metformin treatment

Huh7 cells, derived from hepatocellular carcinoma, are
well-known for their metabolic similarity to primary hu-
man hepatocytes. This is a permanent and commercially
available cell line that was established in 1982. The Huh7
cell line used in this study was generously provided by
Dr. Maria Concepcion Gutiérrez Ruiz from Universidad
Auténoma Metropolitana, CDMX, Mexico. Huh7 cells
were cultured at 37 °C and 5% CO, in William's E (WE)
medium (ThermoFisher Scientific, Waltham, MA, USA)
supplemented with 5% fetal bovine serum (FBS) and an-
tibiotic-antimycotic at 1% (containing 100 U/mL penicil-
lin G sodium, 1000 pg/mL de streptomycin and 0.25 pg/
mL amphotericin B). The cells were seeded at a density
of 2x10° cells/mL and exposed to a glucose concentration
and human insulin (Sigma-Aldrich, St. Louis, MO, USA)
to induce IR (Huh7-IR). Additionally, a group of Huh7-IR
cells was treated with 2 mM metformin (Sigma-Aldrich,
St. Louis, MO, USA) (Huh7-IR+Metf) for 24 h. The veri-
fication of the induction of IR and the effect of metformin
was analyzed by the assays of glucose uptake, intracellular
glycogen and lipid content, glucose production, and the
analysis of the phosphorylation of tyrosine 1885 in the
subfraction of the insulin receptor, pAMPK, and GLUT-
2 levels, methodology that has been previously described
elsewhere by our working group [12]. In this study, we
used three groups of cells: 1) control Huh7 (Huh7-Ctrl), 2)
Huh?7 cells with insulin resistance (Huh7-1R), and 3) Huh7
cells with IR treated with metformin (Huh7-IR+Metf).

2.2. Total RNA extraction
The cells were placed on ice, washed twice with cold

phosphate-buffered saline (PBS), and then centrifuged.
Next, we harvested the cells in 1.5 mL tubes containing
500 pL of TRizol-LS reagent (Thermo Fisher Scientific,
Waltham, MA, USA) for RNA extraction, following the
manufacturer's instructions.

2.3. Microarray hybridization

Isolated total RNA underwent a series of steps for
expression profiling using the Clariom D Human Assay
(ThermoFisher, Scientific, Waltham, MA, USA). First,
each purified RNA sample was transcribed into double-
strand cDNA, followed by cRNA synthesis and biotin-
labeling. The resulting cRNA was then purified using an
Affymetrix magnetic bead protocol. Next, the samples
were hybridized to Clariom D arrays, which detect over
540,000 transcripts. After a 16-hour incubation, the arrays
were scanned using the GeneChip Scanner 3000. Primary
data analysis was performed using Affymetrix Expression
Console and Transcriptome Analysis Console software.

2.4. Differential gene expression analysis

The microarray data were processed using RStudio
v4.2.1, along with several Bioconductor packages, includ-
ing affycoretools, oligo, and pd.clariom.d.human (https://
bioconductor.org/packages/release/data/annotation/html/
pd.clariom.d.human.html). Quality control and data nor-
malization were performed based on the Bioconductor
package recommendations. To identify differentially ex-
pressed IncRNAs and mRNAs, we compared Huh7-IR
vs. Huh7-Ctrl and Huh7-IR+Metf vs. Huh7-IR using the
‘limma’ software this experimental design allows assess-
ment: 1) changes in expression profile linked to insulin
resistance, and 2) the metformin-induced changes in ex-
pression profile on insulin-resistant cells. For each gene,
we applied a student’s t-test and calculated the logarithm
of differential expressions. The Benjamini and Hochberg
method was then used to adjust p-values and reduce false
positives. Differentially expressed mRNAs in Huh7-IR
cells were identified using a log2 fold-change (logFC) >
0.5 and p < 0.05. Differentially expressed IncRNAs were
selected with a logFC > 1.45, p < 0.05, and adjusted p <
0.05.

2.5. Construction of protein-protein and IncRNAs-
mRNAs interaction networks

The protein-protein interaction (PPI) network was con-
structed using the STRING tool within Cytoscape software
(version 3.9.1.). Additionally, we employed CytoHubba
algorithms, which complement Cytoscape by utilizing
Maximal Clique Centrality (MCC) to identify central gene
nodes.

2.6. Functional enrichment and protein-protein inter-

action networks

We conducted functional enrichment analysis and
explored protein-protein interaction networks using the
STRING v.11.5 database (https://string-db.org). For path-
way enrichment analysis, we integrated mRNAs that were
differentially expressed in Huh7-IR cells and genes asso-
ciated with previously described IncRNAs from publica-
tions. To perform this analysis, we utilized several tools:
ShinyGO 0.76.3 (http://bioinformatics.sdstate.edu/go/),
LNCipedia version 5.2 (https://Incipedia.org/), GEN-
CODE (https://www.gencodegenes.org/), GeneCards
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(https://www.genecards.org/), and Ensembl (https://www.
ensembl.org/index.html). The selection of enriched path-
ways was based on the database-integrated false discovery
rate (FDR) with a significance threshold of p < 0.05.

2.7. Validation of candidate IncRNAs by real-time RT-
qPCR

Total RNA was extracted from Huh7 cells from all
three conditions, using 500 pL of TRizol-LS reagent. The
cDNA synthesis was carried out using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scien-
tific, Waltham, MA, USA), following the manufacturer's
instructions. Briefly, the 2X RT Master Mix was prepared
for each reaction by combining 2 pL of 10X RT buffer,
0.8 uL of 25X dNTP mix (100 mM), 2 puL of 10X RT ran-
dom primers, 1 uL of reverse transcriptase (50 U/uL), and
4.2 uL of RNase-free water. Subsequently, 500 ng of total
RNA, diluted in 10 uL. of RNase-free water, was added to
the reaction and cDNA amplification was performed us-
ing a thermal cycler (Axygen Scientific, Union City, CA,
USA). The expression of IncRNAs was determined using
gene expression assays with the following TagMan probes
(Thermo Fisher Scientific, Waltham, MA, USA): HOTAIR
(Hs05502358 s1), LINCMDI1 (Hs00416173 ml), and
PWRN2 (4351372 Hs05027496 gH). The final volume of
the reaction mixture was 10 uL containing 5 pL of FastAd-
vanced Master mix, 0.5 puLL of TagMan probes, 3.5 pL of
nuclease-free water, and 1 pL of cDNA. The reaction was
performed on the QuantStudio 5 real-time PCR system
(Thermo Fisher Scientific, Waltham, MA, USA). The
PCRs were performed in triplicate, using GAPDH gene
(4331182 Hs02786624 gl) as control. Finally, the relative
expression calculations of the IncRNAs performed by the
method 2-44¢,

2.8. Statistical analysis

One-way ANOVA was used for comparison of means,
followed by the Bonferroni test. Graphs were generated
using GraphPad Prism v.8.0 software. R v.4.2.1 software
was used together with the Bioconductor’s limma package
to analyze differential expressions. This involved applying
linear models and the empirical Bayes model to assess In-
cRNAs and mRNAs. In addition, the correlation between
differentially expressed IncRNAs and mRNAs was ex-
plored using Pearson’s correlation coefficient (PCC). In-

teraction networks of positively and negatively correlated
genes (PCC > 0.8; p < 0.05) were constructed using Cyto-
scape v.3.9.1 software.

3. Results
3.1. Differential expression analysis of IncRNAs and
mRNAs

Through microarray analysis, 109 upregulated and
127 downregulated IncRNAs were identified in Huh7-IR
cells compared with Huh7-Ctrl. Interestingly, upon met-
formin treatment, the 109 IncRNAs that were upregulated
in IR cells were found to be downregulated. Furthermore,
among the IncRNAs that were downregulated in IR cells,
only 60 of them were upregulated with metformin. No-
tably, the IncRNAs HOTAIR, LINCMD1, and PWRN2
were found to be upregulated in IR cells and were related
to nearby genes involved in the insulin signaling pathway,
which were selected for further analysis. As mentioned
earlier, the expression of these three IncRNAs decreased
when IR cells were treated with metformin (Table 1). Ad-
ditionally, the volcano plots illustrate the changes in the
expression of these three IncRNAs under conditions of IR
and following treatment with metformin (Figure 1). In our
bioinformatics analysis, we also identified 313 mRNAs
that were upregulated and 206 that were downregulated in
Huh7-IR cells. Interestingly, with metformin treatment, 21
of these mRNAs were downregulated.

Experimental evidence has shown that HOTAIR inhib-
its the expression of sirtuin-1 (SIRT1), a nicotinamide ade-
nine dinucleotide (NAD+)—dependent protein deacetylase.
In differential gene expression analysis, we observed that
SIRT1 expression was decreased in Huh7-IR (logFC = -2,
p =0.006), while HOTAIR was upregulated. Interestingly,
in Huh7-IR+Metf cells, SIRT1 expression increased and
HOTAIR decreased (Table 1).

Interestingly, LINCMD] is located near the loci encod-
ing interleukins 17A and 17F (IL17A and IL17F). This
proximity suggests that LINCMD1 may interact with
these cytokines and potentially participate in the positive
regulation of NF«kB. To investigate this, we analyzed the
expressions of IL17A and IL17F in microarray data. No-
tably, in Huh7-IR cells, IL17A exhibited a logFC of 0.7
(p = 0.03), while in Huh7-IR+Metf cells, its expression
significantly decreased (logFC = -1.1, p = 0.02). This im-
plies that LINCMD1 might be co-expressed with IL17A,

Table 1. IncRNAs and mRNAs in cells with insulin resistance and its regulation with metformin.

Huh7-IR" Huh7-IR+Metf*
IncRNAs
logFC p-value Padj logFC p-value p-adj
LINCMDI1 2.2 <0.001 0.04 -2.1 0.002 0.01
PWRN2 1.6 0.002 0.05 -0.9 <0.001 0.005
HOTAIR 1.45 0.001 0.05 -0.7 <0.001 0.005
mRNAs
linterleukin-17A 0.7 0.03 -1.1 0.02
Interleukin-17F 0.02 0.9 0.2 0.5
NFKBIA -0.9 0.03 1.2 0.01
Sirtuin-1 -2.09 0.006 2.2 0.02

Abbreviations: logFC, log-fold change; Padj, adjusted P-value; LINCMD1, long intergenic non-protein coding RNA, muscle
differentiation 1; PWRN2, Prader-Willi region non-protein coding RNA 2; HOTAIR, HOX transcript antisense RNA;
NFKBIA, Nuclear factor kappa B inhibitor alpha. The p-values were obtained with the Bayes statistical method. * Changes
estimates respect to control Huh7 cells. * Changes estimates respect to insulin resistant Huh7 cells.
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Fig. 1. Change in expression of the IncRNAs in Huh7-IR and
Huh7-IR+Metf cells. A) The IncRNAs that were upregulated (red)
and the IncRNAs that were downregulated (green) in Huh7-IR are
shown (p < 0.05). B) The IncRNAs that were upregulated (red) and
the IncRNAs that were downregulated in Huh7-IR+Metf are shown
(p <0.05).

potentially contributing to the inflammatory process asso-
ciated with IR. However, no similar relationship was ob-
served between LINCMD1 and IL17F, as IL17F exhibited
low expression levels in both Huh7-IR and Huh7-IR+Metf
cells.

PWRN2 has been reported to interact with NFkB in-
hibitor alpha (NFKBIA), promoting upregulation of NFxB
and increased proinflammatory cytokines. Our results
show a reduction in the expression of NFKBIA in Huh7-IR
cells, whereas in Huh7-IR+Metf cells, NFKBIA expres-
sion was elevated. These findings suggest that PWRN2
may influence the transcriptional regulation of NFKBIA
and that metformin promotes its transcription (Table 1).

In Huh7-IR cells, we detected a reduction in the ex-
pression of genes encoding key proteins in the insulin sig-
naling pathway, including pyruvate dehydrogenase kinase
1 and 2 (PDK1 and PDK2), AKT serine/threonine kinase

2 (AKT2), and phosphatidylinositol-3-kinase (PI3K).
However, in Huh7-IR+Metf the expression of these genes,
along with SIRT1, was restored. Furthermore, a decrease
in the expression of various subunits of AMP-activated
protein kinase was observed in Huh7-IR, but metformin
treatment led to an increase in their expression (Table 2).

3.2. Construction of protein-protein and IncRNAs-

mRNAs interaction networks

In the protein-protein interaction (PPI) network, 70
nodes were analyzed to identify genes with significant in-
teractions. As a result, we identified 10 core genes within
the network: IL6, TNF, IL1, IL17A, interferon regulatory
factor 7 (IRF7), TNF, superfamily member 13B (TNFS-
F13B), TLR7, IL3 receptor subunit alpha (IL3RA), NFKB
subunit 2 (NFKB2), and NFKB subunit 1 (NFKB1) (Fig-
ure 2). These 10 genes may play a relevant role in IR, giv-
en that NFkB (NFKB) and various cytokines have been
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Fig. 2. Protein-protein interaction network of genes with differen-
tial expression in Huh7-IR cells. Nodes represent genes and edges
represent the connections between them. Rectangles highlight the ten
core genes in the network, identified using the MCC (Maximal Clique
Centrality) algorithm in CytoHubba, a Cytoscape plugin. The color
scale used reflects the MCC scores of the genes, with nodes in red in-
dicating high centrality and nodes in yellow indicating low centrality.

Table 2. Expression of the genes that code for proteins of the insulin signaling pathway and of the genes that code for the

AMPK subunits.
Gen Huh7-IR" Huh7-IR+Metf*
logFC p-value logFC p-value
PI3K -2.09 <0.001 1.7 0.01
PDK1 -2.09 0.001 3.1 0.02
PDK?2 -3 <0.001 2.5 <0.001
AKT2 -1.8 <0.001 1.7 0.05
STK11 -0.7 0.05 0.6 0.007
PRKAAI -1.9 <0.001 23 0.05
PRKAA2 -2.5 0.01 2.5 <0.001
PRKABI -1.6 <0.001 1.6 0.09
PRKAB2 -2.6 <0.001 2.6 0.009
PRKAGI -1.5 0.003 1.6 0.03
PRKAG?2 -1.4 0.09 1.3 <0.001

Abbreviations: logFC, log-fold change; PDK, pyruvate dehydrogenase kinase; AKT2, AKT serine/threonine kinase 2; PI3K,
phosphatidylinosito-1-3-kinase; STK11, serine/threonine kinase 11; PRKAA, protein kinase AMP-activated catalytic subunit
alpha; PRKAB, PRKA subunit beta; PRKAG, PRKA subunit gamma. The p-values were obtained with the Bayes statistical
method. * Changes estimates respect to control Huh7 cells. ¥ Changes estimates respect to insulin resistant Huh7 cells.
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associated with IR development. Additionally, these genes
could be regulated by long non-coding RNAs (IncRNAs).
Subsequently, we analyzed the correlation between In-
cRNAs and mRNAs with differential expression in IR.
Notably, HOTAIR, PWRN2, and LINCMDI were posi-
tively correlated with genes encoding interleukins, while
showing a negative correlation with SIRT1, AKT2, and
genes encoding subunits of the AMPK protein (Figure 3).

3.3. Functional enrichment analysis

Functional enrichment analysis was performed us-
ing the Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) databases for the genes cor-
related with the selected IncRNAs. The results showed that
the up-regulated genes are involved in different pathways,
including cytokine-cytokine receptor interaction, Janus-
kinase/signal transducer and activator of transcription
(JAK-STAT), IR, phosphatidylinositol signaling system,
IL-17 signaling, and the toll-like receptor (TLR). Down-
regulated genes were found in different insulin signaling
pathways, such as AMPK, FOXO, insulin, glucagon and
PI3K-AKT (Figure 4A). Furthermore, we found that the
upregulated genes were associated with several biologi-
cal processes implicated in the inflammatory response,
including cytokine-mediated signaling pathways, cellular
responses to cytokine stimuli, cytokine responses, and cy-
tokine production. Conversely, the downregulated genes
were linked to lipid and carbohydrate metabolism, protein
phosphorylation, and insulin receptor signaling (Figure
4B). Remarkably, there is a notable alignment between
these biological processes and the molecular functions
involving the differentially expressed genes in IR (Figure
4C).

3.4. Validation of expression of the IncRNAs HOTAIR,
LINCMD1 and PWRN2

The IncRNAs HOTAIR, LINCMD1, and PWRN2 were
selected based on their significant upregulation observed
in the microarray data analysis of Huh7-IR cells compared
to Huh7-Ctrl cells (logFC > 1.5; p-adjusted < 0.05, to min-
imize false positives). Additionally, criteria for their selec-
tion included: 1) their association with key genes involved
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Fig. 3. IncRNA-mRNA coexpression network. Green rectangles
represent IncRNAs, and circles represent protein-coding genes. Blue
lines indicate positive correlations, while red dashed lines indicate
negative correlations. Genes grouped in red are associated with IR,
genes in green are related to insulin signaling, and genes in yellow
share relationships with both metabolic pathways.

IL-AT signaling pathway | ]
Paifwways in cancer n
Tolklikn receptor signaing pathway |
MTOR signaling patway n
Phosghasdyincasel signaing systom ]
Insuin conatanco "]
JAK-STAT signaing pasway | [ |
CySokine.cyloiking rocepior inleraction _—
PI3K-AKL gnaling paway | |
Ghucagon sgnating pattway | [
e |
Foxd signatng parwsy| [N
A sgniing paswy - [

2096128 4 0 4 & 1216 2
pmpme s
€]G0: Malecular function

tammatary rasgense - Gypinn tinsng -
Reg of s rodocion = e —
Pos. rog. of cylokine peoduction- = [ 7 -
Reg. of intorleukin-6 production - phteptusiyinashol.d pheephime 3 ke acivy -
Interteuknd production - | & 1ecepa g .
Interiouiin-3-modited sgraleg pathway - Sxraing ecephr bncing -
Rospense 1o eyiohing — okina sper binding -
Colulas respors o cylne st — e sy —
Cotuir glucosa homeostass | I -
Infuin roceptor sighaling pathway | I —
Famy aca metssch: piec. | - —
e, of carbanyarmle metatc: proc | ] —
Fany acid sompthetc poc. | SE—) hengraneyerteYiras e acvery |
otoin shisphoryiation | I
Uiekd metabobc prov | I, Frotee kease actuty | I
Colhiar g matsbei proc. AMP-scticated proten hisase scoory | I
Lipkd becaymihatic proc: = 1 i —
0 b4 IFEEE] R N

Fig. 4. Functional enrichment analysis of genes correlated with In-
cRNAs. A) KEEG pathway analysis: Upregulated genes (red) are
associated with inflammatory pathways including JAK-STAT, IL-
17, and TLR signaling. In contrast, downregulated genes (green) are
linked to metabolic pathways, such as PI3K-Akt, AMPK, and insulin
signaling. B) Gene ontology (GO) biological processes: Upregulated
genes are enriched in processes related to cytokine production and
response, whereas downregulated genes participate in lipid and carbo-
hydrate metabolism. C) GO molecular functions: Upregulated genes
exhibit cytokine activity, while downregulated genes demonstrate en-
zymatic activities, including kinases.

in metabolic and insulin signaling pathways, such as inter-
leukins, SIRT1, AKT2, and AMPK; 2) their relationship
with genes located near loci encoding interleukins, such as
IL-17A and IL-17F; and 3) their report, in previously pub-
lished original articles, of their relationship with metabolic
or inflammatory processes associated with IR.

The expression of the three selected IncRNAs was as-
sessed using RT-qPCR. Where HOTAIR expression was
found to be 3.7-fold higher in Huh7-IR cells compared to
Huh7-Ctrl cells (p < 0.001). Notably, treatment with met-
formin significantly reduced HOTAIR expression by 4.3-
fold in Huh7-IR+Metf cells compared to Huh7-1R cells (p
< 0.001). Similarly, LINCMD1 expression was 4.4-fold
higher in Huh7-IR cells compared to Huh7-Ctrl cells but
decreased significantly by 1.9-fold following metformin
treatment (p < 0.001). On the other hand, PWRN2 expres-
sion increased by 1.5-fold in Huh7-IR cells compared to
Huh7-Ctrl cells and decreased by 1.8-fold with metformin
treatment (Figure SA). These RT-qPCR results are congru-
ent with the trends observed in the microarray analysis
(data as described in Table 2) for all three IncRNAs (Fig-
ure 5B).

4. Discussion

In recent years, research has increasingly focused on
the relationship between IncRNAs and metabolic diseases,
not only exploring their expression but also their roles in
molecular and metabolic processes linked to these condi-
tions. Our group previously reviewed IncRNAs implicated
in insulin resistance, highlighting MALAT1, H19, MEG,
MIAT, and HOTAIR [3]. A recent review identified 33 In-
cRNAs involved in lipid metabolism and cardiovascular
disease risk, including MALAT1, NEAT1, MIAT, H19,
MEXIS, and GASS5 [13]. Similarly, several IncRNAs, such
as SRA, Bincl, MALAT1, Lfart, H19, and NEAT1, have
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Fig. 5. Expressions of IncRNAs HOTAIR, LINCMD1 and PWRN2
obtained by RT-qPCR. A) Relative expressions of HOTAIR, LINC-
MD1, and PWRN2 in control (Ctrl), insulin-resistant (IR), and met-
formin-treated insulin-resistant (IR+Metf) cells. All three IncRNAs
exhibit significant overexpression in IR cells, which is notably re-
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duced following metformin treatment. Data are mean =+ standard error
(**p < 0.001). B) Comparison of relative expression changes (fold
change) as determined by microarray analysis and RT-qPCR, demon-

strating concordance between the two methods.

been associated with non-alcoholic fatty liver disease [14].
Advancing our understanding of how IncRNAs contribute
to metabolic diseases is crucial for identifying therapeu-
tic targets, developing treatments, and improving diseases
monitoring and prognosis.

In this study, we utilized the Huh7 cell line to analyze
the differential expression of IncRNAs in IR and subse-
quent treatment with metformin. Huh7 cells internalize
glucose via the GLUT-2 transporter and activate the insu-
lin signaling pathway through AKT phosphorylation [15].
Previously, our working group established the IR model
in Huh7 cells, where exposure of cells to 10 mol/L insu-
lin reduced glucose uptake and glycogen synthesis, while
increasing intracellular lipids. Furthermore, decreased
expression of phosphorylated insulin receptor, AKT, and
pAMPK was observed in Huh7-IR compared to Huh7-
Ctrl, underscoring the utility of Huh7 cells for metabolic
assays in IR [12]. Hepatic IR is characterized by increased
adipogenesis, decreased B-oxidation, and elevated release
of triglycerides into circulation. Reduced AKT activation
leads to decreased glucose uptake, allowing FOXO1 to
promote gluconeogenesis while inhibiting glucose con-
sumption and GLUT-2 expression [1].

Patients with IR have been observed to exhibit elevat-
ed levels of apoB-48 and apoA-IV. Metformin reduces
IR by activating AMP-activated protein kinase (AMPK)
and stimulating glucagon-like peptide-1 (GLP-1), which
inhibits the production of apoB-48, apoA-1V, and triglyc-
erides (TG). Additionally, metformin inhibits complex I of
the mitochondrial respiratory chain, reducing ATP levels
and increasing AMP levels, thereby favoring AMPK ac-
tivation. This activation inhibits FOXO1 and suppresses
SREBP-Ic, leading to increase B-oxidation, reduced lipo-
genesis and TG levels [16]. The primary hypoglycemic
effect of metformin is attributed to AMPK pathway acti-
vation. However, alternative mechanisms have also been

proposed, including the enhancement of cellular redox
potential, inhibition of complex IV in the mitochondrial
respiratory chain, and binding to presenilin enhancer 2
(PEN2). These mechanisms inhibit v-ATPase, activate
AMPK from lysosomes, inhibit acetyl-CoA carboxylase
(ACC), and increase GLP-1 secretion, all of which con-
tribute to reduced lipid accumulation and lower blood
glucose levels [11]. Elevated TG levels and reduced glu-
cose consumption have been observed in cells with IR.
In contrast, treatment with metformin has been shown to
decrease TG levels and increase glucose uptake, as dem-
onstrated in studies involving HepG2 cells [20] and Huh7
cells [12] with IR.

The association of IncRNAs with IR, along with their
molecular mechanisms and involvement in metabolic path-
ways, has been documented [3]. Our study identified 109
upregulated and 127 downregulated IncRNAs in IR, while
with metformin treatment, the 109 IncRNAs that were up-
regulated in IR cells were found to be downregulated. Fur-
thermore, among the IncRNAs that were downregulated
in IR cells, only 60 of them were upregulated with met-
formin. Especially, the IncRNAs HOTAIR, LINCMDI,
and PWRN2 were found to be upregulated in IR cells
and were related to nearby genes involved in the insulin
signaling pathway. HOTAIR is implicated in hepatic IR
by potentially inhibiting AKT activation, thereby increas-
ing hepatic glucose production through the upregulation
of gluconeogenic enzymes, such as glucose-6-phosphate
dehydrogenase and phosphoenolpyruvate carboxykinase.
Studies have demonstrated that in HepG2 cells exposed to
elevated levels of TNFa, HOTAIR expression increases.
Additionally, HOTAIR inhibits SIRT1, a key regulator
of hepatic insulin sensitivity. This negative regulation of
SIRT1 by HOTAIR may disrupt the expression of genes
encoding effector proteins in the insulin signaling pathway,
contributing to elevated blood glucose levels, hepatic fatty
acids accumulation, and IR [9]. High levels of HOTAIR
in patients with type 2 diabetes (T2D) have been shown
to help discriminate uncontrolled comorbidities related to
the disease, suggesting its potential use as a biomarker for
prognosis or early diagnosis [10].

In our study, we observed a reduced expression of the
SIRT1 gene in Huh7-IR cells. However, treatment with
metformin upregulated SIRT1 expression. Metformin is
known to increase SIRT1 levels through AMPK activation.
SIRT1 plays a pivotal role in lipid metabolism by deacety-
lating FOXO1, thereby preventing lipid accumulation in
liver and adipocytes. Additionally, SIRT1 is believed to
positively regulate AMPK signaling, likely through liver
kinase B1 (LKB1) [18]. Based on our findings, we propose
that SIRT1 also modulates the expression of genes encod-
ing the catalytic subunit PRKAA and the non-catalytic sub-
units beta and gamma (PRKAB and PRKAG) of AMPK,
along with the kinase responsible for AMPK activation,
serine/threonine kinase 11 (STK11). Furthermore, SIRT1
interacts with the p85 adapter subunit of PI3K, enhancing
PKB/AKT phosphorylation and promoting downstream
insulin signaling [19]. Based on our results and interac-
tion network analyses, we suggest that SIRT1 may modu-
late the expression of genes encoding AMPK subunits and
key proteins such as PI3K/AKT2 in the insulin signaling
pathway. Notably, these genes displayed similar expres-
sion patterns in both Huh7-IR and Huh7-IR+Metf cells.
Our findings therefore suggest that HOTAIR negatively
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regulates SIRT1, resulting in the dysregulation of multiple
proteins involved in insulin signaling.

On the other hand, HOTAIR plays a pivotal role in the
inflammatory response. Recent studies have shown that
overexpression of HOTAIR inhibits the NFkB inhibitor
alpha (IkBa), enabling NF«B to translocate to the nucleus
and drive the transcription of proinflammatory cytokines
[20]. Additionally, elevated HOTAIR expression has been
linked to diabetes and its comorbidities. For example, in
diabetic nephropathy, upregulation of HOTAIR has been
observed in the podocytes of diabetic mice, with NF«xB
as a mediator [21]. In T2D, an intriguing relationship has
been identified between HOTAIR upregulation, increased
levels of proinflammatory cytokines, and decreased ex-
pression of SIRT1 [22]. Based on these findings and inter-
action network analyses, we infer that HOTAIR contrib-
utes to hepatic IR by downregulating SIRT1, upregulating
NF«B, and promoting the secretion of proinflammatory
cytokines associated with IR development.

Our analysis revealed that the LINCMD1 gene is locat-
ed near the loci encoding IL17A, a key player in immune
responses. IL17A-IL17F haplotypes have been identified
as risk factors for the development of hip and knee osteoar-
thritis [23]. Moreover, IL17A has been shown to promote
the production of inflammatory cytokines, including IL1,
IL6, and TNFa. Additionally, it activates mitogen-acti-
vated protein kinases and the NFkB inhibitor, ultimately
promoting NFkB activation [24]. These observations sug-
gest that LINCMD1 may influence the molecular effects
mediated by IL17A and IL17F [29]. Specifically, we found
that IL17A expression increased in Huh7-IR cells (logFC
=0.9), but significantly decreased in Huh7-IR+Metf cells.

Recently, in a lipopolysaccharide-treated retinal pig-
mented epithelium cell line, PWRN2 overexpression was
found to promote NF«B activation by interacting with its
inhibitor (NFKBIA or NFKBI), thereby enhancing NFxB
signaling and increasing proinflammatory cytokine pro-
duction. Conversely, downregulation of PWRN2 inhibited
NF«B activation [25]. Therefore, we propose that PWRN2
may play a role in IR through its ability to activate NFkB,
a key regulator of inflammation.

Furthermore, we identified differential gene expression
in IR and found that genes associated with the selected
IncRNAs are involved in IL-17, AMPK, and TLR signal-
ing pathways, as well as IR. Our gene interaction network
analysis suggests that inflammatory effector molecules
play a crucial role in the development of IR development.
Previous studies have shown that IL-1f, IL-6, TNF-a, and
its transcription factor NFkB, contribute to IR by inhibit-
ing INSR and insulin receptor substrate 1 (IRS1) phos-
phorylation through JAK/STAT pathway activation, which
induces the expression of suppressor of cytokine signaling
3 (SOCS-3), potentially blocking insulin signaling [1, 26].

The critical role of lipids in the development of IR has
also been well-documented. In our study, we observed
abundant lipid droplets in Huh7-IR cells, supported by
elevated TG levels. Fatty acids are known to trigger in-
flammation through both TLR-dependent and independent
mechanisms, particularly by activating TLR4, which initi-
ates NFkB-mediated transcription of inflammatory cyto-
kines. These cytokines, in turn, activate kinases such as
JNK and PKC, leading to the phosphorylation of serine
residues on INSR, thereby impairing the insulin signaling
pathway [2, 27].

As previously mentioned, HOTAIR negatively regu-
lates SIRT1, a key modulator of hepatic insulin sensitivity.
Additionally, the three IncRNAs —HOTAIR, LINCMDI,
and PWRN2- contribute to the inflammatory response by
enhancing the activation of NFxB, a molecule that pro-
motes IR by inhibiting INSR and IRS1 [1, 26]. Further
research is required to evaluate the role of the hepatic in-
flammatory response associated with the overexpression
of HOTAIR, LINCMD1, and PWRN2 and its impact on
the development of insulin resistance. Our findings show
that metformin significantly modulates the expression of
IncRNAs, including LINCMD1, PWRN2, and HOTAIR,
as well as mRNAs associated with IR that are upregulated
under IR conditions. Metformin achieves this by activat-
ing AMPK, which in turn enhances the activity of several
epigenetic modifying enzymes, such as histone acetyl-
transferases, class II histone deacetylases like SIRTI,
and DNA methyltransferases [28]. Furthermore, differ-
ential DNA methylation has been observed in individu-
als with T2D treated with metformin, with reports of 36
hypermethylated and 21 hypomethylated IncRNAs, link-
ing hypermethylated IncRNAs to diabetic peripheral neu-
ropathy [29]. Another study demonstrated that metformin
downregulates the expression of HOTAIR and epithelial-
mesenchymal transition markers, while also affecting the
methylation of CpG islands within the HOTAIR promoter
[30].

Our results have promising clinical implications.
Monitoring these IncRNAs in insulin-resistant patients
could serve as valuable biomarkers for evaluating treat-
ment efficacy, such as with metformin, and could aid in
personalizing therapies and tracking disease progression.
Moreover, nucleic acid-based therapies, including anti-
sense oligonucleotides (ASOs), small interfering RNAs
(siRNAs), and microRNAs (miRNAs), offer the potential
to directly target mRNAs and noncoding RNAs (ncRNAs)
[31], including IncRNAs [16]. In the future, siRNAs could
be employed to reduce the expression of HOTAIR, LINC-
MD1, or PWRN?2, thereby improving insulin sensitivity.
Furthermore, specific patient groups, such as those with
early-stage T2D, obesity-related IR, or resistance to con-
ventional treatments, may benefit most from these inno-
vative strategies. Future research should prioritize these
populations to facilitate the clinical translation of these
findings.

The overexpression of HOTAIR, LINCMDI, and
PWRN?2 in insulin-resistant Huh7 cells, and their reduc-
tion with metformin, suggests these IncRNAs play a role
in the metabolic dysregulation of insulin resistance. While
these findings align with prior studies on IncRNA regula-
tion of glucose metabolism, limitations include the use of
Huh7 cells, which do not fully replicate in vivo complex-
ity or systemic interactions. Future research should vali-
date these results in animal models or clinical samples and
explore varying metformin treatments to better understand
their therapeutic potential.

5. Conclusion

We conclude that the deregulation of IncRNAs, such
as HOTAIR, LINCMDI1, and PWRN2, contributes to
hepatic insulin resistance by affecting inflammation and
insulin signaling. Metformin mitigates these effects by re-
ducing IncRNA expression and activating AMPK, which
enhances glucose uptake, decreases lipid accumulation,
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and restores SIRT1 expression. These findings underscore
the therapeutic potential of targeting IncRNAs and epigen-
etic pathways in insulin resistance and related metabolic
disorders. Future research should focus on the molecular
interplay between IncRNAs, SIRT1, and key signaling
pathways to develop targeted interventions for IR, T2D,
and their complications.
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