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A B S T R A C T

Excessive autophagy has been implicated in the pathogenesis of necrotizing enterocolitis (NEC), yet the mo-
lecular underpinnings of the autophagy-lysosomal pathway (ALP) in NEC are not well characterized. This study 
aimed to elucidate alterations within the ALP in NEC by employing RNA sequencing on intestinal tissues ob-
tained from affected infants. Concurrently, we established animal and cellular models of NEC to assess the 
therapeutic efficacy of itaconic acid (ITA). Our results indicate that the ALP is significantly disrupted in NEC. 
Notably, ITA was found to modulate the ALP, enhancing autophagic flux and lysosomal function, which 
consequently alleviated NEC symptoms. Further analysis revealed that ITA’s beneficial effects are mediated 
through the promotion of TFEB nuclear translocation, thereby augmenting the ALP. These findings suggest that 
targeting the ALP with ITA to modulate TFEB activity may represent a viable therapeutic approach for NEC.

1. Introduction

Necrotizing enterocolitis (NEC) is a devastating neonatal gastroin-
testinal condition that can progress rapidly from initial symptoms to 
severe illness and death within 24–48 h of onset [1,2]. Clinical diagnosis 
of NEC is confirmed through the identification of pneumatosis intesti-
nalis, portal venous gas, or by direct visualization of the bowel during 
surgery [1]. Currently, pharmacological options are limited, with 

surgical treatment remaining the predominant therapeutic approach [1,
3–5]. However, the postoperative period is fraught with complications 
such as intestinal strictures, adhesions, cholestasis, short bowel syn-
drome, dysplasia, and neurodevelopmental delays [2,6]. There is an 
urgent need to better understand the pathogenic mechanisms of NEC to 
develop more potent treatments.

Emerging evidence suggests that abnormal autophagy is associated 
with bowel inflammation, as seen in NEC, which is characterized by 
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impaired mucosal healing [7]. Autophagy, an intracellular 
lysosome-dependent degradation process, is crucial for maintaining 
cellular homeostasis and is often referred to as the autophagy-lysosomal 
pathway (ALP) [8–10]. Lysosomes, organelles responsible for degrada-
tion, play a key role in autophagy by breaking down intracellular 
components [11]. Transcription factor EB (TFEB), a key transcriptional 
factor of the ALP [8], was originally identified as a modulator of lyso-
somal biogenesis and degradation [12]. Several diseases have been 
linked to lysosomal dysfunction and alterations in autophagy [11,
13–15]. For instance, NEC induction leads to excessive autophagy and 
lysosomal overload, resulting in lysosomal membrane permeabilization 
and rupture, ultimately causing cell death [16].

Autophagy is intricately linked to cellular metabolism [11]. Metab-
olomic studies of Ras-expressing cancer cells have demonstrated that 
autophagy is essential for maintaining tricarboxylic acid (TCA) cycle 
metabolites [17]. Notably, citrate, aconitate, and isocitrate, all mito-
chondrially formed, are downregulated, suggesting that autophagy 
significantly contributes to TCA metabolites. Itaconic acid (ITA), pro-
duced via the TCA cycle by the decarboxylation of cis-aconitic acid by 
ACOD1 (also known as immune response gene 1 [IRG1]) [18,19], con-
nects metabolism, oxidative stress, immune response and inflammation. 
ITA has been shown to modify Cys212 of TFEB, disrupt TFEB phos-
phorylation, and induce TFEB nuclear translocation, promoting the ALP 
and thereby ameliorating inflammation [20]. However, the role of ITA 
in the ALP during NEC is yet to be determined.

Gas chromatography-mass spectrometry (GC-MS) analysis has 
revealed significant changes in serum metabolism in fed preterm infants, 
with a decrease in ITA, potentially serving as a predictive biomarker for 
NEC [21]. In this study, we demonstrate that the ALP is altered in 
neonatal intestines during NEC. Patients with NEC exhibit hyper-
activated autophagy but a reduction in autophagic flux, seemingly due 
to ALP inhibition, which correlates with reduced TFEB expression levels. 
We found that ITA protected against NEC by upregulating TFEB, thereby 
improving the ALP. Our data position ITA as a promising therapeutic 
target for NEC.

2. Materials and methods

2.1. Intestinal tissue collection and storage

Small bowel samples from three neonates diagnosed with NEC 
intraoperatively at the Sixth Affiliated Hospital, Sun Yat-sen University, 
Guangzhou, China, were collected. Control samples were obtained from 
three neonates matched for gestational age, birth weight, and sex, who 
were admitted to the neonatal intensive care unit without NEC during 
the same period (Table 1). The study protocol, in accordance with the 
Declaration of Helsinki, was approved by the Ethics Committee of the 
Sixth Affiliated Hospital, Sun Yat-sen University (2022ZSLYEC-525), 
and written informed consent was obtained from each participant’s 

parents.
Intestinal tissue samples were cut into sub-centimeter pieces, quickly 

frozen in liquid nitrogen, and stored at − 80 ◦C for RNA and protein 
extraction for RNA sequencing (RNA-seq) and western blotting. For 
paraffin block preparation, tissues were fixed in 4 % formalin for 48 h, 
transferred to ethanol, and embedded in paraffin. For transmission 
electron microscopy (TEM), intestinal tissues were fixed in 2.5 % 
glutaraldehyde solution and dehydrated.

2.2. RNA-seq and data analysis

RNA-seq was conducted to identify differentially expressed genes 
between NEC lesions and normal tissues, and to associate signature 
genes with signaling pathways by grouping the NEC cohort into different 
subgroups based on median gene expression values with an adjusted p <
0.05. OE Biotech, Inc., Shanghai, China, provided technical support for 
sample preparation, library preparation, sequencing, and data analysis. 
Bioinformatic analysis was performed using OE Cloud tools at http 
s://cloud.oebiotech.com/task/, and the volcano map and other 
graphics were constructed using R (https://www.r-project.org/) on the 
OE Cloud platform.

2.3. Mice and experimental design of the NEC model

C57BL/6 mice were supplied by the Experimental Animal Center of 
The Sixth Affiliated Hospital of Sun Yat-sen University (Guangzhou, 
China) and maintained in a specific pathogen-free facility. All animal 
procedures were approved by the Institutional Animal Care and Use 
Committee of the Sixth Affiliated Hospital, SunYat-sen University 
(protocol number: IACUC-2022082601). NEC was induced in 6- to 8- 
day-old mouse pups by gavage feeding (five times daily) with Similac 
Advance infant formula (Abbott Nutrition, Columbus, OH, USA) and 
Esbilac puppy milk replacer (PetAg, Hampshire, IL, USA) at a ratio of 
2:1, containing enteric bacteria from a patient with surgically confirmed 
NEC (12.5 μL of original stool slurry in 1 mL of formula) [22–24]. Mice 
were simultaneously exposed to hypoxic conditions (5 % O2, 95 % N2) 
for 10 min twice a day for 4 days in a modular chamber. For prophylactic 
treatment with ITA (Cat. No. I29204; Sigma, St. Louis, MO, USA), mice 
were treated intraperitoneally (i.p.) at various concentrations of 10, 20, 
40, 60 mg/kg b.w. in a total volume of 10 μL once a day for 4 days, 
beginning 1 day before the initiation of NEC model construction. For ITA 
treatment, mice were injected i.p. with 40 mg/kg b.w. in a total volume 
of 10 μL once daily for 4 days, starting at the end of the second day of 
NEC model construction. For chloroquine (CQ; Cat.#S6999; Selleck 
Chemicals, Shanghai, China) experiments, mice were injected i.p. with 
CQ at 30 mg/kg b.w. in a total volume of 10 μL once daily. Control mice 
remained with their dams for breastfeeding, while NEC-affected pups 
(NEC group) received intraperitoneal (i.p.) injections of the vehicle as a 
control for ITA administration. Additionally, there was a group treated 
with ITA combined with chloroquine (NEC + ITA + CQ group). Pups 
were tracked and weighed on days 1, 2, 3, and 4 of the study prior to the 
start of casting. Animals were euthanized at postnatal day 12 or earlier if 
they showed signs of NEC.

2.4. Tissue collection and injury evaluation

After abdominal incision, the gastrointestinal tract was carefully 
removed, and the small intestines were grossly evaluated. The terminal 
3 cm (ileum) was immediately excised, and the terminal 1 cm of each 
sample was placed in buffered 10 % paraffin for hematoxylin and eosin 
(H&E) staining. The severity of mucosal injury was graded on a scale of 
0–4 by two independent pathologists blinded to the H&E staining re-
sults. Tissues with histological scores ≥2 were considered to have NEC 
[25].

Table 1 
Clinical Characteristics of NEC and non-NEC patients.

Parameter Sex 
(male/ 
female)

GA 
(week)

BW 
(g)

5-min 
apgar

Intraoperative 
diagnosis

Bell 
stage

Control-1 Male 37+2 2600 10 Intestinal 
atresia

Control-2 Female 38+5 2810 10 Intestinal 
atresia

Control-3 Male 39+4 3400 10 Intestinal 
atresia

NEC-1 Male 34+3 2730 9 Necrotizing 
enterocolitis

III

NEC-2 Female 27+3 1010 7 Necrotizing 
enterocolitis

III

NEC-3 female 26+6 1150 7 Necrotizing 
enterocolitis

III
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Fig. 1. Notable differences in the ALP are observed between the control and NEC groups. 
(A) The volcano plot illustrates differentially expressed genes (DEGs) between the control and NEC groups. (B) RNA-Seq analysis of NEC infants (N = 3) presents a 
heatmap for 27 transcripts of autophagy-lysosomal-related genes, identified via Ingenuity Pathway Analysis (IPA). (C) Expression levels of autophagy-lysosomal 
pathway-related genes (MAPLC3B, SQSTM1, TFEB, and CTSD) were compared between the control and NEC groups using qRT-PCR, with data normalized to 
GAPDH. Data are depicted as the mean ± standard deviation (SD). *p < 0.05; ***p < 0.001. (D) Representative histology (H&E staining) of ileal sections from infants 
in the control and NEC groups is shown. Scale bar = 100 μm. (E) TEM images display autolysosomes within intestinal epithelial cells of NEC infants (top panel, scale 
bar = 5 μm; bottom panel, scale bar = 2 μm; red arrows indicate autolysosomes).
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2.5. TEM

Small intestines were fixed with 2.5 % glutaraldehyde (Cat.#G1102- 
100 ML; Servicebio, Wuhan, China) and dehydrated. Ultrathin sections 
were mounted on copper grids and stained with uranyl acetate and lead 
citrate before imaging with an HT7800 TEM (HITACHI, Tokyo, Japan).

2.6. Cell culture

For in vitro experiments, the human intestinal epithelioid cell line 6 
(HIEC6, Cat.# CTCC-004-0105, MeisenCTCC, Zhejiang China) was 
cultured in high-glucose-formulation Dulbecco’s modified Eagle me-
dium/Nutrient Mixture F-12 (DMEM/F12) supplemented with 10 % (v/ 
v) fetal bovine serum and 10 ng/mL epidermal growth factor (EGF). The 
cells were then exposed to pro-inflammatory cytokines, including 10 ng/ 
mL TNF-α and 5 ng/mL IL-1β, to induce inflammatory conditions for the 
I-HIEC6 group [26]. We assessed changes in cellular autophagic activity 
in response to the inflammatory incubation over a 48-h period. The 
concentration of CQ used to inhibit autophagy was 15 μM.

2.7. Cell counting kit-8 (CCK-8) assay

HIEC6 cells, showing robust growth, were plated at a density of 5 ×
10^3 cells per well in 96-well plates. ITA treatment was performed at 
concentrations of 10, 20, 50, 100, and 200 μM for 24 h. Then, 10 μL of 
CCK-8 assay solution (Cat.#C0038; Life-iLab, Shanghai, China) was 
added to each well and incubated for 4 h. The absorbance of each well 
was measured at 450 nm using a Thermo FC microplate reader.

2.8. Western blotting analysis

Intestinal tissues and cultured cells were lysed with RIPA lysis buffer 
and centrifuged at 12,000 rpm for 15 min. The supernatant was 
collected, and protein concentration was determined using a bicincho-
ninic acid assay (BCA Protein Assay Kit, Cat. #P0010; Beyotime, Nanj-
ing, China). Nuclear and cytoplasmic proteins were extracted using the 
Nuclear Protein and Cytoplasmic Protein Extraction Kit (Cat. #P0027, 
Beyotime, Nanjing, China). Proteins were resolved by electrophoresis 
using 12.5 % sodium dodecyl sulfate-polyacrylamide gels and trans-
ferred to polyvinylidene fluoride membranes with a pore size of 0.22 
μm. Membranes were blocked with 5 % skim milk and incubated over-
night at 4 ◦C with antibodies against LC3B (Cat.# ab192890; Abcam, 
Cambridge, UK), P62 (Cat.# HA721171, Huabio, Zhejiang, China), 
TFEB (Cat.# 13372-1-AP, Proteintech, Wuhan, China), LAMP1 (Cat.# 
67300-1-IG, Proteintech, Wuhan, China), and β-actin (Cat.# 66009-1- 
IG, Proteintech, Wuhan, China). Horseradish peroxidase (HRP)-conju-
gated secondary antibodies were applied to the membranes (goat anti- 
rabbit IgG-HRP, Cat.# BA1054, BOSTER, Wuhan, China; goat anti- 
mouse IgG-HRP, Cat.# BA1050, BOSTER, Wuhan, China) for 1 h at 
room temperature and detected using an enhanced chemiluminescence 
substrate (Bio-Rad, Hercules, CA, USA). Images were analyzed using 
Image Lab software (Bio-Rad).

2.9. Quantitative reverse transcription-polymerase chain reaction (qRT- 
PCR)

Total RNA was extracted from intestinal tissues and cultured cells 
using a total RNA extraction kit (Cat.# 400-100-100T; GOONIE) and 
reverse transcribed into cDNA using random hexamers provided with 
the kit (Cat.# AE311-03; TransGen Biotech, Beijing, China). cDNA was 
analyzed using the Fast SYBR Green PCR Master Mix (Cat.# AQ601-02- 
V2, TransGen Biotech, Beijing, China) in an Applied Biosystems Quant 
Studio 5 instrument for the target genes (MAPLC3B, SQSTM1, TFEB, and 
CTSD; Tables S1–2). The relative expression of the target genes was 
normalized to that of β-actin or GAPDH and calculated as 2(Ct(β-actin-gene 

of interest)).

2.10. Immunofluorescence and immunohistochemistry staining

For immunofluorescence, cells or tissues were fixed and blocked 
before being incubated with primary antibodies against LC3B, P62, 
TFEB, and LAMP1 at 4 ◦C overnight. This was followed by a 2-h incu-
bation with secondary antibodies, either Alexa Fluor 488-conjugated 
anti-mouse IgG (Cat.# 4408S, Cell Signaling Technology, Danvers, 
MA, USA) or Cy3-conjugated anti-rabbit IgG (Cat.# BA1032, BOSTER, 
Wuhan, China). The cells and sections were then counterstained with 
DAPI (Cat.#C0065, Solarbio, Wuhan, China). Images were acquired 
using a confocal laser scanning microscope (LSM900; Zeiss, Oberko-
chen, Germany) and analyzed with Zen 2.3 (blue edition) software 
(Zeiss, Oberkochen, Germany). Lysosomal volume was measured by 
incubating cells with 50 nM LysoTracker Red DND-99 (Cat.# 
40739ES50; Yeasen, Shanghai, China) at 37 ◦C for 2 h to stain 
lysosomes.

For immunohistochemical staining, small intestinal sections were 
incubated with primary antibodies at 4 ◦C overnight, followed by in-
cubation with secondary antibodies at 37 ◦C for 30 min. Cell nuclei were 
counterstained with hematoxylin. Images were captured using an 
Olympus optical microscope, and image analysis and quantification 
were conducted using Image J software (National Institutes of Health, 
Bethesda, MD, USA).

2.11. Statistical analysis

Data are presented as the mean ± standard error of the mean (SEM). 
A Student’s t-test was used to compare two groups, while one-way 
analysis of variance (ANOVA) followed by Tukey’s post-hoc test was 
applied for comparisons among three or more groups. The threshold for 
statistical significance was set at p < 0.05. Both in vitro and in vivo ex-
periments were performed independently at least three times. Statistical 
differences were assessed using GraphPad Prism 8 software (GraphPad, 
San Diego, CA, USA).

3. Results

3.1. The ALP is impaired in infants with NEC

This study enrolled three infants with NEC, whose detailed charac-
teristics are outlined in Table 1. To investigate differential gene 
expression patterns associated with the ALP, RNA-seq analyses were 
conducted on ileal tissues from preterm infants with and without NEC 
(serving as controls). A total of 2076 differentially expressed genes were 
identified (p < 0.05), with 455 upregulated and 1621 downregulated 
(Fig. 1A). The heatmap in Fig. 1B illustrates the 27 genes that were 
either up- or downregulated and are related to the ALP, comparing the 
control and NEC groups. The expression levels of MAPLC3B and SQSTM1 
(encoding LC3 and P62 protein, respectively), genes involved in auto-
phagosome formation, were significantly increased in the NEC group 
relative to the control group, aligning with previous findings [27]. 
Notably, the expression levels of TFEB and CTSD (encoding TFEB and 
CTSD protein, respectively), genes associated with lysosomal biogenesis, 
were reduced in the NEC group. Furthermore, RT-PCR revealed mark-
edly higher expression levels of MAP1LC3B (p < 0.05, Fig. 1C) and 
SQSTM1 (p < 0.05, Fig. 1C), and lower expression levels of TFEB (p <
0.001, Fig. 1C) and CTSD (p < 0.001, Fig. 1C) compared to the control 
group. Additionally, H&E staining and TEM revealed a complete 
absence of epithelial structures, transmural necrosis (Fig. 1D) and ul-
trastructural changes in NEC tissues (Fig. 1E). Consistent with previous 
studies [16], we observed two giant autophagy -lysosomes in the NEC 
group, fewer in number than those in the control group (Fig. 1E). These 
findings suggest that aberrant autophagy in NEC is correlated with 
diminished lysosomal activity.
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3.2. Autophagy is active while lysosomal activity is compromised in 
infants with NEC

Autophagic flux, a term that precisely encapsulates the entire auto-
phagy process, encompasses not only the enhancement of LC3 synthesis 
and lipidation but also the upregulation of autophagosome formation. 
Paramount to this concept is the flux through the entire system, 
including lysosomes and vesicles, culminating in the release of degra-
dation products. This comprehensive process of autophagic flux is the 
gold standard for assessing autophagic activity [9]. Consequently, we 
conducted a protein-level investigation into the alterations of the ALP in 
NEC. Immunofluorescence staining revealed a significant increase in 
LC3 and P62 expression in intestinal tissues from NEC infants (Fig. 2A 
and B). Autophagic activity is contingent upon lysosomal function. 
Intriguingly, a reduction in lysosome quantity was noted, evidenced by a 
decrease in LAMP1 puncta in NEC (Fig. 2C). These results support the 
contention that, notwithstanding the initiation of autophagy in NEC, 
autophagic activity is impeded at NEC pathogenesis owing to deficits in 
lysosomal functionality and a reduction in lysosomal count.

We also quantified the expression levels of autophagy-lysosome- 
related proteins, including LC3II/LC3I and P62, in the intestinal tis-
sues of NEC patients using Western blot analysis. A significant increase 
in the expression levels of LC3II/LC3I and P62 was observed in the NEC 
group (Fig. 2E and F), but significantly decreased expression levels of 
TFEB in the NEC group (Fig. 2G). Additionally, the expression and 
localization of TFEB in intestinal sections from NEC patients were also 
assessed using immunohistochemistry, which revealed markedly lower 
nuclear TFEB levels in the NEC group compared to the control group 
(Fig. 2H). Together, these data further suggested that the association of 
ALP abnormalities with NEC, which characterized by impaired auto-
phagosome fusion and lysosomal dysfunction.

3.3. ITA preserves intestinal epithelial barriers to ameliorate NEC in mice

Given the regulatory role of ITA in the ALP [28] and the observed 
decrease in ITA levels in the serum of infants with NEC [21], we eval-
uated whether treatment with ITA could ameliorate NEC. Notably, in 
experiments with NEC mice administered ITA, there was a notable trend 
towards reduced NEC mortality with ITA administration (Fig. 3A and 
S1), particularly pronounced at a dosage of 40 mg/kg with ITA pro-
phylactic treatment. Consistently, ITA also improved weight gain, dis-
ease severity, and decreased the expression levels of inflammatory 
factors, including IL-6 and IL-1β, and tended to mitigate oxidative stress 
levels in the NEC model (Fig. 3B–E and S2A-B). Furthermore, ITA 
increased the expression levels of ZO-1 and occludin-1 (Fig. 3F and G), 
which are biomarkers of tight junctions. Collectively, these findings 
suggest that ITA significantly alleviates the pathological features of NEC 
and preserves the integrity of the intestinal epithelial barrier.

3.4. ITA administration enhances autophagy-lysosomal function in mice 
with NEC

Subsequently, we examined whether the protective effect of ITA 
against NEC was associated with the ALP. We observed enhanced fusion 
of autophagosomes and lysosomes in ITA-treated mice with NEC 
(Fig. 4A). Concurrently, the ITA-treated group exhibited reduced 

expression levels of LC3II/LC3I (p < 0.05) and P62 (p < 0.001) 
compared to the NEC group (Fig. 4B and C). Furthermore, the expression 
levels of TFEB were significantly higher in the NEC + ITA group than in 
the NEC group (p < 0.01; Fig. 4D). We also quantified the expression 
levels of LC3 and LAMP1 using immunofluorescence staining, revealing 
an increased degree of LC3 and LAMP1 colocalization in the ITA-treated 
group compared to the NEC group (Fig. 4E). Moreover, ITA treatment 
also led to improved lysosomal degradation function, as indicated by the 
reduced expression level of P62 in the NEC + ITA group (Fig. 4F).

3.5. ITA administration improves autophagic activity and autophagy- 
lysosomal function in HIEC6 cells under inflammatory conditions

To investigate how ITA affects ALP in NEC, we utilized HIEC6 cells to 
explore the activation levels of autophagy under inflammatory condi-
tions. Immunoblotting analysis demonstrated that autophagy activation 
commenced during the early phase of inflammatory stimulation in 
HIEC6 cells, as evidenced by a notable increase in the expression levels 
of LC3II/LC3I and P62 from 0 to 48 h. Conversely, the expression level of 
TFEB in I-HIEC6 cells decreased from 0 to 48 h, with significant differ-
ences observed from 12 to 48 h (Fig. 5A and B). Intriguingly, the 
viability of HIEC6 cells was ITA concentration-dependent (Fig. 5C). We 
subsequently assessed the anti-inflammatory effects of ITA treatment, 
finding a significant reduction in the levels of inflammatory factors (IL-6 
and IL-1β) measured using qRT-PCR at an ITA dose of 100 μM (Fig. 5D).

Next, we examined autophagosome-lysosome fusion and lysosomal 
function in ITA-treated I-HIEC6 cells. As shown in Fig. 5E, ITA treatment 
significantly decreased expression level of LC3 and increased expression 
level of LAMP1 at 48 h. Additionally, we assessed lysosomal function 
using LysoTracker staining of lysosomes. As depicted in Fig. 5F, ITA 
treatment decreased lysosomal volume and increased the number of 
lysosomes, similar to our findings of enlarged lysosomes in the ultra-
structure of mouse and human intestinal epithelial cells from individuals 
with NEC. These data indicate that ITA ameliorates NEC by modulating 
the ALP.

3.6. ITA treatment increases autophagic flux under inflammatory 
conditions

To further elucidate the impact of ITA on autophagic flux in the 
context of NEC, we employed chloroquine (CQ), which can partially 
inhibit the fusion of autophagosomes with lysosomes [9]. Our findings 
demonstrated that ITA treatment significantly increased the accumula-
tion of LC3II and p62 in the ITA-treated NEC group following CQ 
adminstration (Fig. 6A and B). Consistently, the expression levels of 
LC3II/LC3I and P62 were elevated in ITA-treated I-HIEC6 cells subse-
quent to CQ treatment (Fig. 6C and D). In comparison to ITA-treated 
mice with NEC, those co-treated with CQ exhibited increased LC3 
expression levels, yet there was no enhancement in the degree of 
colocalization of LC3 and LAMP1 (Fig. 6E). A similar pattern was 
observed in HIEC6 cells under inflammatory conditions following 
cotreatment with ITA and CQ (Fig. 6F). Collectively, these results sug-
gest that ITA stimulates autophagic flux in both mice with NEC and 
HIEC6 cells under inflammatory conditions.

Fig. 2. Autophagy is active while lysosomal activity is compromised in NEC. 
(A) Representative histological images of intestinal tissue, visualized by immunofluorescence staining for LC3B (red). Scale bar = 50 μm. (B) Immunofluorescence 
staining of ileal sections for P62 (red). Scale bar = 50 μm. (C) Immunofluorescence staining of ileal sections for LAMP1 (green). Scale bar = 50 μm. (D) Statistical 
analysis of the fluorescent area percentage for LC3B, P62, and LAMP1. Data are presented as the mean ± SD. ****p < 0.0001. (E) Expression levels of autophagy- 
related proteins (P62 and LC3II/LC3I) in NEC intestinal tissues, analyzed by Western blot and normalized to β-actin. (F) Densitometric analysis of Western blot bands 
for P62 and LC3II/LC3I, normalized to β-actin. Data are shown as the mean ± SD. **p < 0.01. (G) Expression of lysosome-related protein TFEB in NEC intestinal 
tissues, analyzed by Western blot and normalized to β-actin. Densitometric analysis of Western blot bands for TFEB, normalized to β-actin. Data are presented as the 
mean ± SD. *p < 0.05. (H) Representative immunohistochemistry (IHC) images displaying TFEB expression in ileal sections from NEC infants. Red arrows indicate 
TFEB expression in the nucleus.
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3.7. ITA increases the nuclear translocation of TFEB to enhance the ALP 
under inflammation conditions

Given that the inactivation of mTORC1 under energy stress condi-
tions induces dephosphorylation and nuclear translocation of TFEB, 
along with increased expression levels of LC3 and P62 [29], and 
considering that ITA can promote the ALP by increasing TFEB expres-
sion levels and TFEB nuclear translocation [30], we investigated 
whether ITA enhances autophagic flux by modulating TFEB in NEC. 
Notably, in mice with NEC, treatment with ITA resulted in a significant 
increase in the nuclear localization of TFEB (Fig. 7A and B). A similar 
pattern was observed in HIEC6 cells incubated under inflammatory 
conditions with or without ITA treatment(Fig. 7C and D). Furthermore, 
the expression and localization of TFEB in the intestine of NEC mice 
were analyzed using immunohistochemistry, showing a marked eleva-
tion in nuclear TFEB localization after ITA treatment (Fig. 7E). We also 
examined the expression of TFEB in HIEC6 cells incubated under in-
flammatory conditions with or without ITA treatment, observing a sig-
nificant increase in the fluorescence intensity of nuclear TFEB in HIEC6 
cells under inflammatory conditions following ITA treatment (Fig. 7F). 
Taken together, these results indicate that TFEB, increased by ITA, 
contributes to the ALP and ultimately ameliorates NEC.

4. Discussion

NEC is among the most prevalent and lethal conditions affecting 
neonates. The pathophysiology of NEC is marked by the disruption of 
intestinal architecture and necrosis of enterocytes due to excessive 
inflammation, leading to intestinal barrier dysfunction [1]. Prior 
research has highlighted that excessive inflammation, stemming from a 
reduction in regulatory T cells (Treg) and an increase in Th17 cells, is a 
pivotal factor in NEC [22]. Over recent years, a growing body of evi-
dence has underscore a close link between autophagy and NEC. Notably, 
the progression of NEC is contingent upon TLR4-dependent autophagy 
enhancement within the intestinal epithelium [31,32]. Substantial evi-
dence indicates that autophagy is crucial for maintaining celluar 
homoeostasis and differentiation, especially under stressful conditions. 
This cellular process is vital for eliminating invading pathogens and 
modulating the inflammatory response triggered by various pathogens 
or their components. Impaired autophagy can result in uncontrolled 
infections and heightened inflammation [33]. Recent studies have 
established that the excessive inflammation and apoptosis of intestinal 
epithelial cells in NEC are intimately associated with hyperactivated 
autophagy. However, the specific role of autophagy in the heightened 
inflammation associated with NEC remains elusive. Consequently, the 
primary objectives of this study were to delineate the potential molec-
ular mechanisms of autophagy in intestinal epithelial cells under in-
flammatory conditions in NEC and to establish the connection between 
autophagy and the intestinal barrier in NEC, potentially offering a new 
therapeutic target for reversal of NEC.

Autophagy is the principal intracellular degradation mechanism 
tasked with transportation and degradation of cytoplasmic components 
within the lysosome. It is categorized into three main types: macro-
autophagy, microautophagy, and chaperone-mediated autophagy. 
Among these, marcroautophagy is considered the predominant form of 
autophagy. This highly inducible process is triggered by conditions such 
as starvation and various forms of stress, leading to a rapid increase in 

autophagosome formation. The autophagosome then fuses with the 
lysosome to form an autolysosome, which is responsible for degrading 
its contents. However, the primary role of autophagy extends beyond the 
mere elimination of cellular constituents; it functions as a dynamic 
recycling system that generates new building blocks and provides en-
ergy crucial for cell renewal and the maintenance of homeastasis [34]. 
During autophagy, LC3 II is targeted to the membranes of autophago-
somes and/or autolysosomes, making it a valuable marker for assessing 
autophagy levels within cells [35]. Consistent with previous studies, we 
found that the expression level of LC3 II was increased at both the 
protein and gene levels in NEC compared to controls, potentially due to 
autophagosome accumulation in NEC, including inhibition of 
autophagosome-lysosome fusion and/or lysosome-mediated degrada-
tion. To investigate the mechainsm responsible for the increased LC3 II 
levels in patients with NEC, we performed RNA-seq analysis and 
enriched ALP-related genes using ileal tissue from neonates with and 
without NEC (controls). The results revealed elevated expression levels 
of the autophagy-related genes MAPLC3B and SQSTM1, and decreased 
expression levels of the lysosomal genes CTSD and TFEB. TEM identified 
two enlarged autophagic lysosomes in NEC intestinal epithelial cells, a 
reduced number compared to control cells. When assessing lysosomal 
function, we noted an increase in P62 expression (indicating inhibited 
lysosomal degradation) and a decrease in LAMP1 expression (indicating 
a reduced number of lysosomes). These findings underscore the crucial 
role of the autophagy-lysosome systemin the pathogenesis of NEC.

Lysosome-mediated autophagy is indeed a primary intracellular 
degration process. Autophagosome-lysosome fusion and lysosomal 
function are recognized as the most critical factors in autophagic 
degradation [8,34]. Additionally, TFEB has been identified as a key 
regulator of lysosome biogenesis and autophagy by modulating the 
expression of genes associated with these processes, thereby supervising 
the entire autophagic cascade [36]. In our current study, the expression 
level of TFEB was decreased in patients with NEC. Consequently, we 
investigated the significance of the ALP in the pathogenesis of NEC using 
both an in vitro cellular inflammatory model and in vivo NEC animal 
models. We assessed autophagy-lysosome-related protein and gene 
expression levels in the mouse modelof NEC, and the results were 
consistent with those observed in patients with NEC, showing increased 
expression levels of LC3II and p62, and decreased expression levels of 
LAMP1. These findings align with those of previous studies [37,38]. In 
this study, HIEC6 cells were incubated with TNF-α (10 ng/mL) and IL-1β 
(5 ng/mL) to creat an inflammatory environment, which poses a sig-
nificant risk in the pathological process of NEC. As cellular autophagy 
levels fluctuate under inflammatory conditions during incubation [26], 
we quantified autophagy levels in HIEC6 cells at 0, 6, 12, 24 and 48 h 
under inflammatory conditions. Cells incubated for 48 h under inflam-
matory conditions were designated as I-HIEC6 cells, while those incu-
bated under normal conditions for 48 h served as control HIEC6 cells. 
We observed that the expression levels of LC3B and p62 in the I-HIEC6 
group increased over time, while the expression level of TFEB gradually 
decreased. In summary, our study revealed that excessive autophagy 
activation and lysosomal dysfunction, associated with inhibition of the 
ALP due to reduced TFEB expression levels, are characteristic of the 
hyperinflammatory response in NEC.

Autophagy is a complex and dynamic multi-step process that in-
cludes several key stage, such as nucleation and initiation, elongation, 
maturation, and the degradation and recycling of cellular components 

Fig. 3. Prophylactic therapeutic effects of ITA in mouse pups with NEC. 
(A) Kaplan-Meier survival curves and log-rank tests were utilized to assess survival rates among control, NEC, and NEC pups treated with varying concentrations of 
ITA. N = 15 animals/group, with ns: p > 0.05; *p < 0.05. (B) Weight changes in mouse pups across control, NEC, and NEC + ITA groups. **p < 0.01. (C) Expression 
levels of inflammatory factors IL-6 and IL-1β in control, NEC, and NEC + ITA (40 mg/kg) groups, measured by qRT-PCR and normalized to β-actin. Data are presented 
as the mean ± SD. *p < 0.05, **p < 0.01. (D) Representative histology (H&E staining) of ileal sections from control, NEC, and NEC + ITA groups in mouse pups. 
Scale bar = 100 μm. (E) Macroscopic gut score for the ilea in control, NEC, and NEC + ITA groups, presented as the mean ± SD. ns: p > 0.05; ***p < 0.001. (F) 
Fluorescence staining of ileal sections showing ZO-1 (red), DAPI (blue) after ITA prophylactic treatment (40 mg/kg). Scale bar = 50 μm. (G) Fluorescence staining of 
ileal sections showing Occludin-1 (green), DAPI (blue) after ITA prophylactic treatment (40 mg/kg). Scale bar = 50 μm.

B. Chen et al.                                                                                                                                                                                                                                    Free Radical Biology and Medicine 226 (2025) 251–265 

258 



Fig. 4. ITA treatment enhances autophagosome-lysosome fusion and lysosomal functions in mouse pups with NEC. 
(A) Morphological characteristics of autophagy ultrastructure in control, NEC, and NEC + ITA (40 mg/kg) groups, as observed by TEM (top panel, scale bar = 5 μm; 
bottom panel, scale bar = 2 μm; red arrows indicate autolysosomes). (B) ITA modulates the expression of autophagy-related proteins (P62 and LC3II/LC3I) in NEC 
mice. N = 6 animals/group. (Western blot, normalized to β-actin). (C) Protein levels of P62 and LC3II/LC3I were quantified by Western blot and normalized to 
β-actin. Data are presented as the mean ± SD. *p < 0.05, ***p < 0.001. (D) Expression of lysosome-related protein TFEB in NEC mice, analyzed by Western blot. N =
6 animals/group. Densitometric analysis of Western blot bands for TFEB, normalized to β-actin, is depicted. Data are presented as the mean ± SD. **p < 0.01. (E) ITA 
promotes autophagosome-lysosome fusion in NEC mice, evidenced by immunofluorescence analysis of LC3 (red) and LAMP1 (green). Scale bar = 50 μm. (F) ITA 
ameliorates lysosomal functions in NEC mice, as measured by immunofluorescence analysis of P62 (red). Scale bar = 50 μm.
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[39]. Therefore, there is an urgent need for effective strategies that 
target specific phases of autophagy rather than the entire process. This 
study underscores the importance of modulating the 
autophagy-lysosome system as a potential therapeutic approach. How-
ever, it is important to note that the efficacy of therapies focused on 
lysosomal components has been validated in only a limited number of 
clinical trials [40]. Therefore, it is crucial to explore new and effective 
strategies that target the autophagy-lysosome system to counteract the 
excessive inflammation-induced abnormalities in autophagy associated 
with NEC.

Recent studies have demonstrated that differential metabolite levels 
are associated with changes in specific clinical indicators. For example, 
in Parkinson’s disease, certain metabolites can activate mitophagy and 
autophagy, protecting cells from degeneration [41]. In addition, a 
reduction in ITA levels may serve as a diagnostic indicator for NEC [21,
30]. ITA, a metabolite of TCA cycle, is produced by the decarboxylation 
of cis-aconitic acid catalyzed by the enzyme ACOD1 in the mitochon-
drial matrix. When the TCA cycle is disrupted, macrophages accumulate 
ITA, which exhibits immunomodulating effects in the body. In our study, 
prophylactic administration of ITA was more effective in improving NEC 
mortality rates than therapeutic administration of ITA. Additionally, ITA 
significantly alleviated inflammation, intestinal tissue disorganization, 
and intestinal barrier damage in mice with NEC. Over the past few years, 
scientific studies have shown that ITA plays a crucial role in the inter-
play between metabolism, inflammation, oxidative stress and immune 
responses [11]. Michopoulos et al. found that ITA was strongly associ-
ated with disease progression and could be used as a disease marker for 
rheumatoid athritis [42]. During respiratory syncytial virus (RSV) 
infection, ITA is responsible for the production of reactive oxygen spe-
cies (ROS) and inflammatory cytokines, leading to lung tissue damage; 
IRG1− /− mice show effective inhibition of RSV infection [43]. ITA also 
elevates glutathione levels in the brain, reduces the levels of ROS and 
reactive nitrogen species, and improves hemodynamics, while reducing 
leukocyte adhesion, thus improving neurological function [44]. In the 
acidic phagolysosome, itaconic acid functions as a potent antimicrobial 
agent against multidrug-resistant Staphylococcus aureus strains, acting as 
a weak acid that induces acidic, oxidative, and electrophilic stress re-
sponses [45]. In our study, we also observed a trend towards reduced 
oxidative stress levels following ITA treatment in NEC mice. And Loi 
et al. have also demonstrated that the impact of ITA on intracellular pH 
is dose-dependent. Moreover, Berezhnov et al. demonstrated that 
intracellular pH exerts a regulatory influence on autophagy and mito-
chondrial autophagy [46]. In our in vitro experiments, we utilized a 
concentration of 100 μM itaconic acid and concluded that this dosage 
was unlikely to alter intracellular pH. It’s worth noting that we 
demonstrated the protective effect of ITA treatment on the intestinal 
barrier in NEC, and determined the mechanism by which ITA improves 
the ALP by modulating TFEB.

The ALP is crucial for maintaining cellular homeostasis and 
providing organ protection. Our study aimed to elucidate the impact of 
ITA on the ALP by assessing autophagy and autophagic flux in ITA- 
treated mice with NEC and in I-HIEC6 cells. We observed that ITA 
treatment significantly reduced the expression levels of LC3 and P62, 
indicating a decrease in autophagosome accumulation, and promoted 
autophagic flux in both NEC mice and I-HIEC6 cells. Furthermore, ITA 

treatment improved autophagosome-lysosome fusion in NEC mice, as 
evidenced by an increased number and improved ultrastructural 
morphology of autophagic lysosomes determined by TEM. Additionally, 
ITA enhanced lysosomal degradation and mitigated the increase in 
lysosome volume in both NEC mice and I-HIEC6 cells. TFEB, primarily 
regulated by the ALP, is known to facilitate lysosomal biogenesis and 
bacterial clearance during the innate immune response, thereby 
improving the ALP [47]. Our data revealed an enhanced nuclear local-
ization of TFEB along with elevated expression levels of 
autophagy-related and lysosome-related proteins influenced by TFEB in 
ITA-treated mice and I-HIEC6 cells. Collectively, these results suggest 
that ITA induced changes in the ALP, including increased fusion of 
autophagosomes and lysosomes, rejuvenation of lysosomal function-
ality, and clearance of autophagic substrates.

However, the present study is subjected to several limitations. We 
did not directly knock down the sites interacting with ITA or inhibit the 
nuclear translocation of TFEB to verify the role of ITA in the ALP in mice 
with NEC or HIEC6 cells under inflammatory conditions. Therefore, it is 
still unclear whether TFEB influences the ALP in the context of NEC. In 
future studies, we will further investigate the molecular mechanisms for 
the interaction between ITA and TFEB in response to excessive inflam-
mation in NEC by knocking down or overexpressing TFEB. The thera-
peutic concentrations of ITA and the safety of the drug, especially its 
metabolism in the neonatal period, need to be further investigated to 
ensure a safe situation for neonatal use. Under these circumstances, it is 
essential to conduct a thorough investigation of the interactions between 
ITA and cells, as well as to explore the pharmacological effects of ITA for 
potential future therapeutic applications.

In conclusion, we found that ITA upregulated the expression of TFEB 
and enhanced the ALP, thereby preserving the integrity of the intestinal 
epithelial barrier in NEC. These findings suggest that modulating the 
ALP, particularly through ITA, could offer a promising therapeutic 
approach to mitigate the pathogenesis of NEC.
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Fig. 5. Incubation of HIEC6 under inflammatory conditions leads to abnormal autophagy levels, but ITA improves autophagic activity and autophagy-lysosomal 
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(A) Expression levels of autophagy-related proteins (LC3, P62 and TFEB) in HIEC6 cells under inflammatory conditions, assessed by Western blot analysis at 0, 6, 12, 
24 and 48 h, and normalized to β-actin. (B) Western blot data from (A) are expressed as fold changes relative to protein levels at 0 h. Data are shown as the mean ± S. 
D. (n = 3), ***p < 0.001 and ****p < 0.0001. (C) Viability of HIEC6 cells treated with varying concentrations of ITA, evaluated using the CCK-8 kit according to the 
manufacturer’s protocol. (D) Expression of inflammatory factor genes (IL-6 and IL-1β) in HIEC6 cells, I-HIEC6 cells and ITA-treated groups at varying concentrations, 
measured by qRT-PCR and normalized to GAPDH. Data are shown as the mean ± SD. *p＜0.05. (E) ITA treatment promoted autophagosome-lysosome fusion in 
HIEC6 cells under inflammatory conditions at 48h, as shown by an immunofluorescence analysis of LC3(red) and LAMP1(green). Scale bar = 50 μm. (F) ITA 
treatment improved lysosomal functions in HIEC6 cells under inflammatory conditions at 48h, indicated by amelioration of lysosome volume decrease, as determined 
by LysoTracker staining (red: LysoTracker-stained lysosomes; yellow arrows, lysosomes; top panel, scale bar = 20 μm).
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Fig. 6. ITA treatment promotes autophagy flux in NEC mice and I-HIEC6 cells under inflammatory conditions. 
(A) Western blotting analysis of P62 and LC3II/LC3I in NEC mice with ITA(40 mg/kg) and chloroquine(30 mg/kg). N = 6 animals/group. (B) Densitometric analysis 
of Western blot bands from (A), normalized to β-actin. Data are shown as the mean ± SD. ***p＜0.0001. (C) Cells were pretreated with chloroquine (CQ, 15uM) for 
48 h to inhibit autophagosome-lysosome fusion prior to collection for Western blot analysis. (n = 3) (D) Densitometric analysis of Western blot bands from (C), 
normalized to β-actin. Data are presented as the mean ± SD. *p＜0.05 and **p＜0.01. (E) Representative histological images from immunofluorescence staining of 
ileal sections showing LC3(red), LAMP1(green) and DAPI (blue). Scale bar = 50 μm. (F) Immunofluorescence staining of HIEC6 cells showing LC3(red), LAMP1 
(green) and DAPI (blue). Scale bar = 50 μm.
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Fig. 7. ITA promotes nuclear translocation of TFEB under inflammatory conditions. 
(A) Western blot analysis of TFEB levels in the cytoplasm and nucleus of NEC mice and ITA-treated groups. Densitometric analysis of Western blot bands is 
normalized to β-actin and H3. N = 6 animals/group. (B) Densitometric analysis of Western blot bands from (A), normalized to β-actin and H3. Data are presented as 
the mean ± SD. **p＜0.01. (C) Western blotting analysis of TFEB levels in the cytoplasm and nucleus of HIEC6 cells under inflammatory conditions. (n = 3) (D) 
Densitometric analysis of Western blot bands from (C), normalized to β-actin. Data are presented as the mean ± SD. (E) Representative IHC images showing TFEB 
expression in ileal sections from NEC and ITA-treated NEC groups. Red arrows indicate TFEB expression levels in the nucleus. (F) Immunofluorescence staining of 
HIEC6 cells under inflammatory conditions with ITA treatment, showing TFEB(red) and DAPI(blue). Scale bar = 50 μm.
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