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Background: Sepsis-associated acute kidney injury (S-AKI) is a prevalent and severe clinical complication in intensive care units 
(ICUs) and is associated with high mortality and poor prognosis. The dysfunction of renal tubular epithelial cells (TECs), particularly 
through their metabolic reprogramming, plays a critical role in the onset and progression of S-AKI. CITED2 is shown to regulate a 
variety of cellular processes, but its specific impact on TECs metabolism and S-AKI pathogenesis remains unclear. The aim of this 
study was to investigate the role of CITED2 in the metabolic reprogramming of TECs and its effects on inflammation and kidney 
injury in S-AKI.
Material and Methods: The C57BL/6 mouse model of S-AKI was established using cecal ligation and puncture (CLP). We assessed 
the inflammatory responses, glucose metabolism and CITED2 expression in the kidneys of septic mice. Additionally, the effect of 
CITED2 on TECs metabolism and inflammation was evaluated using in vivo and in vitro models. CITED2 silencing and over-
expression were employed to elucidate its regulatory role, focusing on the AKT signaling pathway.
Results: S-AKI causes structural and functional kidney damage, aggravated inflammatory responses, and dysregulated glucose 
metabolism, accompanied by increased expression of CITED2. CITED2 silencing attenuated TECs metabolic dysfunction and reduced 
inflammation, thereby protecting the kidney from injury. Conversely, CITED2 overexpression exacerbated TECs metabolic dysfunc-
tion, promoted inflammatory responses, and worsened kidney injury. Mechanistically, CITED2 regulates TEC metabolism through the 
AKT signaling pathway, promoting S-AKI-related inflammation and contributing to kidney injury.
Conclusion: CITED2 drives the metabolic reprogramming of TECs through the AKT signaling pathway, thereby aggravating the 
inflammatory response and leading to kidney injury, highlighting its critical role in S-AKI. Targeting CITED2 inhibition may represent 
a novel therapeutic approach for managing S-AKI.
Keywords: CITED2, Sepsis, Acute kidney injury, Metabolic reprogramming, TECs

Introduction
Sepsis is a life-threatening organ dysfunction caused by a dysregulated response to infection. In severe cases, sepsis can lead to 
multiple organ damage, characterized by high morbidity and mortality, with the kidneys being among the most commonly 
affected organs.1–3 Approximately 58.7% of sepsis patients experience kidney injury, and the prevalence of sepsis-associated 
acute kidney injury (S-AKI) is notably high. Severe acute kidney injury may progress to renal failure, with a correspondingly 
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high mortality rate.4 Despite this, targeted treatments for S-AKI are lacking, and patient outcomes and prognoses remain poor. 
Thus, understanding the pathogenesis of S-AKI is critical for its early diagnosis and treatment.

The kidneys play a vital role in waste excretion and maintaining internal homeostasis, characterized by a high 
metabolic rate. Renal tubular epithelial cells (TECs), the most abundant cell type in the kidneys, are essential for the 
reabsorption of glomerular filtrate. They also play key roles in secretion and excretion function, regulating water, 
electrolytes and acid-base balance.5,6 Damage to TECs, closely associated with S-AKI, is crucial in kidney injury and 
repair. Studies have shown that inflammation, oxidative stress, hemodynamics changes, and microvascular dysfunction 
can induce TEC damage in S-AKI.7–10 However, an increasing number of studies indicate that metabolic reprogramming 
of TECs plays a central role in S-AKI pathogenesis.11 Since renal reabsorption requires a large amount of energy, TECs 
predominantly rely on fatty acid oxidation to meet their high energy demands.12,13 However, during sepsis, TECs 
undergo a shift towards glycolysis, while the low energy production of glycolysis cannot meet the energy demand of 
TECs, leading to the failure of cellular processes, including ion transport, cell repair, and the maintenance of structural 
integrity, which aggravates TECs damage.11,14 Furthermore, metabolic reprogramming impacts additional pathways such 
as mitochondrial function and lipid metabolism, leading to increased oxidative stress and mitochondrial dysfunction.15,16 

These metabolic disturbances in TECs intensify inflammation, exacerbating renal injury in sepsis. However, the precise 
mechanisms linking TECs metabolic reprogramming to S-AKI remain unclear. A comprehensive understanding of TECs 
metabolism in S-AKI is essential to reduce kidney injury and improve the prognosis of patients with sepsis.

CBP/p300 interacting transactivators with a Glu/Asp rich carboxy-terminal domain 2 (CITED2) is a binding protein 
that functions as a transcription cofactor. CITED2 influences energy metabolism through its role in regulating inflamma-
tion and insulin sensitivity,17,18 and is implicated in the development of various tumors, liver, heart diseases and 
metabolic diseases.19–21 The role of CITED2 in the development and progression of S-AKI remains unclear. Reports 
suggest that CITED2 can regulate cellular metabolic reprogramming by influencing key proteins involved in glucose 
metabolism, affecting glucose uptake and utilization.22,23 However, no studies have yet reported on CITED2’s regulation 
of TECs metabolism. Moreover, while protein kinase B (AKT) has been recognized as a critical regulator of cellular 
metabolism,24–26 the interaction between CITED2 and the AKT signaling pathway, and whether there is a regulatory 
mechanism between them in S-AKI, has not been documented.

This study aims to elucidate the role of CITED2 in the pathogenesis of S-AKI. We found that CITED2 is highly 
expressed in S-AKI and that it can regulate the metabolic reprogramming of TECs through the AKT signaling pathway, 
promote the inflammatory response, and contribute to S-AKI. These findings provides potential targets and new 
perspectives for the diagnosis and treatment of S-AKI.

Materials and Methods
Construction of the S-AKI Animal Model
Healthy adult male C57BL/6J mice (weight 25±3g) and of SPF grade, were procured from the Changzhou Cavins Laboratory 
Animal Company (license No. SCXK (Su) 2021–0013). All animal procedures received approval from the Fujian Medical 
University Institutional Animal Care and Use Committee (No. FJMU IACUC 2021–0336) and adhered to the Ethical 
Guidelines for the Care and Use of Laboratory Animals. For the model construction, mice were anesthetized, and their 
abdomens surgically opened to expose the cecum. The cecum was then ligated with silk thread and perforated to establish the 
S-AKI model. Subsequently, a CITED2 silencing adenovirus vector (5′-TTCTCCGAACGTGTCACGTAA-3′) (25 μL) was 
injected into the left kidney of S-AKI mouse model, while the right kidney underwent a similar treatment to create a CITED2- 
silenced sepsis mouse model.

Construction of the S-AKI Cell Model
Human renal cortical proximal tubular epithelial cells (HK-2 cells) (Procell, CL-0109, China) were cultured at 37°C in a 5% CO2 

incubator using MEM complete medium, which included 10% fetal bovine serum (FBS), 1% cyan-streptomycin, and 1% non- 
essential amino acids (NEAA). To establish the septic HK-2 cell model, cells were treated with 50 μg/mL lipopolysaccharide 
(LPS) (Sigma, L2880, USA) for 24 hours. Concurrently, either a CITED2 silencing vector (5′-ACGGACUUCGUGUGCAA 
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TT-3′) or a CITED2 overexpression vector (5′-ATGGCAGACCATATGATGGCCATGAACCACGGGCGCTTCCCCGACG 
GCACCAATGGGCTGCACCATCACCCTGCCCACCGCATGGGCATGGGGCAGTTCCCGAGCCCCCATCACCACCA-
GCAGCAGCAGCCCCAGCACGCCTTCAACGCCCTAATGGGCGAGCACATACACTACGGCGCGGGCAACATGAAT-
GCCACGAGCGGCATCAGGCATGCGATGGGGCCGGGGACTGTGAACGGAGGGCACCCCCCGAGCGCGCTGGCC-
CCCGCGGCCAGGTTTAACAACTCCCAGTTCATGGGTCCCCCGGTGGCCAGCCAGGGAGGCTCCCTGCCGGCCA-
GCATGCAGCTGCAGAAGCTCAACAACCAGTATTTCAACCATCACCCCTACCCCCACAACCACTACATGCCGGAT-
TTGCACCCTGCTGCAGGCCACCAGATGAACGGGACAAACCAGCACTTCCGAGATTGCAACCCCAAGCACAGC-
GGCGGCAGCAGCACCCCCGGCGGCTCGGGCGGCAGCAGCACCCCCGGCGGCTCTGGCAGCAGCTCGGGCGG-
CGGCGCGGGCAGCAGCAACAGCGGCGGCGGCAGCGGCAGCGGCAACATGCCCGCCTCCGTGGCCCACGTCCC-
CGCTGCAATGCTGCCGCCCAATGTCATAGACACTGATTTCATCGACGAGGAAGTTCTTATGTCCTTGGTGATAGA-
AATGGGTTTGGACCGCATCAAGGAGCTGCCCGAACTCTGGCTGGGGCAAAACGAGTTTGATTTTATGACGGAC-
TTCGTGTGCAAACAGCAGCCCAGCAGAGTGAGCTGTTGA-3′) (CITED2-pcDNA3.1, Anhui General Company, Anhui, 
China) was transfected into approximately 70% to 80% of the confluent HK-2 cells using lipofectamine 3000 (Invitrogen, 
L3000150, USA). Following transfection, cells were again treated with LPS for 24 hours to develop the septic cell model featuring 
either CITED2 silencing or overexpression.

Enzyme-Linked Immunosorbent Assay (ELISA)
ELISA kits were used to detect IL-1β (Boster, EK0394, China), IL-6 (Boster, EK0411, China), TNF-α (Boster, EK0527, 
China) in serum and cAMP (Elabscience, E-EL-0056c, China) in HK-2 cells. The experimental protocols were carried 
out in strict adherence to the manufacturer’s instructions, and concentration results were normalized using the reagents 
provided in the kits.

Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)
Total RNA was extracted using the RNA extraction kit (CWBIO, CW0581M, China). The RNA reverse transcription 
reactions were performed in strict accordance with the kit instructions (Vazyme, R223-01, China). Amplification 
reactions were conducted using the ChamQ Universal SYBR qPCR Master kit (Vazyme, Q711-02, China). The reaction 
conditions were as follows: an initial predenaturation at 95°C for 2 minutes; this was followed by 40 cycles of 
denaturation at 95°C for 10 seconds, annealing at 60°C for 34 seconds, and extension at 72°C for 30 seconds, with a 
final extension period of 10 minutes. The sequences of the primers used are detailed in Table 1. β-Actin served as the 
internal reference gene. The relative mRNA expression levels were quantified using the 2−ΔΔCT method.

Table 1 List of Primer Sequence of Target Gene Used in RT- 
qPCR

Genes Primers (F-Forward, R-Reverse)

β-Actin-Mouse F AGGGAAATCGTGCGTGAC

β-Actin-Mouse R CATACCCAAGAAGGAAGGCT
β-Actin-Human F TGGCACCCAGCACAATGAA

β-Actin-Human R CTAAGTCATAGTCCGCCTAGAAGCA

IL-6-Mouse F CTGGTCTTTTGGAGTTTGAGG
IL-6-Mouse R TGGCATTTGTGGTTGGGT

TNF-α-Mouse F CGAGTGACAAGCCTGTAGCC

TNF-α-Mouse R TGAAGAGGACCTGGGAGTAGAT
iNOS-Mouse F TGGAACATCCCAAATACGAG

iNOS-Mouse R TGGAACATCCCAAATACGAG

GLUT1-MouseF CGGGCCAAGAGTGTGCTAAA

(Continued)
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Hematoxylin-Eosin Staining (HE Staining)
Mouse kidneys were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned. The sections were then stained 
using hematoxylin and eosin. After staining, the sections were sealed with neutral resin to preserve the tissue. The 
structural details of the kidneys were visualized under a microscope to assess histological changes.

Western Blot (WB)
Total protein was extracted from mouse kidney tissue and HK-2 cells using RIPA lysis buffer. The protein concentration 
of the samples was determined using the BCA Protein Assay Kit (Elabscience, E-BC-K318-M, China). The proteins were 
then separated by SDS-PAGE and transferred onto PVDF membranes. The membranes were blocked with 5% skim milk 
before overnight incubation at 4°C with primary antibodies, as listed in Table 2. This was followed by a 1-hour 
incubation with the corresponding secondary antibodies. Visualization of the proteins was achieved using the ECL 
chemiluminescence kit (Thermo Fisher Scientific, RJ239676, USA). Quantification of protein expression was performed 
using ImageJ software.

Immunofluorescence
Paraffin-embedded sections of mouse kidney tissues were prepared and subjected to antigen retrieval using sodium citrate 
buffer solution. To prevent nonspecific binding, sections were incubation with 5% BSA for 30 minutes. Primary 
antibodies, specifically CITED2 (Affinity, DF2455, China, 1:200), F4/80 (Affinity, DF2789, China, 1:100) and AKAP 
(Affinity, AF0330, China, 1:150), were applied and incubated overnight at 4°C. This was followed by a 1-hour 
incubation with the appropriate secondary antibodies. Sections were then stained with DAPI and treated with an anti- 
fluorescence quencher to block nonspecific fluorescence. Imaging was performed using a fluorescence microscope. 
ImageJ software was utilized to quantitatively analyze the signal density.

Table 1 (Continued). 

Genes Primers (F-Forward, R-Reverse)

GLUT1-MouseR CACAAACAGCGACACGACAG

PKM2-Mouse F TCCGGATCTCTTCGTCTTTG
PKM2-Mouse R GAAGCTGGGCCAATGGT

LDHA-Mouse F GGAATGAATGTTGCTGGTGTCT

LDHA-Mouse R AGTCCAATAGCCCAGGATGTG
KIM-1-Mouse F AAGTCAGCATCTCTAAGCGTGGT

KIM-1-Mouse R CTTGGCGCTGTAATGGGTGT

NGAL-Mouse F GGACTACAACCAGTTCGCCA
NGAL-Mouse R AATGCATTGGTCGGTGGGG

CITED2-Mouse F GGCGAGCACATACACTACGG

CITED2-Mouse R TGAACTGGGAGTTGTTAAACCTG
CITED2-Human F TGGGCGAGCACATACACTAC

CITED2-Human R GAGTTGTTAAACCTGGCCGC

CD86-Human F TGGAAACTGACAAGACGCGG
CD86-Human R TCTCCATTGTGTTGGTTCCACAT

IL-1β-Human F CCACAGACCTTCCAGGAGAATG

IL-1β-Human R GTGCAGTTCAGTGATCGTACAGG
ARG1-Human F ACTGGACCCATCTTTCACACC

ARG1-Human R CAAGTCCGAAACAAGCCAAGG
IL-10 -Human F CGAGATGCCTTCAGCAGAGTG

IL-10 -Human R CCTTGATGTCTGGGTCTTGGTT
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Immunohistochemical
Paraffin-embedded sections of kidney tissue were deparaffinized and rehydrated, followed by antigen retrieval using 
sodium citrate buffer solution. The sections were blocked with 5% BSA to prevent nonspecific antibody binding. 
Overnight incubation at 4°C was then performed with primary antibodies: F4/80 (Affinity, DF2789, China, 1:100), IL- 
6 (Affinity, DF6087, China, 1:100), and CD86 (Bioss, bs-1035R, China, 1:200). This was followed by incubation with 
secondary antibodies. The slides were subsequently stained with DAB, sealed with neutral gum, and examined under a 
microscope and images were captured for documentation. Quantitative analysis of the staining intensity was conducted 
using ImageJ software.

Periodic Acid-Schiff Staining (PAS Staining)
Paraffin-embedded sections of kidney tissue from each experimental group were deparaffinized and exposed in 0.5% 
periodic acid for 15 minutes, followed by immersion in Schiff Reagent in the dark for 20 minutes. Afterward, sections 
were counterstained with hematoxylin for 2 minutes. The slides were then routinely dehydrated, cleared, and sealed. 
Microscopic photographs were captured to observe glycogen deposition in the kidney tissues. Quantitative analysis of the 
staining was performed using ImageJ software.

Flow Cytometry (FCM)
Flow cytometry was employed to assess apoptosis in HK-2 cells. A total of 1×106 HK-2 cells from each group were 
seeded in 6-well plates and cultured for 24 hours. The cells were then stained with Annexin V - FITC and incubated in 
the dark for 15 minutes prior to detection by flow cytometry.

Table 2 List of Dilutions of Antibodies 
Used for the Target Protein

Antibodies Dilution Rate

β-Actin-Mouse 1/2000

β-Actin-Human 1/2000

IL-6-Mouse 1/800
TNF-α-Mouse 1/1000

TNF-α-Human 1/1000

iNOS-Mouse 1/1000
iNOS-Human 1/1000

GLUT1-Mouse 1/1000
GLUT1-Human 1/1000

PKM2-Mouse 1/1000

PKM2-Human 1/1000
LDHA-Mouse 1/2000

LDHA-Human 1/2000

CITED2-Mouse 1/1000
CITED2-Human 1/1000

AKT-Mouse 1/1000

AKT-Human 1/1000
P-AKT-Mouse 1/1000

P-AKT-Human 1/2000

P70S6K-Mouse 1/2000
P70S6K-Human 1/1000

P-P70S6K-Mouse 1/1000

P-P70S6K-Human 1/1000
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Cell Bioenergy Tests
HK-2 cells were plated in XF96 cell culture plates, and 48 hours post-transfection, bioenergy assessments were 
conducted. Initially, cells were washed twice with a pre-configured Seahorse assay solution and then incubated at 37° 
C for 1 hour. Subsequently, reagents necessary for measuring the extracellular acidification rate (ECAR) — glucose (100 
mM), oligomycin (100 µM), and 2-deoxy-D-glucose (2-DG, 500 mM) —and the oxygen consumption rate (OCR) — 
oligomycin (100 µM), FCCP (100 µM), and antimycin A (50 µM) — were added to the respective wells of the probe 
plate. The plate was then placed in the analyzer for calibration. Following successful calibration, the incubated cells were 
transferred to the probe plates to measure ECAR and OCR of the cells, facilitating the final determination of the cells’ 
metabolic activity.

Statistical Analysis
Statistical analyses were conducted using SPSS software (version 26.0). All data are presented as the mean ± standard 
deviation. One-way analysis of variance (ANOVA) was employed to compare multiple groups, while the Student’s t-test 
was used for comparisons between two groups. A p-value of less than 0.05 was considered to indicate statistical 
significance.

Results
Kidney Structure and Function Deterioration in Septic Mice Associated with Increased 
CITED2 Expression
Relative to the Sham group, serum levels of IL-1β, IL-6 and TNF-α in the sepsis group showed significant increases 
(Figure 1A–C). Additionally, the serum concentrations of creatinine (CREA) and urea (UREA) in septic mice were 
significantly higher than those in the Sham group (Figure 1D and E), and there was an upregulation in the gene 
expression of kidney injury markers (KIM-1 and NGAL) (Figure 1F and G). HE staining revealed disorganized and 
severely damaged kidney structures, characterized by necrosis and shedding of renal tubular epithelial cells, expansion of 
the renal interstitial spaces, infiltration by inflammatory cells, and hemorrhage (Figure 1H). In addition, PAS staining 
further demonstrated destruction of glomerular structures and glycogen deposition in septic mice (Figure 1I). Protein and 
gene expression levels of CITED2 were also elevated in the kidney tissues of septic mice compared to the Sham group 
(Figure 1J). Immunofluorescence analysis revealed increased macrophages infiltration and higher CITED2 expression in 
the renal tissues of septic mice than in the Sham group (Figure 1K).

CITED2 Regulation of Renal Inflammation in Septic Mice
In CITED2-silenced septic mice, serum levels of CREA and UREA were lower than those in control septic mice 
(Figure 2A and B). Furthermore, gene expression levels of kidney injury markers KIM-1 and NGAL were reduced in the 
CITED2-silenced septic mice compared to septic controls (Figure 2C and D). Immunofluorescence staining for the 
macrophage-specific marker F4/80 revealed high macrophage infiltration in the renal tissues of septic mice. However, 
this infiltration was notably reduced in the renal tissues of septic mice with CITED2 silencing (Figure 2E). As depicted in 
Figure 2F, the expression levels of CD86, F4/80 and IL-6 were elevated in the renal tissues of septic mice compared to 
the Sham group. Conversely, these expression levels were lower in the renal tissues of septic mice with CITED2 
silencing. As shown in Figure 2G, the protein and gene expression levels of iNOS, TNF-α, and IL-6 were higher in the 
renal tissues of septic mice than in the Sham group. Hower, these levels were reduced in the renal tissues of septic mice 
with CITED2 silencing.

Impact of CITED2 on Renal Metabolic Reprogramming and Kidney Injury via the AKT 
Signaling Pathway in Septic Mice
HE staining indicated that kidney tissue structure was normalized in septic mice with CITED2 silencing, and silencing of 
CITED2 was effective in mitigating septic kidney injury (Figure 3A). PAS staining demonstrated that the glomerular 
structure was preserved and there was no significant glycogen deposition in the CITED2-silenced septic mice 
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(Figure 3B). Immunofluorescence results revealed that the expression level of AKAP was higher in the renal tissues of 
septic mice than in the Sham group, while it was reduced in the renal tissue of septic mice with CITED2 silencing 
(Figure 3C). The protein levels of PKM2, GLUT1, LDHA, phosphorylated AKT (p-AKT), and phosphorylated p70S6 
kinase (p-p70S6K) were significantly increased in the renal tissues of septic mice compared with the Sham group, while 
these levels were lower in the renal tissues of CITED2-silenced septic mice (Figure 3D). Additionally, the gene levels of 

Figure 1 Continued.
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Figure 1 Impairment of kidney structure and function in septic mice, characterized by macrophage infiltration and elevated CITED2 expression. (A-C). Serum expression 
levels of IL-1β, IL-6, and TNF-α in the Sham and Sepsis groups. (D and E). Serum levels of UREA and CREA in the Sham and Sepsis groups. (F and G). Gene expression levels 
of kidney injury markers (KIM-1 and NGAL) in kidney tissues of the Sham and Sepsis groups. H. HE staining of renal tissues in the Sham and Sepsis groups. (I). PAS staining of 
renal tissues in both Sham and Sepsis groups. (J). Protein and gene expression levels of CITED2 in renal tissues of the Sham and Sepsis groups. (K). Immunofluorescence 
staining for CITED2 and F4/80 in renal tissues of the Sham and Sepsis groups. *P < 0.05, **P < 0.01, ***P < 0.001. Significance indicators: ns (no significant difference). 
Abbreviations: IL-1β, Interleukin-1β; IL-6, Interleukin-6; TNF-α, Tumor necrosis factor-α; PAS, Periodic Acid-Schiff.
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Figure 2 Continued.
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PKM2, GLUT1 and LDHA were also significantly increased in the kidney tissues of septic mice compared with the Sham 
group, while these levels were lower in the kidney tissues of septic mice with CITED2 silencing (Figure 3E).

Regulation of AKT Signaling and Metabolic Reprogramming in TECs by CITED2 
Silencing in Septic Cells to Mitigate Acute Kidney Injury
Compared with the control group, apoptosis in LPS-treated HK-2 cells was significantly elevated (Figure 4A). Echoing 
findings from the sepsis animal model, protein and gene expression levels of CITED2 increased in LPS-treated HK-2 
cells (Figure 4B and C). Moreover, LPS treatment heightened the cellular inflammatory response, with marked increases 
in CD86 and IL-1β expression and decreases in ARG1 and IL-10. However, CITED2 silencing in LPS-treated HK-2 cells 
led to decreased CD86 and IL-1β levels, attenuating the inflammatory response (Figure 4D).

Results from ECAR assays showed that glycolysis, glycolytic capacity, and glycolytic reserve were significantly 
lower in the LPS group compared to the control group. However, these measures were higher in LPS-treated HK-2 cells 
with CITED2 silencing than in the LPS group. No significant changes in non-glycolytic acidification were observed 
among the groups (Figure 5A). Oxygen consumption rate (OCR) data demonstrated that basal respiration, ATP 
production, maximal respiration, and spare respiratory capacity decreased in the LPS group compared to controls, with 
no significant changes observed in these parameters in LPS-treated HK-2 cells with CITED2 silencing (Figure 5B). In 
terms of protein expression, PKM2, GLUT1, LDHA, p-AKT and p-p70S6K levels decreased in the LPS group compared 
to controls, with no significant changes observed in LPS-treated HK-2 cells with CITED2 silencing (Figure 5C). 
Additionally, cAMP levels were higher in the LPS group compared to controls, while cAMP levels were reduced in 
LPS-treated HK-2 cells with CITED2 silencing compared to the LPS group (Figure 5D).

Impact of CITED2 Overexpression on AKT Signaling, Metabolic Reprogramming, and 
Inflammatory Responses in an S-AKI Cell Model
Results from the ECAR assays showed that glycolysis, glycolytic capacity, glycolytic reserve, and non-glycolytic 
acidification were significantly decreased in LPS-treated HK-2 cells with CITED2 overexpression compared to the 

Figure 2 CITED2 Regulation of kidney inflammation in S-AKI mice models. (A and B). Serum expression levels of UREAand CREA in mice from each group. (C and D). 
Gene expression levels of kidney injury markers (KIM-1 and NGAL) in kidney tissues of mice from each group. (E). Immunofluorescence staining for F4/80 in renal tissues of 
mice from each group, illustrating macrophage presence. (F). Immunohistochemical staining for CD86, F4/80, and IL-6 in kidney tissues of mice from each group, indicating 
levels of inflammatory markers. (G). Protein and gene expression levels of CITED2, iNOS, TNF-α, andIL-6 in renal tissues of mice from each group, reflecting inflammation 
status. *P < 0.05, **P < 0.01, and ***P < 0.001, denoting statistical relevance of findings. Significance indicators are ns (no significant difference). 
Abbreviations: NC, Negative Control with empty vector; si-CITED2, CITED2 silencing.
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LPS group. However, these parameters were significantly increased in the same cells following the addition of SC79, an 
AKT activator (Figure 6A). OCR measurements indicated that basal respiration, ATP production, maximal respiration, 
and spare respiratory capacity were reduced in LPS-treated HK-2 cells with CITED2 overexpression compared to the 
LPS group. Notably, the addition of SC79 significantly enhanced these respiratory parameters in cells with CITED2 
overexpression (Figure 6B). As depicted in Figure 6C, compared with the control group, protein expression levels of 

Figure 3 Continued.
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Figure 3 Regulation of glucose metabolism in the kidneys of S-AKI mouse models via CITED2 and AKT signaling pathways. (A). HE staining of kidney tissue in each group. 
(B). PAS staining performed on renal tissues in each group. (C). Immunofluorescence staining for AKAP in renal tissues of mice from each group. (D). Protein levels of 
CITED2, PKM2, GLUT1, LDHA, phosphorylated AKT (p-AKT) and phosphorylated p70S6 kinase (p-p70S6K) in renal tissues of mice from each group. (E). Gene expression 
levels of CITED2, PKM2, LDHA, and GLUT1 in renal tissues of mice from each group. Significance indicators: ns (no significant difference), *P < 0.05, **P < 0.01, ***P < 
0.001, denoting statistical relevance of findings. 
Abbreviations: PAS, Periodic Acid-Schiff; NC, Negative Control with empty vector; si-CITED2, CITED2 silencing.
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iNOS and TNF-α were elevated in the LPS group, with further increases observed in LPS-treated HK-2 cells with 
CITED2 overexpression. The application of SC79 reduced the protein expression levels of iNOS and TNF-α in these 
cells. Moreover, CITED2 overexpression led to reduced protein expression levels of PKM2, GLUT1 and LDHA in LPS- 
treated HK-2 cells, while SC79 also increased the protein expression of iNOS and TNF-α in these cells. Additionally, 
overexpression of CITED2 further decreased the protein expression levels of p-AKT and p-p70S6K in the LPS group, 
whereas SC79 administration led to an increase in these protein expression levels (Figure 6C).

Figure 4 CITED2 Regulation of inflammatory response in TECs in the S-AKI cell model. (A). Apoptosis levels in cells from the control group compared to the LPS-treated 
group. (B and C). Protein and gene expression levels of CITED2 in the control and LPS groups demonstrate the direct impact of LPS exposure. (D). Gene expression levels 
of CD86, IL-1β, ARG1, and IL-10 across all groups, indicating variations in inflammatory and anti-inflammatory markers. *P < 0.05, **P < 0.01, and ***P < 0.001, denoting 
statistical relevance of the findings. Significance indicators are ns (no significant difference). 
Abbreviations: LPS, lipopolysaccharide; NC, Negative Control with empty vector; si-CITED2, CITED2 silencing.
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Figure 5 Continued.
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Discussion
S-AKI represents one of the most critical complications of sepsis, often progressing to renal failure, irreversible damage, 
chronic renal insufficiency, and ultimately end-stage renal disease.27–29 S-AKI primarily results from filtration dysfunc-
tion, which disrupts the regulation of ions, urine and other substances, thereby exacerbating the severity of sepsis and 
increasing mortality risk.30,31 The severity of S-AKI is intimately linked to the clinical prognosis of patients.

Figure 5 Regulation of metabolic reprogramming of TECs by CITED2 via AKT signaling pathway in S-AKI cell model.(A). The ECAR across all groups illustrates glycolysis, 
glycolytic capacity, glycolytic reserve, and non-glycolytic acidification. (B). The OCR measures basal respiration, ATP production, maximal respiration, and spare respiratory 
capacity in each group. (C). The protein expression levels of CITED2, PKM2, GLUT1, and LDHA highlight metabolic enzyme activity in each group. (D). Protein expression 
levels of phosphorylated AKT (p-AKT) and phosphorylated p70 S6 kinase (p-p70S6K) in each group, reflecting changes in signaling pathways. (E). Expression levels of cyclic 
AMP (cAMP) in each group, showing metabolic responses. *P < 0.05, **P < 0.01, and ***P < 0.001, indicating the statistical relevance of the findings. Significance indicators are 
ns (no significant difference).
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Figure 6 Continued.

https://doi.org/10.2147/JIR.S486596                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2024:17 9500

Deng et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


The complex pathophysiological mechanisms underlying S-AKI have hindered early diagnosis and treatment. 
Reported pathogenesis factors include microcirculation dysfunction, renal cell apoptosis, immune inflammatory 
responses, and coagulation abnormalities.32–35 Rosales et al36 noted that elevated vasoconstrictive tension in sepsis 
could precipitate acute kidney injury. Xin et al37 identified platelet count, prothrombin time, and procalcitonin as 
potential predictors of S-AKI. Furthermore, Wang et al38 confirmed that the increased expression of TLR2 in the renal 
tissues of septic patients contributes to renal inflammation and subsequent injury. Therefore, S-AKI arises from a 
multifactorial interaction leading to kidney injury,39 although the precise mechanisms remain incompletely understood. 
In S-AKI, we observed significant kidney inflammation, severe structural and functional damage to the kidneys, and 

Figure 6 The impact of CITED2 overexpression on cellular metabolism and inflammation. (A). The ECAR in each group, showing measures of glycolysis, glycolytic capacity, 
glycolytic reserve, and non-glycolytic acidification. (B). The OCR for each group, detailing basal respiration, ATP production, maximal respiration, and spare respiratory 
capacity. (C). Protein expression levels of CITED2, iNOS, TNF-α, PKM2, GLUT1, LDHA, p-AKT, and phosphorylated p70 S6 kinase (p-p70S6K) across all groups. *P < 0.05, 
**P < 0.01, and ***P < 0.001, which denote the statistical relevance of the findings. Significance indicators include ns (no significant difference). 
Abbreviations: ECAR, extracellular acidification rate; OCR, oxygen consumption rate; oe-CITED2, CITED2 overexpression.
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extensive glycogen deposition. We hypothesize that sepsis induces abnormal glucose metabolism in the kidneys, 
impairing energy supply and leading to acute kidney injury. This injury disrupts secretion and reabsorption processes, 
causing electrolyte and acid-base imbalances that exacerbate the inflammatory response and further promote kidney 
damage.

S-AKI is primarily caused by damage to TECs, leading to decreased secretion and reabsorption functions.40,41 TECs 
are highly dependent on energy and play a crucial role in renal glucose metabolism, including glucose reabsorption, 
production and utilization, which is vital for maintaining systemic glucose homeostasis.42,43 When the metabolic 
reprogramming of TECs fails to meet their metabolic needs, it leads to impaired cell function, survival, repair or 
regeneration, significantly contributing to the onset and development of S-AKI.44 YANG et al45 and Zhao et al8 reported 
that pyruvate kinase M2 (PKM2) was significantly increased in activated macrophages during sepsis, inducing the release 
of high mobility group box 1 protein (HMGB1) from macrophages and enhancing the inflammatory response and 
oxidative stress in TECs. TECs increase glycolysis compensatorily in response to stress to provide energy for cell 
survival, repair, and essential functions.46,47 Additionally, glycolysis can also reduce the production of reactive oxygen 
species (ROS) and enhance resistance to oxidative damage.48 In our study, we observed decreased glycolysis, abnormal 
oxygen consumption, reduced ATP production, and increased apoptosis in TECs during sepsis, leading to significant 
renal structural and functional damage. Moreover, substantial glycogen deposition in kidney tissue indicated an 
imbalance between gluconeogenesis and glucose reabsorption, leading to glucose overload in TECs and exacerbating 
cell damage.

Some metabolic reprogramming has been linked to abnormal insulin sensitivity.49 CITED2, acting as a signal 
transduction molecule for glucagon and insulin, regulates energy metabolism by modulating inflammation and insulin 
sensitivity.50,51 It also serves as a transcription cofactor, regulating the transcription of metabolism-related proteins.22 

Thus, CITED2 affects the expression of glycolysis-related proteins and genes, influencing glucose uptake and utilization. 
Kunkemoeller et al18 found that elevated CITED2 in the vascular system of patients with type 2 diabetes inhibited 
endothelial insulin signaling through the PI3K/Akt pathway, while the loss of CITED2 enhanced insulin signaling. 
Conversely, Sakai et al21 reported that increased CITED2 expression in mouse liver promoted gluconeogenesis. CITED2 
is responsive to hypoxia, LPS, growth factors, and proinflammatory cytokines.52–54

Although CITED2 has been shown to reduce inflammation in other studies,51,54 our study found that CITED2 
elevation during sepsis drives glucose metabolic dysregulation by upregulating gluconeogenesis and glycogen storage, 
while downregulating glycolysis. This shift results in energy shortages, impaired TEC repair, and kidney injury. 
Furthermore, we found that renal tissue damage in septic mice was closely associated with macrophage infiltration. 
The presence of M1 macrophages and their secretion of inflammatory factors increased, whereas M2 macrophages and 
their secretion decreased. Inhibition of CITED2 alleviated the inflammatory response in sepsis, while increased CITED2 
expression exacerbated it. Our findings suggest that CITED2’s promotion of metabolic reprogramming in TECs led to 
damage and exacerbated renal inflammation. Interestingly, the discrepancies between our findings and prior studies 
reporting CITED2 as an anti-inflammatory mediator may stem from different cellular and pathological backgrounds. In 
our S-AKI model, CITED2 promoted metabolic reprogramming in TECs leading to glucose overload, energy imbalance, 
and kidney injury, ultimately overshadowing any anti-inflammatory effects. The proinflammatory consequences of this 
metabolic dysfunction in TECs appear to outweigh the anti-inflammatory properties of CITED2 observed in other 
systems, underlining the multifaceted role of CITED2 in sepsis. Further studies are needed to elucidate the specific 
pathways by which CITED2 affects TECs metabolism and inflammation, especially in the context of S-AKI. This study 
further supports the role of CITED2 in mediating TECs metabolic reprogramming via the AKT signaling pathway, 
leading to TECs injury and aggravated inflammatory response, leading to kidney injury. Targeting CITED2 to restore 
TECs metabolism and ATP production may be a novel therapeutic approach to alleviate S-AKI.

Our study has several limitations. First, while we observed that S-AKI may result from the metabolic reprogramming 
of TECs by CITED2 leading to kidney injury, we did not specifically identify which aspects of glucose metabolisms are 
predominantly affected by CITED2. Secondly, the specific mechanisms through which CITED2 influences the metabolic 
reprogramming of TECs via AKT signaling pathway require further investigation.
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Conclusion
In this study, we demonstrated that the mechanism underlying S-AKI involves CITED2 affecting the metabolic 
reprogramming of TECs via the AKT signaling pathway. This influence leads to TECs injury, exacerbates the inflam-
matory response, and ultimately results in acute kidney injury. These findings provide new insights into the pathogenesis 
of S-AKI and offer potential targets and strategies for its prevention and treatment.
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