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Background: Insulin resistance (IR) is a pivotal pathological feature in the development of type 2 diabetes mellitus (T2DM).
MicroRNA-199a (miR-199a) has been implicated in various metabolic disorders, but its precise role and mechanism in hepatic IR
remain largely unexplored. This study aimed to investigate the role of miR-199a in IR and inflammation and to determine whether its
effects are mediated through DDIT4 and the PI3K/AKT pathway.

Methods: An in vitro IR model was established in HepG2 cells using palmitic acid, and an in vivo T2DM model was induced in mice
using a high-fat diet combined with streptozotocin injection. Functional assays, including glucose uptake and ELISA, were employed
to assess metabolic and inflammatory responses. The interaction between miR-199a and its putative target, DDIT4, was validated by
luciferase reporter and RNA immunoprecipitation assays. Key proteins in the PI3K/AKT signaling pathway were analyzed by Western
blotting.

Results: We found that miR-199a was significantly upregulated, while DDIT4 was downregulated in both IR HepG2 cells and
diabetic mice. Mechanistically, we identified DDIT4 as a direct target of miR-199a. Knockdown of miR-199a ameliorated insulin
resistance and suppressed inflammation, whereas concomitant depletion of DDIT4 abolished these protective effects. Furthermore,
miR-199a inhibition activated the PI3K/AKT pathway, as evidenced by increased phosphorylation of PI3K, AKT, and AS160, and
decreased phosphorylation of FOXO1. These signaling changes were also dependent on DDIT4. In vivo, inhibition of miR-199a
improved glucose homeostasis, attenuated systemic inflammation, and activated pancreatic PI3K/AKT signaling in T2DM mice.
Conclusion: Our findings reveal a novel miR-199a/DDIT4 axis that regulates insulin sensitivity and inflammation via the PI3K/AKT
pathway, suggesting miR-199a as a potential therapeutic target for T2DM.
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Introduction

Type 2 diabetes mellitus (T2DM), characterized by chronic hyperglycemia, accounts for approximately 90% of all
diabetes cases and represents a major global health burden due to its severe complications, including vascular disease,
retinopathy, and nephropathy.'™ The pathogenesis of T2DM is complex, with insulin resistance (IR) serving as a core
pathological feature.>® IR manifests as diminished insulin sensitivity in key metabolic tissues—such as liver, muscle, and
adipose tissue—disrupting glucose and lipid homeostasis and ultimately leading to T2DM onset.” Notably, a state of
chronic, low-grade inflammation is intricately linked to the development and progression of both IR and T2DM.*’
Therefore, elucidating the underlying molecular mechanisms of IR and inflammation is crucial for the development of
novel therapeutic strategies.

MicroRNAs (miRNAs), small non-coding RNAs of 18-24 nucleotides, function as key post-transcriptional regulators
of gene expression and are implicated in diverse biological processes, including metabolism.'®'* Accumulating evidence
highlights their pivotal roles in modulating insulin signaling and IR. For instance, miR-125b-5p enhances insulin
sensitivity by targeting DACT1 and suppressing the INK pathway,'® while miR-221 impairs glucose uptake by inhibiting
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the PI3K/AKT/GLUT4 axis.'"* Conversely, miR-122-5p exacerbates IR by suppressing the PI3K/Akt pathway via
targeting IGF-1R."®> Furthermore, circulating levels of miR-29a have been correlated with IR and inflammatory markers
in obese individuals with and without T2DM,'® underscoring the clinical relevance of miRNAs in metabolic disease.

Among the numerous miRNAs, miR-199a has been investigated in various pathological contexts, such as neurode-
generative and cardiovascular diseases.'”'? Critically, a clinical study reported that miR-199a is upregulated in the
serum of patients with T2DM,*® suggesting a potential role in this metabolic disorder; however, its specific function and
mechanistic involvement in T2DM-associated IR and inflammation remain unexplored. DNA Damage Inducible
Transcript 4 (DDIT4), a stress-responsive protein, has emerged as a regulator of cellular metabolism and is known to
interact with key signaling pathways, including the PI3K/AKT pathway, which is central to insulin action.*'-*?
Dysregulation of the PI3K/AKT pathway is a hallmark of IR. Thus, we hypothesized that miR-199a might contribute
to the pathogenesis of T2DM by targeting DDIT4 and consequently disrupting the PI3K/AKT signaling pathway.

In the present study, we aimed to investigate the functional role of miR-199a in IR and inflammation using both
in vitro (palmitic acid-treated HepG2 cells) and in vivo (high-fat diet/streptozotocin-induced T2DM mice) models. Our
findings provide the first evidence that miR-199a promotes IR and inflammation by directly targeting DDIT4 and
inhibiting the PI3K/AKT pathway, positioning miR-199a as a potential novel therapeutic target for T2DM.

Methods

Ethical Statements

The experimental protocol was approved by the Institutional Animal Care Use Committee of the Ningbo No.2 Hospital
(approval no: 2156798). All procedures were conducted in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Materials and methods

HFD/STZ-Induced T2DM Mouse Model

A total of 18 male C57BL/6J mice (5 weeks old, specific pathogen-free grade) were purchased from Shanghai Laboratory
Animal Center. Mice were housed under standard conditions (12 h light/dark cycle, 22 + 2°C, 50-60% humidity) with ad
libitum access to food and water. Mice were randomly divided into three groups (n=6 per group) using a computer-
generated random number table: 1) Control group: fed a normal chow diet throughout the experiment. 2) T2DM group:
fed a High-Fat Diet (HFD; 60% fat, 20% protein, 20% carbohydrate; Research Diets, D12492) for 4 weeks, followed by
intraperitoneal injection of 40 mg/kg streptozotocin (STZ; Sigma-Aldrich) in citrate buffer (pH 4.5) for 4 consecutive
days after a 6 h fast. 3) T2DM + miR-199a inhibitor group: Underwent identical T2DM induction as the T2DM group.
One week after STZ injection, following the confirmation of stable diabetes (fasting blood glucose >11.1 mmol/l), mice
in this group received intravenous injection of miR-199a inhibitor (5 mg/kg, RiboBio) via the tail vein every 2 weeks for
6 weeks.

One week after STZ injection, mice with fasting blood glucose >11.1 mmol/l were considered diabetic and included
in the study. The sample size was determined based on previous studies investigating similar metabolic parameters in this
model, providing >80% power to detect a 30% difference in fasting blood glucose with 0=0.05. Investigators performing
outcome assessments (eg, glucose measurements, tissue analysis) were blinded to group assignments throughout the
experiment.

At the end of the 6-week intervention period, mice were euthanized by intraperitoneal injection of an overdose of
sodium pentobarbital (200 mg/kg). Death was confirmed by the absence of a heartbeat for 10 minutes and respiratory
arrest, in accordance with the AVMA Guidelines for the Euthanasia of Animals (2020 Edition). Pancreatic tissues were
immediately collected, labeled, and stored at —80°C for subsequent analysis.

Cell Culture and Treatment
Human hepatocellular carcinoma cells (HepG2) were obtained from Procell Life Science and Technology Co., Ltd. Cells
were authenticated by short tandem repeat (STR) profiling and tested monthly for mycoplasma contamination. Cells were
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maintained in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) containing 10% fetal bovine serum (FBS; Gibco),
100 U/mL penicillin, and 100 pg/mL streptomycin at 37°C in a humidified 5% CO2 incubator.

Establishment of an in vitro IR Model and Cell Transfection

An insulin resistance (IR) model was established in HepG2 cells using palmitic acid (PA; Sigma-Aldrich) as previously
described with modifications. PA was conjugated with fatty acid-free bovine serum albumin (BSA; Sigma-Aldrich) at
a 6:1 molar ratio. Cells were treated with PA at concentrations of 0, 150, 250, and 350 uM for 24 h. Based on glucose
uptake results, 250 uM PA was selected for subsequent experiments. Cells were divided into four groups: Control
(untreated), IR (PA-treated), IR + miR-199a inhibitor (transfected with 50 nM miR-199a inhibitor), and IR + miR-199a
inhibitor + shDDIT4 (co-transfected with miR-199a inhibitor and DDIT4-specific shRNA). All transfections were
performed using Lipofectamine 2000 (Invitrogen) according to manufacturer’s instructions, with efficiency verified by
RT-qPCR 48 h post-transfection.

Elisa

Levels of inflammatory cytokines (TNF-a, IL-6, and IL-1p) in serum and cell culture supernatant were measured using
commercial ELISA kits (R&D Systems) according to the manufacturer’s protocols. All samples were measured in
duplicate, and absorbance was read at 450 nm using a microplate reader (BioTek).

Homeostasis Model Assessment of Insulin Resistance (HOMA-IR)

HOMA-IR was calculated using the formula: HOMA-IR = [fasting insulin (uU/mL) x fasting glucose (mmol/1)]/22.5.
Fasting insulin was measured using a mouse insulin ELISA kit (Crystal Chem), and fasting glucose was determined
using a glucometer (Accu-Chek). HOMA-IR values were interpreted as follows: <3 (normal), 3—5 (moderate insulin
resistance), >5 (severe insulin resistance).

Glucose Uptake Assay

Glucose uptake was assessed using 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG;
Cayman Chemical). Briefly, after respective treatments, cells were starved in glucose-free DMEM for 4 h, stimulated
with or without 100 nM insulin for 10 min, then incubated with 200 pM 2-NBDG in PBS for 30 min at 37°C.
Fluorescence intensity was measured using a fluorescence microscope (Olympus) and quantified with Image-Pro Plus
6.0 software.

Cell Viability Assay (MTT)

Cell viability was assessed using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich).
Cells were seeded in 96-well plates (5x10° cells/well) and treated with various concentrations of PA (0-350 uM) for
24 h. MTT solution (0.5 mg/mL) was added to each well and incubated for 4 h. The formazan crystals were dissolved in
DMSO, and absorbance was measured at 570 nm using a microplate reader.

Reverse Transcription-Quantitative PCR

Total RNA was extracted using TRIzol reagent (Invitrogen). RNA quality and concentration were determined using
Nanodrop 2000 (Thermo Fisher). cDNA was synthesized using PrimeScript RT reagent kit (Takara). qPCR was
performed using SYBR Green Master Mix (Applied Biosystems) on a 7500 Real-Time PCR System (Applied

2—AACt

Biosystems). The method was used for relative quantification with B-actin as internal control for mRNA and

U6 for miRNA. Primer sequences are listed in Table 1.

Histological and Protein Analysis

Pancreatic tissues were processed for both histological examination and protein extraction. For histology, tissues were fixed in
4% paraformaldehyde for 24 h, embedded in paraffin, and sectioned at 5 um thickness. Sections were deparaffinized,
rehydrated, and stained with hematoxylin and eosin (H&E) following standard protocols. Histopathological changes were
evaluated by two independent pathologists blinded to the experimental groups. For Western blot analysis, separate portions of
the pancreatic tissues were homogenized, and total protein lysates were prepared to assess the levels of PI3K/AKT pathway
proteins.
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Table | Primer Sequences

Target Sequence, 5'-3’

miR-199a

Forward ACAGTAGTCTGCACATTGGTTA

Reverse GGCGGACAGTAGTCTGCACAT

DDIT4

Forward GGATGGGGTGTCGTTGCCCG

Reverse GGCAGCTCTTGCCCTGCTCC

ué

Forward GCTTCGGCAGCACATATACTAAAAT

Reverse CGCTTCACGAATTTGCGTGTCAT

B-actin

Forward GCTCTTTTCCAGCCTTCCTT

Reverse AGGTCTTTACGGATGTCAAGG

Luciferase Reporter Assay

The wild-type (WT) and mutant (Mut) 3’UTR sequences of DDIT4 containing the putative miR-199a binding site were
synthesized and cloned into pmirGLO Dual-Luciferase vector (Promega). HepG2 cells were co-transfected with either
DDIT4-WT or DDIT4-Mut reporter plasmid along with miR-199a mimic or negative control using Lipofectamine 2000.
Luciferase activities were measured 48 h post-transfection using Dual-Luciferase Reporter Assay System (Promega).

Firefly luciferase activity was normalized to Renilla luciferase activity.

RNA Immunoprecipitation (RIP) Assay

The RIP assay was performed using the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore)
according to manufacturer’s instructions. Briefly, cell lysates were incubated with magnetic beads conjugated with anti-
Ago?2 antibody (ab186733, Abcam) or normal mouse IgG (negative control) overnight at 4°C. The immunoprecipitated
RNA was extracted and analyzed by RT-qPCR for miR-199a and DDIT4 mRNA enrichment.

Statistical Analysis

Data are presented as mean =+ standard deviation (SD) from at least three independent experiments. Statistical analysis
was performed using GraphPad Prism 9.0. Normality of data distribution was assessed using Shapiro—Wilk test. For
comparisons between two groups, unpaired two-tailed Student’s #-test was used. For multiple group comparisons, one-
way ANOVA followed by Tukey’s post hoc test was applied. P < 0.05 was considered statistically significant.

Results

Establishment of an in vitro Insulin Resistance Model in HepG2 Cells Using Palmitic
Acid

To establish a reliable cellular model of insulin resistance (IR), HepG2 cells were treated with increasing concentrations of
palmitic acid (PA). Cell viability assays confirmed that PA concentrations up to 250 pM did not significantly affect cell viability,
whereas 350 uM exhibited cytotoxicity and was excluded from subsequent experiments (Figure 1A). To validate the IR model,
glucose uptake was assessed with or without insulin stimulation. Insulin (100 nM) significantly enhanced glucose uptake in
control cells, confirming the insulin sensitivity of the assay (Figure 1B). Treatment with 250 uM PA markedly attenuated insulin-
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Figure | Establishment of the HepG2-IR cell model using PA. (A) MTT assays were used to assess the viability of HepG2 cells treated with 0, 150, 250, or 350 uM PA. (B)
Glucose uptake was detected in HepG2 cells treated with 0, 150, or 250 uM PA with or without insulin (100 pM). *P<0.05, **P<0.01. Data are from three independent
experiments and presented as mean * SD. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test.

Abbreviations: IR, insulin resistance; PA, palmitic acid.

stimulated glucose uptake, indicating the successful induction of insulin resistance. Therefore, 250 uM PA was selected for
establishing the in vitro IR model in all subsequent experiments.

Knockdown of miR-199a Alleviates Insulin Resistance and Inflammation in HepG2
Cells

To investigate the functional role of miR-199a in IR, we first successfully knocked down miR-199a in HepG2 cells using
a specific inhibitor, as confirmed by RT-qPCR (Figure 2A). Induction of IR significantly upregulated miR-199a expression,
and this increase was effectively reversed by miR-199a knockdown (Figure 2B). Functionally, miR-199a inhibition signifi-
cantly restored the impaired glucose uptake observed in IR cells (Figure 2C). Furthermore, the PA-induced elevation in the
secretion of pro-inflammatory cytokines (TNF-a, IL-6, and IL-1P) was markedly suppressed by miR-199a knockdown
(Figure 2D). Having established the protective effects of miR-199a knockdown, we next sought to elucidate the underlying
molecular mechanism. Given the central role of the PI3K/AKT pathway in insulin signaling, we examined its activation status.
Western blot analysis revealed that IR suppressed the phosphorylation of PI3K, AKT, and its downstream target AS160, while
promoting the phosphorylation of FOXO1, a transcription factor that negatively regulates insulin sensitivity. Notably, miR-
199a knockdown effectively restored PI3K/AKT/AS160 signaling and normalized p-FOXO1 levels (Figure 2E). These results

demonstrate that miR-199a knockdown alleviates IR, inflammation, and associated signaling disturbances in HepG2 cells.

DDIT4 is a Direct Functional Target of miR-19%9a

To unravel the mechanism by which miR-199a regulates IR, we employed bioinformatic analysis (StarBase) to predict its
potential targets. DNA-damage-inducible transcript 4 (DDIT4) was identified as a putative target, with a complementary
binding site for miR-199a in its 3’-untranslated region (UTR) (Figure 3A). Overexpression of miR-199a using mimics
was confirmed by RT-qPCR (Figure 3B). A luciferase reporter assay was performed to validate direct binding. MiR-199a
overexpression significantly reduced the luciferase activity of a vector containing the wild-type (WT) DDIT4 3’UTR, but
not a vector with a mutated (Mut) binding site (Figure 3C). This specific interaction was further corroborated by an RNA
immunoprecipitation (RIP) assay, which showed significant enrichment of both miR-199a and DDIT4 mRNA in Ago2-
containing complexes compared to the IgG control (Figure 3D). The knockdown efficiency of shDDIT4 was verified
(Figure 3E). Most importantly, inhibition of miR-199a led to a significant increase in both DDIT4 mRNA and protein
levels. Conversely, this upregulation was abolished when DDIT4 was concurrently knocked down (Figure 3F—H). These
data conclusively demonstrate that miR-199a directly targets and negatively regulates DDIT4 expression.
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Figure 2 Knockdown of miR-199a exerts anti-IR effects in HepG2 cells. (A) MiR-199a expression was measured by Reverse transcription-quantitative PCR in cells
transfected with miRNA inhibitor or miR-199a inhibitor. HepG2 cells were divided into Control, IR, and IR+miR-199a inhibitor groups. (B) Reverse transcription-
quantitative PCR was used to detect the expression of miR-199a. (C) Glucose uptake was detected in HepG2 cells. (D) TNF-q, IL-6, and IL-1p levels were detected using
ELISA in HepG2 cells. (E) Western blot analysis of the indicated proteins (p-PI3K, PI3K, p-AKT, AKT, p-AS160, AS160, p-FOXOI, FOXOI) in HepG2 cell lysates. *P<0.05,
**P<0.01. Data are from at least three independent experiments and presented as mean * SD. Statistical significance was determined by one-way ANOVA with Tukey’s post
hoc test.

Abbreviations: IR, insulin resistance; miR, microRNA.

The Protective Effects of miR-199a Knockdown are Mediated Through DDIT4

We then investigated whether DDIT4 is the critical mediator through which miR-199a influences IR. In IR cells, DDIT4
expression was suppressed, and this suppression was reversed by the miR-199a inhibitor. Co-transfection with shDDIT4
effectively blocked this restorative effect (Figure 4A), confirming the miR-199a/DDIT4 regulatory axis. Functionally, the
improvement in glucose uptake conferred by miR-199a inhibition was nullified upon DDIT4 knockdown (Figure 4B).
Similarly, the anti-inflammatory effects of the miR-199a inhibitor (reduced TNF-a, IL-6, and IL-1p) were significantly
attenuated by shDDIT4 co-transfection (Figure 4C-E). At the signaling level, the beneficial effects of miR-199a
knockdown on the PI3K/AKT pathway (increased p-PI3K, p-AKT, p-AS160 and decreased p-FOXO1) were all
effectively reversed by DDIT4 depletion (Figure 4F). These results establish that the amelioration of IR and inflammation
by miR-199a knockdown is functionally dependent on its target, DDIT4.
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Abbreviations: miR, microRNA; UTR, untranslated region; RIP, RNA immunoprecipitation; sh, short hairpin.

Inhibition of miR-199a Ameliorates Insulin Resistance and Inflammation in T2DM Mice
via the PI3K/AKT Pathway

The in vivo relevance of our findings was investigated using a high-fat diet/streptozotocin (HFD/STZ)-induced T2DM
mouse model. Histological analysis of pancreatic tissues revealed significant pathological lesions in T2DM mice, which
were alleviated by miR-199a inhibitor treatment (Figure 5A). Consistent with our cellular data, miR-199a expression was
significantly elevated in the pancreatic tissues of T2DM mice, and this was normalized by the inhibitor (Figure 5B). The
diabetic mice exhibited hallmark metabolic disturbances, including hyperglycemia, hyperinsulinemia, and a high
HOMA-IR index, all of which were significantly improved by miR-199a inhibition (Figure 5C and E). Levels of
systemic inflammatory cytokines (TNF-a, IL-6, IL-1p) were also increased in T2DM mice and reduced by the treatment
(Figure SF). Finally, we confirmed that the in vivo benefits were associated with the modulation of the PI3K/AKT
pathway in pancreatic tissue. The T2DM-induced suppression of p-PI3K, p-AKT, and p-AS160, and the elevation of
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HepG2 cell lysates. *P<0.05, **P<0.01, ***P<0.001. Data are from at least three independent experiments and presented as mean + SD. Statistical significance was
determined by one-way ANOVA with Tukey’s post hoc test.

Abbreviations: miR, microRNA; sh, short hairpin.

p-FOXOI, in pancreatic lysates were all significantly reversed by miR-199a inhibitor treatment (Figure 5G). These
in vivo results strongly support the conclusion that miR-199a knockdown alleviates T2DM-associated IR and inflamma-
tion, at least in part, through activation of the pancreatic PI3K/AKT pathway.

Discussion
In the present study, we identified a novel regulatory axis in which miR-199a promotes insulin resistance and
inflammation by directly targeting and suppressing DDIT4, thereby inhibiting the PI3K/AKT signaling pathway. Our
findings from both PA-induced HepG2 cells and HFD/STZ-induced diabetic mice consistently demonstrate that knock-
down of miR-199a effectively ameliorates key pathological features of T2DM, including impaired glucose uptake,
systemic inflammation, and defective insulin signaling.

The critical role of miRNAs in metabolic homeostasis is well-established, with numerous studies implicating them in
insulin secretion, glucose metabolism, and inflammatory responses.”® For instance, miR-221 modulates pancreatic p-cell
function by targeting PAK1,* and miR-92a promotes insulin secretion by repressing KLF2.%*> Furthermore, systemic
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presented as mean * SD. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test.

Abbreviations: miR, microRNA; T2DM, type 2 diabetes mellitus; HOMA-IR, Homeostasis of model assessment-insulin resistance.

inhibition of miR-101-3p has been shown to mitigate inflammation and enhance B-cell survival.*® Our study adds to this
growing body of evidence by identifying miR-199a, which was previously reported to be upregulated in patients with
T2DM,?° as a key contributor to hepatic insulin resistance and inflammation. The consistent protective effects observed upon
its knockdown in both our in vitro hepatic model and in vivo pancreatic context underscore its potential pathogenic role.

A pivotal finding of our research is the identification of DDIT4 as a direct and functional target of miR-199a. While miR-199a
has been studied in cancer and other pathologies,>’ > its role in T2DM remained unexplored. Through luciferase reporter and
RIP assays, we conclusively demonstrated that miR-199a binds to the 3’UTR of DDIT4 mRNA and negatively regulates its
expression. DDIT4, a stress-responsive protein, has emerging links to metabolic disease. Its expression is decreased in
hyperlipidemia patients with dysregulated insulin sensitivity,’! and it is involved in protecting B-cells under high-glucose
stress.”> Our data align with these observations, showing that DDIT4 is downregulated in IR HepG2 cells and that its silencing
completely abrogates the beneficial effects of miR-199a inhibition on glucose uptake and inflammation. This establishes the
miR-199a/DDIT4 axis as a central mechanism in the pathology we observed.

The downstream effects of this axis converge on the PI3K/AKT pathway, a master regulator of insulin signaling and
glucose metabolism. We found that the amelioration of IR by miR-199a knockdown was associated with the reactivation
of this pathway, as evidenced by increased phosphorylation of PI3K, AKT, and its downstream effector AS160—a
critical regulator of GLUT4 translocation.*® Concurrently, we observed a reduction in the phosphorylation of FOXOI,
a transcription factor that promotes gluconeogenic gene expression when active. This dual modulation of the PI3K/AKT/
AS160 and PI3K/AKT/FOXO1 branches effectively explains the improved insulin sensitivity at a molecular level.”**
Our work thus positions miR-199a as an upstream negative regulator of this crucial pathway in the context of T2DM.

Our findings also have significant translational implications. The detectable dysregulation of miR-199a in serum®’
suggests its potential utility as a novel biomarker for predicting insulin resistance and monitoring inflammatory status in
T2DM patients. Therapeutically, the efficacy of miR-199a inhibition in our models highlights its potential as a drug target. The
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Figure 6 Schematic diagram of the proposed mechanism. Downregulation of miR-199a leads to upregulation of DDIT4, which inhibits the PI3K/AKT signaling pathway,
resulting in improved insulin resistance (IR) and reduced inflammation.

development of antisense oligonucleotides (anti-miRs) or other nucleic acid-based therapeutics to silence miR-199a could
represent a promising strategy for T2DM treatment, akin to approaches being explored for other metabolic miRNAs.*®

Despite these promising findings, our study has several limitations that warrant discussion. First, the sample size in our animal
studies, while common for exploratory mechanistic work, was relatively small. Future studies with larger cohorts would
strengthen the statistical power and robustness of our in vivo conclusions. Second, while HepG2 cells are a standard model
for hepatic IR, confirming our findings in primary human hepatocytes would enhance the physiological relevance. Third, as with
any miRNA knockdown approach, we cannot fully rule out potential off-target effects, although the rescue experiments with
shDDIT4 strongly argue that the observed phenotypes are primarily mediated through DDIT4. Most importantly, the clinical
relevance of this axis remains to be validated in human samples.

Conclusion

In conclusion, our study provides compelling preclinical evidence that miR-199a knockdown alleviates insulin resistance
and inflammation in both hepatic cells and pancreatic tissue by directly targeting DDIT4 and subsequently activating the
PI3K/AKT pathway. These findings delineate a novel miR-199a/DDIT4 regulatory axis that serves as a critical link in the
pathogenesis of T2DM (Figure 6).

Beyond the mechanistic insight, our work underscores the translational potential of miR-199a. Its detectable
upregulation in clinical settings positions it as a promising candidate biomarker for insulin resistance. Furthermore,
the efficacy of miR-199a inhibition in our models highlights its potential as a therapeutic target for T2DM, warranting the
future development of targeted oligonucleotide-based strategies.

It is important to acknowledge that these conclusions are derived from cell line and mouse models, and their clinical
applicability requires future validation in human studies. Prior to any therapeutic application, essential next steps include
validating this axis in human primary cells and tissues, assessing the efficacy and safety of miR-199a silencing in higher-
order animal models, and investigating the upstream regulators that control miR-199a expression in the metabolic context.

This work not only deepens our understanding of T2DM pathophysiology but also unveils a potential new avenue for
biomarker development and targeted therapy.
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