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Purpose: Inflammation triggers a metabolic shift in macrophages from oxidative phosphorylation to glycolysis, a phenomenon known 
as the Warburg effect. This metabolic reprogramming worsens inflammation and cascades into organ damage. Angiotensin-(1-7) [Ang- 
(1-7)], a small molecule, has demonstrated anti-inflammatory properties. This study investigates whether Ang-(1-7) mitigates 
inflammation in LPS-induced macrophages and septic mice by regulating the Warburg effect in immune metabolism.
Methods: The study induced macrophages with LPS in vitro and measured inflammatory factors using ELISA and Western blot. Key 
enzymes in glycolysis, mitochondrial respiratory complexes, and citrate pathway key molecules were assessed using Western blot and 
qRT-PCR. Mitochondrial membrane potential (MMP), lactate, and ATP were measured using assay kits. In vivo, a mouse model of 
sepsis induced by LPS was used. Kidney tissues were examined for pathological and mitochondrial ultrastructural alterations. The 
levels of inflammatory factors in mouse serum, glycolysis and citrate pathway-related molecules in the kidney were assessed using 
qRT-PCR, Western blot, and immunofluorescence techniques. Additionally, MMP, lactate, and ATP in the kidney were measured using 
assay kits.
Results: In vitro experiments demonstrated that Ang-(1-7) inhibited the levels of inflammatory factors in LPS-treated RAW264.7 
cells. It also reduced the expression of key glycolytic enzymes HK2, PFKFB3, and PKM2, as well as lactate levels. Additionally, it 
decreased intracellular citrate accumulation, enhanced mitochondrial respiratory complexes I and III, and ATP levels. Ang-(1-7) 
alleviated MMP damage, modulated citrate pathway-related molecules, including SLC25A1, ACLY, and HIF-1α. In vivo experiments 
showed that Ang-(1-7) lowered glycolysis levels in septic mice, improved mitochondrial ultrastructure and function, mitigated 
inflammation and renal tissues damage in septic mice, and suppressed the expression of key molecules in the citrate pathway.
Conclusion: In conclusion, Ang-(1-7) can regulate the Warburg effect through the citrate pathway, thereby alleviating inflammation 
in LPS-induced macrophages and septic mice.
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Introduction
Sepsis is a systemic exaggerated inflammatory response to infection or injury, leading to multi-organ dysfunction.1 One 
of the key factors in sepsis is the excessive activation and immune metabolic dysregulation of macrophages.2 

Macrophages in sepsis produce pro-inflammatory cytokines, which initiate the innate immune response.3 Meanwhile, 
there is a significant shift in the immune metabolism pattern of macrophages, particularly in the alteration of glucose 
metabolism.4 The core metabolism of macrophages shifts from oxidative phosphorylation (OXPHOS) to aerobic 
glycolysis, a change referred to as the Warburg effect.5

The Warburg effect plays a crucial role in inflammation. Macrophages activated by LPS shift their cellular 
metabolism towards the glycolytic pathway to fulfill the rapid increase in energy demands required for synthesizing 
inflammatory factors.6–8 The glycolysis process further triggers the inflammatory response in macrophages. The key rate- 
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limiting enzyme in glycolysis, such as pyruvate kinase M2 (PKM2), is a critical determinant in the activation of 
macrophages by LPS, promoting the production of inflammatory factors and triggering the inflammatory response.9 

However, during inflammation, compared to enhanced glycolysis, the activity of the tricarboxylic acid (TCA) cycle in the 
mitochondria decreases, OXPHOS is inhibited, and ATP production is reduced.10 This impairment affects the immune 
function of activated macrophages, rendering them unable to meet their energy requirements.

The ATP generated by the mitochondrial TCA cycle is the primary source of cellular energy.11 However, under 
inflammatory condition, the TCA cycle is interrupted, leading to citrate accumulation.12 Citrate serve as an inflammatory 
signaling molecule in macrophages.13 It enters the cytoplasm through the mitochondrial citrate carrier, SLC25A1,14 and 
is then cleaved by ATP-citrate lyase (ACLY). This activation of the mitochondrial citrate export pathway involved in 
inducing glycolysis.15,16 Studies have confirmed that citrate export pathway promotes hypoxia-inducible factor-1α (HIF- 
1α) dependent gene transcription.17,18 HIF-1α plays a significant role in altering glucose metabolism by activating key 
enzymes in glycolysis and affecting the stability of mitochondrial respiratory complexes.19–21 Therefore, regulating the 
SLC25A1-HIF-1α pathway may help suppress the Warburg effect, thereby reducing inflammation and protecting organs.

A growing body of evidence suggests that the Ang-(1-7)/Mas axis, a component of renin-angiotensin-aldosterone 
system (RAAS), confers protective effects, such as anti-inflammatory, anti-oxidative, and anti-fibrotic effects.22,23 Our 
preliminary research has indicated that Ang-(1-7) can inhibit the inflammatory response in macrophages and septic 
mice.24 However, the specific regulatory mechanism remains unclear. Therefore, this study aims to further explore 
whether Ang-(1-7) alleviates inflammation in LPS-induced macrophages and septic mice by modulating the Warburg 
effect.

Materials and Methods
Cell Culture and Treatments
RAW264.7 cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in high- 
glucose DMEM medium (Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum and 1% penicillin- 
streptomycin. The cells were maintained in a constant temperature cell culture incubator at 37°C with 5% CO2. Utilizing 
previously published data,24 a cellular model was constructed using lipopolysaccharide (LPS) (Sigma-Aldrich, St. Louis, 
MO, USA) at a concentration of 1 μg/mL. Initially, the cells were pre-treated with A-779 (MedChemExpress, USA) at 
a concentration of 10−5 mol/L for 30 minutes, followed by intervention with Ang-(1-7) (MedChemExpress, USA) at 
a concentration of 10−6 mol/L. The cells were cultured for 24 hours in the presence or absence of LPS.

Cell Viability Assay
The cell viability was analyzed using the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). RAW264.7 cells were 
seeded at a density of 5000 cells per well in a 96-well plate and incubated overnight. After drug treatment, 10 μL of 
CCK-8 solution was added to each well and incubated in a cell culture incubator. Subsequently, the absorbance at 450 nm 
was measured using a microplate reader (Thermo Fisher Scientific, USA) to calculate cell viability. Cell viability (%) was 
calculated using the following formula: cell viability (%) = (experimental group absorbance-blank group absorbance)/ 
(control group absorbance-blank group absorbance)× 100%.

Animals
All experimental procedures involving mice were approved by the Chongqing Medical University Animal Ethics 
Committee and conducted in accordance with the Chongqing Medical University Animal Experiment Guidelines. 
C57BL/6 male mice (8–10 weeks old) were purchased from the Experimental Animal Center of Chongqing Medical 
University. Sepsis was induced in the mice by intraperitoneal injection of LPS. All animals were randomly divided into 
three groups (n=8 per group): control group, LPS group, and LPS+Ang-(1-7) group. The animals in the LPS+Ang-(1-7) 
group were injected with Ang-(1-7) (2 mg/kg) daily for three consecutive days. The control group and the LPS group 
were injected with the same volume of saline solution. After three days, both the LPS group and the LPS+Ang-(1-7) 
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group were injected with LPS (10 mg/kg) within 30 minutes. After 24 hours of LPS injection, mouse kidney tissues and 
blood samples were collected for experimentation.

Enzyme-Linked Immunosorbent Assay (ELISA)
The levels of TNF-α and IL-6 in cell culture supernatant and mouse serum were detected using an ELISA kit (Jiubang 
Biotechnology, Quanzhou, China). The ELISA kit was equilibrated to room temperature, standard wells and sample wells 
were prepared, and standards, samples, and reagents were added according to the instructions. Finally, the absorbance at 
450 nm was measured, and the sample concentrations were calculated according to the instructions manual.

Western Blot Analysis
RAW264.7 cells and kidney tissues were collected and added with RIPA lysis buffer (Beyotime, Shanghai, China). After 
thorough lysis on ice, the lysates were centrifuged at 4°C, and the supernatants were collected. The concentration of total 
proteins in the supernatant was determined using the BCA protein assay kit (Solarbio, Beijing, China). Equal amounts of 
protein were separated using SDS-PAGE and transferred onto PVDF membranes (Millipore Sigma, Burlington, MA, USA). 
The membranes were blocked at room temperature for 60 minutes and then incubated overnight at 4°C with the 
corresponding primary antibodies. Afterwards, the corresponding species-specific secondary antibodies (Proteintech, 
Wuhan, China) were incubated on a shaker at room temperature for 60 minutes. Finally, ECL Western Blot Substrates 
(Zenbio, Chengdu, China) were applied to the protein bands, and chemiluminescent signals were detected using imaging 
equipment. All antibodies used for Western blot analysis are as follows: β-actin (20,536-1-AP, Proteintech), TNF-α 
(17,590-1-AP, Proteintech), IL-6 (12,912, Cell Signaling Technology), SLC25A1 (15,235-1-AP, Proteintech), HK2 
(22,029-1-AP, Proteintech), PFKFB3 (13,763-1-AP, Proteintech), PKM2 (15,822-1-AP, Proteintech), NDUFB8 (14,794- 
1-AP, Proteintech), UQCRFS1 (18,443-1-AP, Proteintech), ACLY (ab40793, Abcam), HIF-1α (ab179483, Abcam).

Quantitative Real-Time PCR (qRT-PCR)
Total RNA from cells or tissues was extracted using the SteadyPure Quick RNA Extraction Kit (Accurate Biology, 
Hunan, China). The concentration and purity of the extracted RNA samples were determined. Afterwards, the extracted 
RNA was reverse-transcribed into cDNA using RT Master Mix for qPCR II (MedChemExpress, USA). Subsequently, 
qRT-PCR reactions were performed using SYBR Green qPCR Master Mix (MedChemExpress, USA) and the CFX96 
RT-PCR system (Bio-Rad, USA). Finally, quantitative data analysis was conducted using the 2−ΔΔCt method. Primer 
sequences are listed in Table 1.

Table 1 Sequences of Primers Used for the qRT-PCR

Genes Forward (5′- 3′) Reverse (5′- 3′)

β-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA

Slc25a1 AGATGAACGAGCGAACCCAC GATGGAGCCGTAGAGCAAGG

Acly TAGGACAGCATCTTTTTCTGAGT GACTTGGGACTGAATCTTGGG

HIF-1α CTTTACCAACTCAAAACAGTCCC CAGGGTGGGCAGAACATTTA

Hk2 CGGAGTTGTTCTGCTTTGGA TCACTGGGTCACTAAGGCTC

Pfkfb3 GCCTCTTGACCCTGATAAATGTG ATTCGGCTCTGGATGTGGT

Pkm2 AAACAGCCAAGGGGGACTAC AACAGCAGACGGTGGAACAT
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Assays of Lactate and Citrate Content
Lactate content was measured using the lactate assay kit (Jiancheng Bioengineering Institute, Nanjing, China). Lactate 
content was calculated according to the instruction manual. Citrate content in cells was determined using the citrate assay 
kit (Jiancheng Bioengineering Institute, Nanjing, China) following the kit instructions.

Mitochondrial Membrane Potential (MMP) Assay
The MMP levels in cells and kidney tissues were assessed using the JC-1 staining kit (Beyotime, Shanghai, China). For 
cellular MMP detection, cells were evenly seeded in six-well plates. JC-1 staining working solution was added following 
the instructions provided with the kit. After incubation, cells were washed with JC-1 staining buffer. The samples were 
observed under a fluorescence microscope to distinguish JC-1 monomers (green fluorescence) and JC-1 polymers (red 
fluorescence). MMP in kidney tissues was assessed using the following method. Firstly, kidney tissues were processed 
using a tissue mitochondrial isolation kit (Beyotime, Shanghai, China) to extract mitochondrial organelles. The total 
protein concentration in the mitochondrial samples was determined using the BCA protein quantification method. 
Subsequently, purified mitochondria were suspended in diluted JC-1 working solution. Finally, the fluorescence intensity 
values of JC-1 polymers and monomers were measured using a fluorescence microplate reader. Calculate the ratio of JC- 
1 polymers and monomers.

ATP Content Detection
The ATP content in cells and kidney tissues was determined using an ATP assay kit (Beyotime, Shanghai, China). 
According to the manufacturer’s instructions, cells or tissues were lysed with lysis buffer after centrifugation, and the 
supernatant was collected. ATP detection working solution was added to the wells, followed by the addition of samples 
or standard solutions. The mixture was swiftly mixed and then the relative light units (RLU) were measured using an 
enzyme-linked immunosorbent assay reader. ATP content was calculated based on the instructions provided.

Renal Function Measurement
The blood urea nitrogen (BUN) levels and serum creatinine (Scr) levels were measured using urea nitrogen test kits and 
creatinine assay kits (Jiancheng Bioengineering Institute, Nanjing, China). The experimental procedures outlined in the 
instruction manual were followed to determine the blood urea nitrogen and creatinine content.

Hematoxylin–Eosin (HE) Staining
The mouse kidney tissues specimens were fixed in 4% paraformaldehyde. Sections from each group were dehydrated 
using alcohol gradients, embedded in paraffin, and cut into thin slices measuring 5µm. These sections were stained with 
hematoxylin-eosin (HE) and observed under a light microscope to assess the histopathological differences in kidney 
tissues.

Immunofluorescence Staining
Tissue sections were sequentially incubated in xylene and different concentrations of ethanol. Antigen retrieval was 
performed using microwave treatment, followed by blocking with 5% BSA at room temperature for 60 minutes. 
Subsequently, the sections were incubated overnight at 4°C with an appropriately diluted primary antibody. After the 
tissue sections were rewarmed the next day, they were incubated with an appropriately diluted secondary antibody 
specific to the corresponding species (Proteintech, Wuhan, China) at room temperature in the dark for 60 minutes. 
Finally, nuclear staining was performed using DAPI staining solution (Beyotime, Shanghai, China), and the slides were 
sealed with anti-fade mounting medium to prevent fluorescence quenching. Samples were analyzed using a fluorescence 
microscope (Nikon, Tokyo, Japan), and microscopic images were obtained.
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Transmission Electron Microscopy (TEM)
The kidney tissues were sliced into 1 mm³ sections using sterile blades. The tissues were fixed in 4% glutaraldehyde and 
stained with 1% osmium tetroxide. Subsequently, dehydration was carried out in ascending concentrations of acetone, 
followed by embedding in epoxy resin. Ultrathin sections were cut and stained with uranyl acetate and lead citrate. The 
ultrastructure of mitochondria in kidney tissues was observed under an electron microscope (Hitachi H7500 TEM, 
Tokyo, Japan).

Results
Ang-(1-7) Suppressed the Inflammatory Response in LPS-Induced RAW264.7 Cells
LPS, the primary component of bacterial endotoxin, induces severe inflammatory responses in macrophages. Therefore, 
we utilized an LPS-stimulated macrophage model to investigate the anti-inflammatory activity of Ang-(1-7) in vitro. 
Using CCK-8 assay to measure cell viability, it was observed that LPS, Ang-(1-7), and/or A-779 did not exhibit 
significant cytotoxic effects on RAW264.7 cells compared to the control group (Figure 1A). Under LPS stimulation, 
the levels of inflammatory cytokines TNF-α and IL-6 in the supernatant of RAW264.7 cells cultures were significantly 
elevated. After Ang-(1-7) treatment, the levels of TNF-α and IL-6 were markedly reduced compared to the LPS- 

Figure 1 Ang-(1-7) mitigated the secretion of inflammatory cytokines in LPS-induced RAW264.7 cells. (A) Cell viability of RAW264.7 cells was assessed using the CCK-8 
assay. (B and C) Levels of TNF-α and IL-6 in the cell culture supernatant of RAW264.7 cells were measured using ELISA. (D) Protein expression of TNF-α and IL-6 was 
detected using Western blot analysis. (E and F) Quantification of protein concentrations for TNF-α and IL-6. Error bars indicated the mean ± SD for three separate 
experiments, ns: non-significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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stimulated group. While A-779, acting as a Mas receptor antagonist, effectively blocked the actions of Ang-(1-7) 
(Figure 1B and C). Similarly, Ang-(1-7) significantly reduced the protein expression of TNF-α and IL-6 in RAW264.7 
cells induced by LPS, and these effects of Ang-(1-7) were antagonized by A-779 (Figure 1D–F). These results indicate 
that Ang-(1-7) can inhibit the inflammatory response of macrophages after LPS stimulation through the Mas receptor.

Ang-(1-7) Inhibited the Glycolytic Levels and Ameliorated Mitochondrial Function in 
LPS-Induced RAW264.7 Cells
In the inflammatory state, activated macrophages shift their glucose metabolism from OXPHOS to glycolysis. 
Intracellular glucose is converted to pyruvate through glycolytic enzymes and further transformed into lactate, meeting 
the high energy demands of the cells. Western blot and qRT-PCR results revealed that, compared to the control group, 
LPS induction in RAW264.7 cells significantly enhanced the protein and mRNA expression of key glycolytic enzymes, 
hexokinase 2 (HK2), fructose-2,6-bisphosphatase 3 (PFKFB3), and PKM2. In contrast, the protein and mRNA levels of 
HK2, PFKFB3, and PKM2 in the Ang-(1-7) treatment group were markedly lower than those in the LPS group. 
Additionally, A-779 counteracted the effects of Ang-(1-7) (Figure 2A–G). Furthermore, Ang-(1-7) significantly 
decreased the lactate content in the cell culture supernatant after LPS stimulation, and the action of Ang-(1-7) was 
blocked by A-779 (Figure 2H). These results indicate that Ang-(1-7) can suppress the glycolytic levels of macrophages 
after LPS stimulation through the Mas receptor.

The OXPHOS metabolic pathway generates ATP by transferring electrons through a series of respiratory complexes 
in the inner mitochondrial membrane. To further investigate the impact of Ang-(1-7) on LPS-stimulated RAW264.7 
mitochondria, alterations in mitochondrial respiratory complexes were examined using the Western blot method. The 
results revealed that, compared to the control group, intervention with LPS significantly reduced the expression of 
mitochondrial respiratory complex I (NDUFB8) and complex III (UQCRFS1) proteins. However, Ang-(1-7) markedly 
elevated the expression of these proteins in the LPS group, and these effects of Ang-(1-7) were blocked by A-779 
(Figure 2I–K). Additionally, fluorescence microscopy analysis revealed a significant decrease in MMP levels after LPS 
stimulation. Interestingly, Ang-(1-7) demonstrated a remarkable increase in MMP levels within the LPS-treated group 
(Figure 2L and M).Similarly, Ang-(1-7) significantly increased ATP levels, while A-779 inhibited its effects (Figure 2N). 
These results indicate that Ang-(1-7) can restore mitochondrial respiratory complex protein levels and mitochondrial 
damage in macrophages stimulated by LPS, thereby improving mitochondrial function.

Ang-(1-7) Suppressed SLC25A1-HIF-1α Expression in LPS-Induced RAW264.7 Cells
SLC25A1 exports citrate from mitochondria, subsequently cleaved by ACLY, enhancing the binding of HIF-1α to 
glycolytic gene promoters, thereby promoting glycolysis and inflammatory responses. We assessed the impact of Ang- 
(1-7) on the expression of SLC25A1 and its downstream key proteins. Western blot analysis revealed a significant 
increase in SLC25A1 and ACLY protein expression in RAW264.7 cells after LPS stimulation. However, Ang-(1-7) 
significantly downregulated the protein expression of SLC25A1 and ACLY (Figure 3A–C). Furthermore, Ang-(1-7) 
significantly reduced the accumulation of citrate in LPS-stimulated RAW264.7 cells (Figure 3E). Additionally, Ang-(1-7) 
effectively attenuated the increased mRNA expression of SLC25A1 and ACLY in the LPS group, and these effects of 
Ang-(1-7) mentioned above were blocked by A-779 (Figure 3F and G). The research demonstrates that Ang-(1-7) can 
improve intracellular metabolic levels by reducing the accumulation of citrate within the cells via the SLC25A1 citrate 
pathway. We further evaluated the expression of the downstream transcription factor HIF-1α. Ang-(1-7) significantly 
decreased both HIF-1α protein and mRNA levels induced by LPS, while A-779 counteracted the effects of Ang-(1-7) 
(Figure 3A, D and H). These results indicate that Ang-(1-7) can modulate the Warburg effect by downregulating the 
expression of SLC25A1, ACLY, and HIF-1α in LPS-induced macrophages through the Mas receptor.

Ang-(1-7) Alleviated Systemic Inflammatory Response and Kidney Injury in Septic Mice
Sepsis frequently leads to multiple organ dysfunction, with the kidney commonly affected. Concurrently, the presence of acute 
kidney injury in sepsis serves as an independent risk factor in predicting mortality among septic patients.25 Hence, assessing 
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Figure 2 Ang-(1-7) alleviated LPS-induced glycolytic enzymes and lactate levels in RAW264.7 cells, and improved mitochondrial function. (A) Protein expression levels of glycolytic 
enzymes HK2, PFKFB3, and PKM2 were determined using Western blot analysis. (B–D) Quantification of protein concentrations for HK2, PFKFB3, and PKM2. (E–G) mRNA levels of 
HK2, PFKFB3, and PKM2 were assessed using qRT-PCR method. (H) Lactate levels in the cell supernatant were measured using a lactate assay kit. (I) Expression levels of mitochondrial 
respiratory complex proteins NDUFB8 and UQCRFS1 were determined through Western blot analysis. (J and K) Quantification of protein concentrations for NDUFB8 and UQCRFS1 
was performed. (L) Mitochondrial membrane potential was assessed using JC-1 staining. Representative images of RAW264.7 cell mitochondrial membrane potential were captured 
under a microscope (×200, scale bar: 50 μm). JC-1 polymer exhibited red fluorescence indicating normal mitochondrial membrane potential, while JC-1 monomer displayed green 
fluorescence indicating membrane potential decline. (M) Quantify the membrane potential levels by calculating the JC-1 polymer/monomer ratio. (N) ATP levels in RAW264.7 cells were 
determined using an ATP assay kit. Error bars indicated the mean ± SD for three separate experiments, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3 Ang-(1-7) inhibited the expression of SLC25A1, ACLY, and HIF-1α in the citrate output pathway of LPS-induced RAW264.7 cells. (A) Protein expression levels of 
SLC25A1, ACLY, and HIF-1α were examined using Western blot analysis. (B–D) Quantification of protein concentrations for SLC25A1, ACLY, and HIF-1α. (E) Cellular 
citrate levels were measured using a citrate content assay kit. (F–H) mRNA levels of SLC25A1, ACLY, and HIF-1α were determined using qRT-PCR method. Error bars 
indicated the mean ± SD for three separate experiments, *p < 0.05, **p < 0.01, ***p < 0.001.
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renal function and histological changes is of paramount importance in evaluating the severity of sepsis. In this study, in order to 
further evaluate the impact of Ang-(1-7) on the inflammatory storm and target organs in septic mice, we utilized a septic mouse 
model induced by intraperitoneal injection of LPS. The kidney was selected as the target organ for further investigation. In the 
mouse model of sepsis induced by LPS, treatment with Ang-(1-7) was found to significantly suppress the serum concentra-
tions of inflammatory cytokines TNF-α and IL-6 (Figure 4A and B). Similarly, Ang-(1-7) significantly inhibited the mRNA 
expression levels of TNF-α and IL-6 in the renal tissues of septic mice (Figure 4C and D). Furthermore, administration of Ang- 
(1-7) led to a significant reduction in BUN and Scr levels in septic mice (Figure 4E and F). Histopathological analysis revealed 
that septic mice exhibited swollen renal tubular epithelium, narrowed tubular lumens, dilated congested interstitial blood 
vessels, and extensive infiltration of inflammatory cells (Figure 4G and H). However, treated with Ang-(1-7) effectively 
alleviated the pathological alterations in septic mice (Figure 4G and H). These findings indicate that the occurrence of sepsis is 
associated with the activation of inflammatory cascades and renal injury. Meanwhile, Ang-(1-7) can suppress the inflamma-
tory response in septic mice, alleviating acute kidney injury.

Ang-(1-7) Inhibited Glycolytic Levels and Ameliorated Mitochondrial Function in the 
Kidney of Septic Mice
In sepsis, energy metabolism shifts from OXPHOS to glycolysis. Western blot analysis revealed enhanced expression of 
glycolytic key enzymes PFKFB3 and PKM2 in the renal tissues of septic mice. Importantly, Ang-(1-7) significantly 
decreased the protein expression levels of PFKFB3 and PKM2 (Figure 5A–C). Furthermore, we refined the immuno-
fluorescence analysis for PKM2, showing a significant decrease in PKM2 expression in the renal tissues of septic mice 
treated with Ang-(1-7) (Figure 5D and E). We also observed that Ang-(1-7) treatment significantly decreased the mRNA 
levels of HK2 in the renal tissues of septic mice (Figure 5F). Additionally, the serum lactate levels in septic mice 
markedly decreased after treatment with Ang-(1-7) (Figure 5G). These results indicate that Ang-(1-7) effectively 
suppresses enhanced glycolysis in septic mice.

The mitochondrion is the primary cellular organelle responsible for energy production. Alterations in mitochondrial 
structure and functional impairment can result in cellular damage within tissues. TEM analysis revealed severe 
mitochondrial swelling, loss of mitochondrial cristae, and vacuolar degeneration in the renal tubular epithelial cells of 
septic mice (Figure 5H and I). Ang-(1-7) effectively ameliorated mitochondrial cristae damage and mitochondrial 
swelling (Figure 5H and I). Mitochondrial structural impairment affects MMP, leading to a reduction in ATP levels. 
We observed that Ang-(1-7) treatment significantly increased the levels of MMP and ATP in the renal tissues of septic 
mice (Figure 5J and K). These findings indicate that mitochondrial function is inhibited under septic conditions, and Ang- 
(1-7) treatment effectively improves mitochondrial structure and function in septic mice, enhancing energy metabolism 
and thereby protecting against acute kidney injury induced by sepsis.

Ang-(1-7) Attenuated SLC25A1-HIF-1α Expression in the Kidney of Septic Mice
We assessed the impact of Ang-(1-7) on the citrate metabolic pathway in LPS-induced septic mice. The Western blot 
analysis revealed enhanced expression of SLC25A1 protein in the renal tissues following LPS injection, however, Ang- 
(1-7) significantly downregulated the expression of this protein (Figure 6A and B). Similarly, immunofluorescence analysis 
demonstrated that Ang-(1-7) treatment effectively reduced the expression of SLC25A1 in the renal tissues of septic mice 
(Figure 6E and F). Moreover, in the renal tissues of septic mice, an upregulation in ACLY protein expression was noted, and 
this upregulation was effectively counteracted by Ang-(1-7) treatment (Figure 6A and C), suggesting that Ang-(1-7) may 
alleviate sepsis by inhibiting the expression of SLC25A1 in the citrate cycle pathway. HIF-1α, a key regulator of glycolysis, 
was examined further. Western blot and immunofluorescence assays demonstrated that the levels of HIF-1α were 
significantly lower in the renal tissues treated with Ang-(1-7) compared to septic mice (Figure 6A, D, G and H). The 
study demonstrates that Ang-(1-7) can inhibit the expression of key molecules in the citrate metabolic pathway, namely 
SLC25A1, ACLY, and HIF-1α, suggesting a potential regulatory role of Ang-(1-7) in the Warburg effect through the citrate 
metabolic pathway, thereby modulating inflammation.
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Figure 4 Ang-(1-7) inhibited the secretion of inflammatory factors in LPS-induced septic mice, and alleviated renal damage. (A and B) Levels of TNF-α and IL-6 in mouse 
serum were measured using the ELISA method. (C and D) Levels of TNF-α and IL-6 mRNA in mouse renal tissues were determined using qRT-PCR method. (E and F) 
Measurement of BUN and Scr levels in mice. (G) Representative images of renal tissues stained with HE (×200, scale bar: 50 μm). (H) Semi-quantitative scoring of renal 
tubular damage, based on the following criteria: 0, normal; 1, damage <25% of the area; 2, damage 25–50% of the area; 3, damage 50–75% of the area; and 4, damage >75% of 
the area. Error bars indicated the mean ± SD for three separate experiments, **p < 0.01, ***p < 0.001.
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Figure 5 Ang-(1-7) inhibited LPS-induced sepsis-associated renal glycolysis and enhanced mitochondrial function in mice. (A) The protein expression levels of key glycolytic 
enzymes, PFKFB3 and PKM2, in renal tissues were assessed using Western blot analysis. (B and C) Quantification of protein concentrations of PFKFB3 and PKM2 was 
performed. (D) Representative immunofluorescence images of renal tissues PKM2 (×200, scale bar: 50 μm) were captured. (E) Analysis of the relative fluorescence intensity 
of PKM2. (F) Levels of HK2 in renal tissues were determined using qRT-PCR method. (G) Mouse serum lactate levels were measured using a lactate detection kit. (H) 
Representative transmission electron microscopy images of renal mitochondria were obtained. (I) Flameng score for mitochondrial injury, with the following scoring criteria: 
0, normal; 1, mild swelling, decreased matrix density, and cristae separation; 2, mitochondrial swelling, transparent matrix, intact cristae; 3, severe swelling, matrix 
solidification, cristae rupture; 4, severe swelling with cristae rupture, complete disappearance of inner and outer membranes, forming a vacuole-like structure. (J) Renal 
tissues MMP levels were assessed by measuring the fluorescence intensity values of JC-1 polymer and monomer using a fluorescence microplate reader, and MMP levels were 
calculated. (K) ATP levels in mouse renal tissues were determined using an ATP detection kit. Error bars indicated the mean ± SD for three separate experiments, *p < 0.05, 
**p < 0.01, ***p < 0.001.
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Figure 6 Ang-(1-7) inhibited citrate export pathway mediated by SLC25A1, ACLY, and HIF-1α in LPS-induced septic mice. (A) Western blot analysis was performed to 
evaluate the protein expression levels of SLC25A1, ACLY, and HIF-1α in mouse renal tissues. (B–D) Quantification of protein concentrations for SLC25A1, ACLY, and HIF- 
1α was carried out. (E) Representative immunofluorescence images of renal tissues SLC25A1 (×200, scale bar: 50 μm) are presented. (F) Analysis of the relative 
fluorescence intensity of SLC25A1. (G) Representative immunofluorescence images of renal tissues HIF-1α (×200, scale bar: 50 μm) are shown. (H) Analysis of the relative 
fluorescence intensity of HIF-1α. Error bars indicated the mean ± SD for three separate experiments, *p < 0.05, **p < 0.01.
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Discussion
The essence of sepsis is a systemic uncontrolled inflammatory response. During the occurrence and progression of sepsis, 
various inflammatory mediators are excessively released, leading to widespread damage to the body’s organs and 
ultimately resulting in septic shock and multiple organ dysfunction.26 Macrophages play a crucial role in initiating and 
clearing pathogens, infected cells, dead cells, and cell debris in sepsis inflammation.27 Activated macrophages demon-
strate a rapid pro-inflammatory response in the initial stages of inflammation, known as M1 macrophages. M1 macro-
phages secrete a large amount of pro-inflammatory cytokines and chemokines, further recruiting more neutrophils, 
monocytes, and mast cells, thus amplifying the inflammatory response.28 However, during the resolution phase, 
macrophages transition into M2 macrophages to resolve inflammation and repair damaged tissues.29

The RAAS plays a significant role in the onset and progression of inflammation, affecting various organs and 
functions throughout the body. Formerly recognized as a key regulator of the cardiovascular system and electrolyte 
balance, further research has revealed its significant involvement in oxidative stress, metabolism, and inflammation.30,31 

The RAAS is frequently activated during the process of organ damage induced by sepsis. This activation leads to an 
upregulation of the ACE/Ang II/AT1R axis, while the ACE2/Ang-(1-7)/MasR axis is downregulated.32 Angiotensin II 
(AngII) serves as a central carrier molecule in the classic RAAS and acts as a potent pro-inflammatory mediator.33 Blood 
vessel tension converting enzyme 2 (ACE2) catalyzes the conversion of AngII to Ang-(1-7).34 Ang-(1-7) functions as 
a biologically active small molecule, exerting its effects through specific binding to the Mas receptor. The Mas receptor 
selective antagonist A-779 can block a range of actions mediated by Ang-(1-7).22,35 Ang-(1-7) and AngII typically 
exhibit contrasting effects, thus Ang-(1-7) aids in counteracting inflammation. In our preliminary study, we found that 
Ang-(1-7), acting on the Mas receptor, regulates the expression of the macrophage TLR4 receptor under inflammatory 
conditions.24 It inhibits the NF-κB and MAPKs signaling pathways, suppresses the activation of M1-like macrophages, 
promotes the transformation of macrophages towards M2 polarization, and ameliorates the inflammatory damage in 
sepsis. Our current research, both in vivo and in vitro experiments, suggests that Ang-(1-7) can reduce the production of 
inflammatory factors TNF-α and IL-6. This is consistent with previous findings, indicating that Ang-(1-7) can improve 
the activation of macrophages and inflammation in septic mice. The key mechanism underlying the excessive activation 
of macrophages may be related to alterations in cellular metabolic patterns. In the inflammatory state, the metabolic 
features of macrophages include an increase in glycolytic flux and a reduction in mitochondrial OXPHOS. Enhanced 
glycolysis can lead to increased secretion of inflammatory cytokines and heightened phagocytic activity, ultimately 
contributing to heightened innate immune activation and worsened septic inflammation.36 What is the anti-inflammatory 
mechanism of Ang-(1-7) in sepsis? Does it alleviate inflammation by improving the glycolysis and OXPHOS of 
macrophages, an immunometabolic pathway? Therefore, this study investigates the anti-inflammatory mechanism of 
Ang-(1-7) in sepsis by exploring the immunometabolic pathways. Given that the kidney are frequently affected organs in 
sepsis, with renal injury reflecting the prognosis of septic patients, and our previous research has observed that Ang-(1-7) 
can ameliorate renal injury in a hyperlipidemic state.37,38 Therefore, building upon prior research, this study utilized 
macrophages in an inflammatory state and septic mice as models, with the kidney of septic mice as the target organ, to 
investigate whether under inflammatory conditions, Ang-(1-7) exerts anti-inflammatory effects through intervening in 
glucose metabolism reprogramming and regulating the Warburg effect.

Inflammatory states induce metabolic changes in macrophages that resemble the Warburg effect. The Warburg effect 
describes the metabolic characteristic of tumors under normal oxygen conditions, where glycolysis remains dominant even 
under aerobic conditions capable of supporting oxidative metabolism.39 And the pyruvate produced by the glycolytic 
pathway does not enter the TCA cycle and subsequent OXPHOS but is metabolized to lactate. Later research has found that 
the metabolism of innate immune cells is also similar to the Warburg effect, and this phenomenon has been observed in 
monocytes, macrophages, dendritic cells, and T cells.40 When the Warburg effect occurs, activated macrophages no longer 
follow the metabolic pathway of the TCA cycle. Instead, they shift towards aerobic glycolysis, indicating a change in the 
glucose metabolism pattern characterized by increased glycolysis and reduced aerobic consumption. The majority of 
consumed glucose is converted to lactate, with minimal usage for OXPHOS.41 Simultaneously, the increased expression of 
key glycolytic enzymes such as HK2, PFKFB3, and PKM2 indicates heightened glycolytic activity.42–44 Our findings are 
consistent with this. Our in vitro experiments demonstrate that LPS-stimulated macrophages exhibit enhanced glycolysis, 
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undergoing the Warburg effect. Additionally, Ang-(1-7) downregulates the expression of glycolysis key enzymes HK2, 
PFKFB3, and PKM2 under inflammatory conditions, reducing lactate levels. This suggests that Ang-(1-7) can suppress the 
inflammatory response by alleviating the Warburg effect. Moreover, treatment with the Mas receptor antagonist A-779 can 
reverse the effects of Ang-(1-7), confirming that Ang-(1-7) exerts its actions through the Mas receptor. Recent research has 
indicated a potential improvement in mitigating organ damage in sepsis. Specifically, in cases of acute kidney injury 
induced by sepsis, the use of aerobic glycolysis inhibitor 2-deoxy-D-glucose (2-DG) has been shown to downregulate 
glycolysis, thereby ameliorating sepsis-induced kidney injury.45 Our in vivo experiments in this study revealed an 
upregulation of key enzymes HK2, PFKFB3, and PKM2 in glycolysis, leading to the Warburg effect in sepsis-induced 
kidney injury. Building upon this, we further identified that Ang-(1-7) can protect septic mice from renal injury by 
inhibiting the Warburg effect, providing novel evidence for the role of Ang-(1-7) in alleviating sepsis through the regulation 
of the glycolytic pathway in glucose metabolism.

Mitochondria, as the primary energy source of living organisms, have been demonstrated as a central factor in 
regulating inflammation by providing energy to control it.46,47 Current research confirms that mitochondrial metabolites, 
oxidized through the TCA cycle in the mitochondrial matrix, utilize a series of complexes (I, II, III, IV, V) in the inner 
mitochondrial membrane to transfer electrons, generating ATP.48 Changes in mitochondrial metabolism and physiological 
function, such as mitochondrial reactive oxygen species (mtROS), MMP, OXPHOS, ultrastructure, and the TCA cycle, 
are significant indicators of macrophage activation.49 Mitochondria play a pivotal role in innate immune responses in 
various ways, serving as a focal point of inflammatory responses during bacterial infections or cellular injury, playing 
a crucial role in alleviating the inflammatory process.50 Post pathogenic infections, mitochondrial dysfunction disrupts its 
dynamics and energetics, with many mitochondrial components and metabolites acting as damage-associated molecular 
patterns (DAMPs), exacerbating inflammation upon release into the cytoplasm or extracellular environment.50,51 Our 
findings demonstrate a significant reduction in mitochondrial complex I and III, as well as decreased MMP and ATP 
levels in macrophages stimulated by LPS. These findings demonstrate that under LPS stimulation, mitochondrial 
OXPHOS is suppressed and the capacity to produce ATP is decreased. However, Ang-(1-7) improves these levels, 
indicating that Ang-(1-7) can inhibit inflammation by modulating mitochondrial function. The regulation of mitochon-
drial function by Ang-(1-7) has also been confirmed in our in vivo experiments. In a septic mouse model, Ang-(1-7) was 
observed to enhance mitochondrial ultrastructure and restore MMP and ATP levels. Thus, Ang-(1-7) can inhibit the 
inflammatory state of sepsis by targeting mitochondrial dysfunction.

OXPHOS impairment is one manifestation of mitochondrial dysfunction, with interruptions in the TCA cycle being 
the cause of mitochondrial OXPHOS damage.52 Citrate accumulation serves as a pivotal point in the tricarboxylic acid 
cycle, and citrate export mediated by SLC25A1 establishes functional connections between mitochondrial oxidation and 
glycolysis. LPS stimulation results in the transportation of citrate by SLC25A1 into the cytoplasm, where it is converted 
to oxaloacetate and acetyl-CoA under the influence of ACLY.15,53 Interestingly, the transcription of genes encoding 
glycolytic enzymes HK2, PFK, and lactate dehydrogenase A (LDHA) is regulated downstream of ACLY.54 Additionally, 
studies have revealed that the inhibition of the citrate metabolism pathway by downregulating SLC25A1 suppresses the 
expression of the transcription factor HIF-1α, leading to weakened glycolysis and subsequent inflammation control.18,21 

HIF-1α is a common component in pathways regulating cellular metabolism and plays a role in modulating immune cell 
effector functions. HIF-1α is induced in LPS-activated macrophages, enhancing the expression of glycolytic genes, 
thereby allowing sustained ATP production and also inducing the production of pro-inflammatory cytokines.21,55 The 
induction mechanism of HIF-1α by LPS stimulation also involves succinate, which inhibits prolyl hydroxylases (PHDs), 
thereby promoting the switch to glycolysis and driving inflammation.56 Thus, HIF-1α is a key reprogramming process 
that promotes macrophage metabolism in an inflammatory state. Our in vivo and in vitro experiments indicate that Ang- 
(1-7) can reduce the enhanced SLC25A1, ACLY, and HIF1α in an inflammatory state. Furthermore, in vitro experiments 
have also found that Ang-(1-7) can reduce the accumulation of TCA cycle intermediate citrate in macrophages, 
suggesting that Ang-(1-7) may improve inflammation by regulating the Warburg effect through modulation of the citrate 
pathway. Our research findings provide a promising new direction for the study of how Ang-(1-7) alleviates aerobic 
glycolysis and mitochondrial damage in activated macrophages and septic mice.
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However, our study still has some limitations. We inferred that Ang-(1-7) may regulate the Warburg effect through 
the citrate pathway mediated by SLC25A1 to inhibit inflammation. Nevertheless, we only selected key molecules in the 
detection process and did not cover all molecules in the entire response and other possible signaling pathways. Secondly, 
our in vitro and in vivo experiments suggest that Ang-(1-7) is a potential target for alleviating sepsis, but this strategy 
requires further investigation.

Conclusion
Our research indicates that in the LPS-induced macrophage and septic mice, Ang-(1-7) can regulate the SLC25A1-driven 
citrate pathway, inhibit glycolysis, and restore mitochondrial damage, thereby reducing inflammation. However, more 
experiments are needed to explore the deeper mechanisms of Ang-(1-7) in regulating immune metabolism. In conclusion, 
Ang-(1-7) may serve as a potential candidate target for metabolic reprogramming, and the study findings suggest a target 
for intervening in acute inflammation by regulating the Warburg effect in immune cells.
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