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EP300-mediated H3 acetylation elevates MTHFD2 expression to reduce 
mitochondrial dysfunction in lipopolysaccharide-induced tubular  
epithelial cells
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ABSTRACT
Sepsis represents an organ dysfunction resulting from the host’s maladjusted response to infection, 
and can give rise to acute kidney injury (AKI), which significantly increase the morbidity and 
mortality of septic patients. This study strived for identifying a novel therapeutic strategy for 
patients with sepsis-induced AKI (SI-AKI). Rat tubular epithelial NRK-52E cells were subjected to 
lipopolysaccharide (LPS) exposure for induction of in-vitro SI-AKI. The expressions of E1A binding 
protein p300 (EP300) and methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) in NRK-52E cells 
were assessed by western blot and qRT-PCR, and their interaction was explored by chromatin 
immunoprecipitation performed with antibody for H3K27 acetylation (H3K27ac). The effect of 
them on SI-AKI-associated mitochondrial dysfunction of tubular epithelial cells was investigated 
using transfection, MTT assay, TUNEL staining, 2′,7′-Dichlorodihydrofluorescein diacetate probe 
assay, Mitosox assay, and JC-1 staining. MTHFD2 and EP300 were upregulated by LPS exposure in 
NRK-52E cells. LPS increased the acetylation of H3 histone in the MTHFD2 promoter region, and 
EP300 suppressed the effect of LPS. EP300 ablation inhibited the expression of MTHFD2. MTHFD2 
overexpression antagonized LPS-induced viability reduction, apoptosis promotion, reactive oxygen 
species overproduction, and mitochondrial membrane potential collapse of NRK-52E cells. By 
contrast, MTHFD2 knockdown and EP300 ablation brought about opposite consequences. 
Furthermore, MTHFD2 overexpress and EP300 ablation counteracted each other’s effect in 
LPS-exposed NRK-52E cells. EP300-mediated H3 acetylation elevates MTHFD2 expression to reduce 
mitochondrial dysfunction of tubular epithelial cells in SI-AKI.

Introduction

Sepsis is a fatal organ dysfunction caused by the host’s dys-
regulated response to infection, emerging as the leading 
predisposing factor for acute kidney injury (AKI) in critically 
ill patients [1,2]. The onset of AKI significantly worsens the 
clinical outcomes of septic patients, incurring increased 
in-hospital mortality, length of hospital stays, and cost of 
care [3]. Unfortunately, there is a lack of specific pharmaco-
logical therapy that is effective enough for preventing or 
treating sepsis-induced AKI (SI-AKI), and severe cases gener-
ally resort to kidney replacement therapy as a supportive 
therapy [4]. Hence, more efforts should be conferred on 
clarifying the pathogenetic mechanism in order to develop 
effective intervention methods for patients with or predis-
posed to SI-AKI.

The septic environment is enriched with inflammatory 
mediatory molecules that trigger an inflammatory cascade, 

leading to increased oxidative stress, with overproduction of 
reactive oxygen species (ROS), which disturb cellular energy 
metabolism by inducing mitochondria dysfunction [5]. 
Mitochondria are essential organelles that generate energy 
through oxidative phosphorylation (OXPHOS) in eukaryotic 
cells [6]. During sepsis, renal tubular epithelial cells (RTECs) 
undergo metabolic adaptation to downregulate aerobic gly-
colysis and upregulate OXPHOS, thereby reducing the host’s 
predisposition to AKI [7–9]. However, the induction of mito-
chondria dysfunction by excessive ROS in RTECs gives rise to 
apoptosis of RTECs, thus contributing to AKI occurrence in 
septic patients [5,10].

Methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) is a 
mitochondrial folate one-carbon (1 C) enzyme with methylene 
dehydrogenase and cyclohydrolase activity [11], which cata-
lyzes the mitochondrial reaction in 1 C metabolism (also called 
the folate metabolic pathway), a metabolic process supporting 
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various physiological processes, including nucleotide biosyn-
thesis, amino acid homeostasis, S-adenosylmethionine produc-
tion, and redox defense [12]. MTHFD2 has been proven to 
maintain active OXPHOS to ensure the integrity of the mito-
chondrial respiratory chain, thereby preventing mitochondrial 
dysfunction in mouse pluripotent stem cells [6]. Besides, from 
the dataset GSE60088, which demonstrates the gene expres-
sion pattern in septic kidney tissue, we identified an expres-
sion of MTHFD2. Accordingly, we speculated that MTHFD2 
might be upregulated upon AKI as a protective action that 
relieves mitochondrial dysfunction to reduce RTEC injury 
in SI-AKI.

Histone acetylation represents the epigenetic machinery 
that loosens the condensed chromatin from its interaction 
with histone via histone acetyltransferases (HATs)-mediated 
acetylation of lysine residues of histone proteins to allow the 
access of activators or inhibitors of gene transcription, thereby 
modulating gene expression; this process can be reversed by 
histone deacetylases (HDACs), which remove acetyl groups 
from lysine residues of histone proteins [13]. HDACs assume a 
close association with the pathogenesis of AKI [14], while 
HATs exhibit dynamic alterations in their activities along the 
progression of AKI [15]. E1A binding protein p300 (EP300) is 
a HAT that induces acetylation of histone H3 lysine 27 
(H3K27ac) [16], a marker indicative of active gene transcrip-
tion [17]. Moreover, EP300 has been recognized as a core piv-
otal transcription factor for hub genes pertinent to the 
mechanism of AKI [18]. Through bioinformatics analysis, we 
were informed that EP300 can be enriched in the promoter 
region of MTHFD2. These findings together with the above 
speculation on MTHFD2 led to a conjecture that EP300 allevi-
ated SI-AKI by facilitating H3K27ac to induce MTHFD2 upreg-
ulation and thus inhibit RTEC mitochondrial dysfunction.

In this current study, we used lipopolysaccharide (LPS)-
induced RTECs to mimic in-vitro SI-AKI, whereby we investi-
gated whether EP300 could alleviate SI-AKI by mediating H3 
acetylation elevates MTHFD2 expression to inhibit mitochon-
drial dysfunction.

Methods and materials

Cell culture

The rat renal tubular epithelial NRK-52E cell lines were pur-
chased from American Type Culture Collection (ATCC; CRL-1571, 
Manassas, VA, USA), and cultivated in Dulbecco’s modified 
Eagle’s medium (DMEM; 11965092, ThermoFisher, Waltham, 
MA, USA) plus 5% fetal bovine serum (F8687, Sigma-Aldrich, 
St. Louis, MO, USA) and 1% penicillin-streptomycin (TMS-AB2, 
Sigma-Aldrich, USA) at 37 °C with 5% CO2.

Exposure to LPS

NRK-52E cells were exposed to 0, 0.1, 0.5, and 1 μg/mL LPS 
(L5293, Sigma-Aldrich, USA) at 37 °C for 24 h [19] and then 
the assessment of the expression of MTHFD2 in these cells 
was conducted, based on the results of which, the LPS 

concentration optimum for the establishment of in-vitro 
SI-AKI models was determined to be 1 μg/mL. LPS at this 
concentration was used in the rest of the SI-AKI modeling- 
related experiments.

Western blot

Total protein was extracted from NRK-52E cells using RIPA 
buffer added with protease inhibitors (87785, ThermoFisher, 
USA). The protein concentration was determined using a 
BCA kit (A53227, ThermoFisher, USA). An equal amount of 
the protein was separated by SDS-PAGE gel (1615100, 
BIO-RAD, Hercules, CA, USA), and electrophoretically trans-
ferred onto polyvinylidene fluoride membranes (1620256, 
BIO-RAD, USA), after which the membranes were blocked 
using 5% skimmed milk for 1 h at room temperature. 
Primary antibodies for MTHFD2 (ab307428, 37 kDa, 1:1000, 
Abcam, Cambridge, UK), EP300 (ab259330, 264 kDa, 1:1000, 
Abcam, UK), and GAPDH (ab8245, 36 kDa, 1:1000, Abcam, 
UK) were utilized to incubate the membranes at 4 °C over-
night. After being washed by TBST (37573, ThermoFisher, 
USA) thrice, the membranes were further incubated with 
HRP-labeled secondary antibodies (Goat anti-Rabbit/Mouse 
IgG; ab97051/ab205719, Abcam, UK) at room temperature 
for 1 h. The protein signals were detected using ECL 
Substrate (1705060, BIO-RAD, USA) on an imaging system 
(ChemiDoc, BIO-RAD, USA), following which image analysis 
was performed using Image-Pro Plus (6.0 version, Media 
Cybernetics, Silver Spring, MD, USA).

For mitochondrial marker TOM20, mitochondria were pre-
pared by cell mitochondria isolation kit (C3601, Beyotime, 
Shanghai, China). Cells (5 × 107) were harvested and washed 
with cold PBS. And cells were centrifuged at 4 °C for 5 min, 
then discard the supernatant, and the precipitate was added 
2 mL of mitochondrial separation reagent and placed in an 
ice bath for 10–15 min. The homogenate is then homoge-
nized in a cold grinder, and the cell homogenate is then cen-
trifuged at 4 °C for 10 min. Carefully removed the supernatant 
and separated the precipitated cell mitochondria. Finally, 
mitochondrial were subjected to western blot. Primary anti-
body is TOM20 (ab186735, 16 kDa, 1:1000, Abcam, UK), and 
secondary antibodies is Goat anti-Rabbit IgG (ab97051, 
Abcam, UK), GAPDH (ab8245, 36 kDa, 1:1000, Abcam, UK) was 
the internal parameter of mitochondrial protein.

Cell transfection

Short hairpin RNA against MTHFD2 (shMTHFD2; TR707895) 
and overexpression plasmids for MTHFD2 (RR209354) were 
procured from OriGene (Rockville, MD, USA), while short hair-
pin RNA against EP300 was customized by GenePhrama 
(Suzhou, China). pCMV6-Entry vectors (NC; PS100001, 
OriGene, USA) and pRS vectors (shNC; TR20003, OriGene, 
USA) were used as the negative control for the overexpres-
sion plasmids and shRNA, respectively. NRK-52E cells were 
transfected with these plasmids alone or with NC plus 



Renal Failure 3

shEF300, MTHFD2 overexpression plasmids plus shNC, NC 
plus shNC or shEF300 plus MTHFD2 overexpression plasmids. 
The transfection was implemented using Lipofectamine 3000 
transfection reagent (L3000015, ThermoFisher, USA). Briefly, 
NRK-52E cells (1 × 104) were seeded in 96-well plates per well 
and grown to reach an 80% confluency. Gene-lipid com-
plexes were obtained by mixing the above plasmids (0.2 µg) 
and Lipofectamine 3000 transfection reagent (0.3 µL) with 
Opti-MEM medium (15 µL) and P3000 reagent (0.4 µL) at 37 °C 
for 15 min, and then were used to incubate the cells. After 
48 h of transfection, the transfection efficiency was assessed 
using quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR). Thereafter, transfected NRK-52E cells were 
subjected to LPS exposure.

Chromatin immunoprecipitation (CHIP)

After LPS stimulation, transfected/nontransfected NRK-52E 
cells were crosslinked in 1% formaldehyde (F92120, ACMEC 
biochemical, Shanghai, China) for 10 min, which was 
quenched using 2.5 M glycine (N85370, ACMEC biochemi-
cal, China). Then, the cells (4 × 106) were lysed using RIPA 
Lysis Buffer and sonicated to generate DNA fragments of 
200–1000 bp. The sonicated lysates were centrifugation at 
10,000 × g for 10 min at 4 °C, and the obtained supernatant 
was pre-cleared for 3 h using 20 μL 50% protein A-agarose 
beads (21348, ThermoFisher, USA), after which antibody for 
H3K27ac (PA5-85524, ThermoFisher, USA) was added to 
precipitate the cross-linked protein-DNA complexes over-
night at 4 °C. Normal Rabbit IgG (ab171870, Abcam, UK) 
was used as the negative control. Subsequently, incuba-
tion with 40 μL 50% protein A-agarose beads was con-
ducted at 4 °C for 2 h. Later, the beads were harvested and 
eluted to obtain the protein-DNA complexes, which were 
de-crosslinked at 65 °C overnight, and digested using 
0.05 mg/mL Proteinase K (P274341, Aladdin, Shanghai, 
China) at 45 °C for 2 h. Finally, the precipitated DNA was 
amplified through qPCR, with primers for the promoter of 
MTHFD2 (listed in Table 1).

Qrt-PCR

Total RNA from transfected/nontransfected NRK-52E cells was 
extracted using Trizol reagent (15596026, ThermoFisher, USA). 
Single-strand cDNA was generated from 800 to 1000 ng of 
the RNA by using reverse transcription kits (K1622, Yaanda 
Biotechnology, Beijing, China) according to the manufactur-
er’s protocols. Sequentially, the cDNA was amplified using 
Eastep qPCR Master Mix (LS2062, Promega, Madison, WI, 
USA) and primers (listed in Table 1) on a PCR system 

(LightCycler 96, Roche, Indianapolis, IN, USA). The cycling 
condition was set as follows: 95 °C for 10 min, followed by 40 
circles of 95 °C for 15 s and 60 °C for 1 min. Relative mRNA 
expression levels were calculated using the 2−ΔΔCt method 
[20], with GAPDH used as the normalizer.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay

Transfected/nontransfected NRK-52E cells were seeded in 
96-well plates at a density of 5 × 103 cells/well, and exposed 
to LPS as indicated above. 10 µL of MTT Reagent (M6494, 
5 mg/mL, ThermoFisher, USA) were added to each well 
before the cells were further incubated at 37 °C for 4 h. 
Following the incubation, the cell supernatant was carefully 
aspirated out and 100 µL of dimethyl sulphoxide (1211006, 
Sigma-Aldrich, USA) was employed to dissolve the gener-
ated formazan. Lastly, the absorbance was read at 570 nm 
using a microplate reader (EMax Plus, Molecular Devices, 
Sunnyvale, CA, USA).

Terminal deoxynucleotidyl transferase-mediated dUTP nick 
end labeling (TUNEL) staining

Apoptosis was determined using one-step TUNEL cell apop-
tosis detection kits (C1088, Beyotime, Shanghai, China). In 
short, after exposure to LPS, transfected/nontransfected 
NRK-52E cells (1 × 106) were fixed in 4% paraformaldehyde 
(CL10571, ChemeEGEN, Shanghai, China) for 30 min, and sub-
jected to 5-min permeabilization using 0.3% Triton X-100 
(P0097, Beyotime, China). TUNEL working solution (50 μL) 
prepared by TdT enzyme, fluorescent marker solution, and 
TUNEL detection solution was added into the cells, followed 
by cell incubation at 37 °C for 1 h in the dark. The 
TUNEL-positive cells were observed using a confocal micro-
scope (Axio Imager 2, Carl Zeiss, Oberkochen, Germany) 
under × 200 magnification.

MitoSOX staining

MitoSOX Red Mitochondrial Superoxide Indicator (M36008, 
ThermoFisher, USA) was used to detect the changes of 
mitochondrial ROS levels. The cells were loaded in the 
dark for 10 min with MitoSOX Red, then washed twice 
with PBS. Then, 4′,6-diamidino-2-phenylindole (DAPI, 
62248, ThermoFisher, USA) were used to redye the cell. 
Fluorescent images were captured using a fluorescence 
microscope (Olympus BX 60, Olympus, Tokyo, Japan) and 
analyzed using Image J software (version 1.8.0, National 
Institutes of Health, Bethesda, MD, USA).

Table 1.  Primers used in quantitative reverse transcription polymerase chain reaction for related genes.

Genes Species Forward (5′–3′) Reverse (5′–3′)
MTHFD2 rats TGACTGTCACACGAGCAGAC GTCCTTGAGGCACTGCAGAT
MTHFD2-promoter rats GCCAATCAGAACCTGCTCCT CTCCTGAGCCGGCATAGAAG
EP300 rats TTGGAACTCAACTCGGGCTC ACCAGGCAGAGGCAGATAGA
GAPDH rats TGGATAGGGTGGCCGAAGTA TACAAGGGGAGCAACAGCTG
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JC-1 staining

The mitochondrial membrane potential (MMP) was examined 
using JC-1 staining kits (C2003S, Beyotime, China). After 
exposure to LPS nontransfected/transfected NRK-52E cells 
were adjusted to a cell suspension with a concentration of 
6 × 105 cells/mL. JC-1 staining solution (0.5 mL) was added to 
incubate the cells at 37 °C for 20 min in the dark. Later, the 
fluorescence emitted by the aggregate JC-1 (red) and the 
monomer JC-1 (green) was observed using the confocal 
microscope under × 200 magnification.

Statistical analysis

Data are expressed as mean ± standard deviation of results 
derived from three different biological replications. Statistical 
analysis was achieved with Graphpad prism (version 8.0, 
GraphPad Software Inc., San Diego, CA, USA). Comparisons 
between two groups were conducted with independent 
t-tests, while those among multiple groups was undertaken 
with one-way analysis of variance (ANOVA). The difference 
was considered significant at p < .05.

Results

MTHFD2 was upregulated by LPS exposure and its 
overexpression antagonized LPS-induced apoptosis and 
mitochondrial dysfunction of NRK-52E cells

The mRNA expression of MTHFD2 was increased in a 
concentration-dependent manner by LPS (0.1, 0.5 and 1 µg/
mL) in NRK-52E cells (Figure 1A; p < .05). The protein expres-
sion level of MTHFD2 was observed to rise concentration- 
dependently in NRK-52E cells following exposure to LPS (0.1, 
0.5 and 1 µg/mL) (Figure 1B; p < .05). Subsequently, we manip-
ulated MTHFD2 expression in NRK-52E cells through transfect-
ing shMTHFD2 or MTHFD2 overexpression plasmids into cells 
and subjected the cells to LPS exposure to investigate the 
role of MTHFD2 in mitochondrial dysfunction elicited by 
SI-AKI. The results of transfection were shown in Figure 1C, E, 
which indicated that MTHFD2 was successfully knocked down 
or overexpressed by the corresponding plasmids in NRK-52E 
cells (p < .001). Then, the transfection efficiency was verified 
by western blot (Figure 1D,F; p < .001). MTT assay conducted 
to measure cell viability displayed that the viability of NRK-52E 
cells declined due to LPS exposure, and MTHFD2 knockdown 
further reduced the viability of LPS-exposed NRK-52E cells, 
while MTHFD2 overexpression alleviated the viability-reducing 
effect of LPS (Figure 1G; p < .001). Meanwhile, a drastically 
increased number of apoptotic NRK-52E cells positive for 
TUNEL was induced by LPS stimulation in NRK-52E cells 
(Figure 1H; p < .001). This LPS-induced apoptosis of NRK-52E 
cells intensified with MTHFD2 knockdown (Figure 1H; p < .01), 
but MTHFD2 overexpression repressed NRK-52E cell apoptosis 
induced by LPS (Figure 1H; p < .05).

Through mitosox assay, LPS exposure was observed to 
cause accumulation of ROS in NRK-52E cells (Figure 2A,C; 

p < .001). LPS-exposed NRK-52E cells undergoing MTHFD2 
knockdown revealed a higher level of ROS than those with-
out MTHFD2 knockdown (Figure 2A,C; p < .001). MTHFD2 
overexpression resisted ROS accumulation caused by LPS 
stimulation in NRK-52E cells (Figure 2A,C; p < .001). Thereafter, 
JC-1 staining was performed to examine the collapse of 
MMP. As shown in Figure 2B,D, when being exposed to LPS, 
NRK-52E cells showed a shift of the aggregate JC-1 to the 
monomer JC-1, as evidence by a transition of the JC-1 fluo-
rescence from red to green, which indicates a loss of MMP 
(Figure 2B,D). This LPS-induced MMP loss was potentiated by 
MTHFD2 knockdown, whereas being resisted after MTHFD2 
overexpression (Figure 2B,D). Then, the expression of mito-
chondrial outer membrane marker TOM20 in LPS-exposed 
NRK-52E cells was detected by western blot, the result 
showed that MTHFD2 knockdown decreased the expression 
of TOM20 in the membrane, and overexpression MTHFD2 
had the opposite effect (Figure 2E,F; p < .01). Overall, these 
data suggest that MTHFD2 expression may be a protective 
mechanism that is activated upon pathogenic stimulation to 
withstand mitochondrial dysfunction in SI-AKI.

EP300-mediated H3K27ac at the MTHFD2 promoter was 
essential to the antagonistic impact of MTHFD2 on 
LPS-induced apoptosis and mitochondrial dysfunction of 
NRK-52E cells

EP300 functions as a HAT which regulates transcription via 
chromatin remodeling [16]. The result of qRT-PCR and 
western blot showed that the expression of EP300 soared 
in NRK-52E cells owing to the LPS challenge (Figure 3A,B; 
p < .001). To ascertain whether EP300 has an implication in 
the effect of MTHFD2 to resist mitochondrial dysfunction 
caused by SI-AKI, ablation of EP300 was implemented. As 
shown in Figure 3C,D, EP300 was ablated by transfection 
with shEP300 in NRK-52E cells (p < .001). Moreover, EP300 
ablation inhibited MTHFD2 expression (Figure 3E,F; p < 
.001). Then, through CHIP, we observed that LPS exposure 
augmented the H3K27ac antibody-mediated enrichment of 
the MTHFD2 promoter from NRK-52E cells, and transfec-
tion with EP300 silencing decreased LPS-caused effect 
(Figure 3G; p < .001), suggesting that LPS facilitates 
H3K27ac at the MTHFD2 promoter, which was reduced by 
EP300 ablation.

LPS-exposed NRK-52E cells exhibited reduced viability 
following EP300 ablation (Figure 3H; p < .001). The viability 
of LPS-exposed NRK-52E cells increased with MTHFD2 over-
expression, which could be decreased by EP300 ablation 
(Figure 3H; p < .01). MTHFD2 overexpression revoked the 
viability reduction by EP300 ablation in LPS-exposed 
NRK-52E cells (Figure 3H; p < .001). In the presence of LPS, 
the number of TUNEL-positive apoptotic NRK-52E cells 
increased with EP300 ablation but decreased with MTHFD2 
overexpression (Figure 4A,D; p < .05). Further, EP300 abla-
tion and MTHFD2 overexpression antagonized each other’s 
effect on the apoptosis of LPS-exposed NRK-52E cells 
(Figure 4A,D; p < .01). EP300 ablation resulted in ROS 
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accumulation in LPS-stimulated NRK-52E cells, but ROS 
accumulation was mitigated when MTHFD2 was overex-
pressed in the cells (Figure 4B,E; p < .01). On the contrary, 
the MTHFD2 overexpression-mediated clearance of ROS in 
LPS-stimulated NRK-52E cells was abolished by EP300 abla-
tion (Figure 4B,E; p < .01). LPS-exposed NRK-52E cells 
showed a transition of the JC-1 fluorescence from red to 
green due to EP300 ablation, representing a decreased 
MMP (Figure 4C,F; p < .001). Moreover, MTHFD2 overex-
pression increased the proportion of cells emitting red JC-1 

fluorescence among LPS-exposed NRK-52E cells; besides, 
MTHFD2 overexpression reversed the effect of EP300 silenc-
ing (Figure 4C,F; p < .01). Moreover, EP300 silencing 
decreased the expression of TOM20 and MTHFD2 overex-
pression increased the expression of TOM20, however, 
MTHFD2 overexpression reversed the effect of EP300 (Figure 
5A,B, p < .001). Taken together, these findings suggest that 
EP300-mediated histone acetylation is essential for MTHFD2 
to exert antagonism toward mitochondrial dysfunction 
in SI-AKI.

Figure 1.  MTHFD2 was upregulated by LPS exposure and its overexpression antagonized LPS-induced apoptosis of NRK-52E cells. (A and B) The expression 
of MTHFD2 in NRK-52E cells that had received a 24-h exposure to 0, 0.1, 0.5 and 1 μg/mL LPS was analyzed by qRT-PCR and Western blot, with GAPDH 
serving as the normalizer. (C and D) The expression of MTHFD2 in NRK-52E cells transfected with shMTHFD2/shNC or MTHFD2 overexpression plasmids/NC 
was assessed by qRT-PCR and Western blot, with GAPDH serving as the normalizer. (E/F/G/H). NRK-52E cells were transfected with shMTHFD2/shNC or 
MTHFD2 overexpression plasmids/NC and exposed to 1 μg/mL LPS for 24 h. (E and F) The expression of MTHFD2 was assessed by qRT-PCR and Western 
blot, with GAPDH serving as the normalizer. (G). The viability of NRK-52E cells was measured by MTT assay. (H). The apoptosis of NRK-52E cells was checked 
using TUNEL staining (magnification, × 200; scale bar, 100 µm).*p < .05; **p < .01; ***p < .001; *compares the values located at both ends of the line seg-
ment. LPS: lipopolysaccharide; MTHFD2: methylenetetrahydrofolate dehydrogenase 2; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 
TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.
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Discussion

SI-AKI is a common, life-threatening condition in critically ill, 
in-hospital patients [21]. Energy metabolism dysfunction 

occurs in AKI and acts as a contributor to the disease patho-
genesis [22]. Since mitochondria is the center of energy 
metabolism, delving into the mechanism underlying the 
dysfunction of mitochondria may lead to greater insights 

Figure 2.  MTHFD2 was upregulated by LPS exposure and its overexpression antagonized mitochondrial dysfunction of NRK-52E cells. (A–F) NRK-52E cells 
were transfected with shMTHFD2/shNC or MTHFD2 overexpression plasmids/NC and exposed to 1 μg/mL LPS for 24 h. (A and C) The level of ROS in NRK-52E 
cells was detected using mitosox assay (magnification, × 200; scale bar, 100 µm). (B and D) the mitochondrial membrane potential of NRK-52E cells was 
detected using JC-1 staining (magnification, × 200; scale bar, 100 µm). (E and F) the expresison of TOM20 was detected by Western blot. *p < .05; **p < .01; 
***p < .001; *compares the values located at both ends of the line segment. LPS: lipopolysaccharide; MTHFD2: methylenetetrahydrofolate dehydrogenase 
2; ROS: reactive oxygen species; DCFH-DA: 2′,7′-dichlorodihydrofluorescein diacetate; qRT-PCR: quantitative reverse transcription-polymerase chain reaction; 
NC: negative control; shNC: short hairpin RNA against NC; shMTHFD2: short hairpin RNA against MTHFD2.
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into the pathogenesis of SI-AKI and point to a novel treat-
ment for patients with SI-AKI.

MTHFD2 is a NAD-dependent, dehydrogenase and cyclo-
hydrolase activity exhibiting, bifunctional metabolic enzyme, 
which participates in the catalysis of 1 C metabolism of 
folate in mitochondria [23]. MTHFD2 is broadly expressed 
during embryogenesis, driving the folate metabolic pathway 
to produce nucleotide needed by cell proliferation, while 
showing extremely low or no expression in the majority of 
adult tissues as this pathway is activated at a basal level by 
a relatively low efficient enzyme, MTHFD2L [24,25]. Notably, 
in mouse pluripotent stem cells, MTHFD2 has been proven 
to prevent mitochondrial dysfunction by contributing to the 
integrity of the mitochondrial respiratory chain [6]. These 
above data hint that MTHFD2 has a mitochondrial protective 
role during embryogenesis but not in adulthood. 
Interestingly, the dataset GSE60088 reveals an expression of 
MTHFD2 in septic kidney tissue, and our study obtained a 
similar result in LPS-induced in vitro AKI. Since septic insults 

cause ROS overproduction, which disrupts the quality con-
trol mechanisms of mitochondria, leading to mitochondrial 
dysfunction [26], the above findings and hint together elicit 
a question whether this MTHFD2 expression relieves SI-AKI-
associated mitochondrial dysfunction in RTECs.

Mitochondrial dysfunction in kidney injury results in the 
generation of less energy, which can cause cell death, as a 
result of the unmet need of energy essential for cell function 
and survival [26]. Besides, fragmented mitochondria emerge 
due to excessive mitochondrial fission/fusion trigger by sep-
tic insults and release proapoptotic factors to the cytoplasm, 
inducing cell apoptosis [22]. During SI-AKI, RTECs exhibit sig-
nificant apoptosis [27]. MTHFD2 has been reported to be 
anti-apoptotic in several types of cancer cells [28–30]. In 
LPS-induced NRK-52E cells, we observed a similar antiapop-
totic role as well as a viability-restoring role of MTHFD2. 
These results contribute to the rationality of the notion that 
MTHFD2 expression protects RTECs against mitochondrial 
dysfunction in SI-AKI. Furthermore, mitochondria represent a 

Figure 3. E P300-mediated H3K27ac at the MTHFD2 promoter was essential to the antagonistic impact of MTHFD2. (A and B) The expression of EP300 in 
NRK-52E cells that had received a 24-h exposure to 1 μg/mL LPS was analyzed by qRT-PCR and Western blot, with GAPDH serving as the normalizer. (C 
and D) The expression of EP300 in NRK-52E cells transfected with shEP300/shNC was assessed by qRT-PCR and Western blot, with GAPDH serving as the 
normalizer. (E and F) In NRK-52E cells that had received a 24-h exposure to 1 μg/mL LPS following transfection with EP300 overexpression plasmids/NC, 
the expression of MTHFD2 was detected by qRT-PCR and Western blot. (G). Whether EP300-mediated H3K27 acetylation occurs at the MTHFD2 promoter 
was determined using chromatin immunoprecipitation, in NRK-52E cells that had received a 24-h exposure to 1 μg/mL LPS following transfection with 
EP300 overexpression plasmids/NC or not. (H). NRK-52E cells were transfected with NC plus shNC, shEP300 plus NC, MTHFD2 overexpression plasmids plus 
shNC or shEP300 plus MTHFD2 overexpression plasmids and exposed to 1 μg/mL LPS for 24 h, the viability of NRK-52E cells was measured by MTT assay. 
**p < .01; ***p < .001; *compares the values located at both ends of the line segment. LPS: lipopolysaccharide; MTHFD2: methylenetetrahydrofolate dehy-
drogenase 2; EP300: E1A binding protein p300; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; qRT-PCR: quantitative reverse 
transcription-polymerase chain reaction; NC: negative control; shNC: short hairpin RNA against NC; shEP300: short hairpin RNA against EP300).
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Figure 4. E P300-mediated H3K27ac at the MTHFD2 promoter was essential to the antagonistic impact of MTHFD2 on LPS-induced apoptosis and mito-
chondrial dysfunction of NRK-52E cells. (A–F). NRK-52E cells were transfected with NC plus shNC, shEP300 plus NC, MTHFD2 overexpression plasmids plus 
shNC or shEP300 plus MTHFD2 overexpression plasmids and exposed to 1 μg/mL LPS for 24 h. (A and D). The apoptosis of NRK-52E cells was checked using 
TUNEL staining (magnification, × 200; scale bar, 100 µm). (B and E). The level of ROS in NRK-52E cells was detected mitosox assay (magnification, × 200; 
scale bar, 100 µm). (C and F). The mitochondrial membrane potential of NRK-52E cells was detected using JC-1 staining (magnification, × 200; scale bar, 
100 µm).*p < .05, **p < .01; ***p < .001; *compares the values located at both ends of the line segment. TUNEL: terminal deoxynucleotidyl transferase-mediated 
dUTP nick end labeling; ROS: reactive oxygen species; DCFH-DA: 2’,7’-dichlorodihydrofluorescein diacetate; H3K27ac: acetylation of histone H3 lysine 27; 
qRT-PCR: quantitative reverse transcription-polymerase chain reaction; NC: negative control; shNC: short hairpin RNA against NC; shEP300: short hairpin RNA 
against EP300.
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major source of ROS in cells; upon mitochondrial damage, 
ROS accumulates [22], which results in the conversion of 
cytochrome c from an electron carrier into a peroxidase that 
oxidizes cardiolipin, leading to increased permeabilization of 
mitochondrial outer membranes; this further causes the 
release of mitochondrial ROS and cytochrome c to the cyto-
plasm, subsequently incurring proliferation inhibition and 
apoptosis induction [31,32]. Our data denoted that MTHFD2 
expression negatively correlated with ROS accumulation and 
MMP collapse in LPS-induced NRK-52E cells, which justifies 
the above-mentioned notion. Besides, previous studies have 
shown that inhibiting sideroptosis of RTECs can improve sep-
sis induced acute kidney injury [33]. However, whether 
MTHFD2 suppress tubular ferroptosis induced by LPS is still 
need more experiments to identified.

Histone acetylation is a posttranslational modification 
that plays a part in the mechanism of AKI and changes in a 
time-and/or context (modeling approach)- dependent man-
ner along the progression of AKI [15]. Histone acetylation is 
conferred by HATs but removed by HDACs [34]. In 
LPS-induced AKI/SI-AKI models, treatment with an inhibitor 
of HDAC1 and HDAC2 promoted H3 acetylation and reduced 
degree of renal injury [35], and administration of the selec-
tive class IIa HDAC elevated H3 acetylation, concomitant 
with mitigated renal tubular cell apoptosis and inflammation 
[36]; by contrast, increased acetylation of H3K18 acetylation 
favors the expressions of inflammatory genes [37]. EP300 
functions as a HAT for H3K27 [16], and in our study, it was 
found to be upregulated in NRK-52E cells following LPS 
stimulation, suggesting that H3K27ac may impact the pro-
cess of LPS-induced SI-AKI. HATs transfer an acetyl functional 
group to the lysine of core histones to acetylate histone, 
which weakens the histones and DNA interaction, rendering 
DNA more accessible to the transcription machinery and 
thus promoting gene transcription [38]. H3K27ac marks 
active gene transcription [17]. Our study showed that EP300 
overexpression contributed to H3K27ac at the MTHFD2 

promoter, suggesting that EP300-mediated H3K27ac at the 
MTHFD2 promoter acts as the upstream mechanism of 
MTHFD2 expression elevation in LPS-induced NRK-52E cells. 
EP300 has been proven to have essential roles in controlling 
cell growth and cell division [39] and to be required for 
mitochondrial biogenesis against renal ischemia/reperfusion 
injury [40], which combined with our results further suggest 
that EP300 may reduce RTEC mitochondrial dysfunction by 
upregulating MTHFD2 to protect RTECs during SI-AKI. This 
suggestion was later confirmed as rational by our results 
that revealed a MTHFD2 upregulation-dependent role of 
EP300 ablation to combat LPS-induced injury and mitochon-
drial dysfunction of NRK-52E cells.

However, there are some limitations in this study, first, our 
results demonstrate that MTHFD2 inhibits mitochondrial dys-
function, but the effect of MTHFD2 expression on ROS produc-
tion under controlled conditions remains unknown, therefore, 
the detailed mechanism needs to be further studied. Second, 
whether EP300 knockout can block the expression of MTHFD2 
without LPS treatment also needs to be further investigated. 
Moreover, this result has not been verified in vivo experiment, 
which is a limitation of our study, and we need to design 
more in vivo experiments to verified this in the future.

Conclusion

In conclusion, our in-vitro experiment data signified that LPS 
induced upregulation of EP300, which mediates H3K27ac at 
the MTHFD2 promoter to elevate MTHFD2 expression in 
NRK-52E cells as a protective mechanism against mitochon-
drial dysfunction. This finding provides a theoretical basis for 
the treatment of SI-AKI and also warrants a future study to 
verify whether our present results can be translated into ani-
mal models.
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