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Abstract. In the follow‑up of hospitalized patients with acute 
kidney injury (AKI), it has been observed that 15‑30% of these 
patients progress to develop chronic kidney disease (CKD). 
Impaired adaptive repair of the kidneys following AKI is a 
fundamental pathophysiological mechanism underlying renal 
fibrosis and the progression to CKD. Deficient repair of proximal 
tubular epithelial cells is a key factor in the progression from 
AKI to CKD. However, the molecular mechanisms involved in 
the regulation of fibrotic factor paracrine secretion by injured 
tubular cells remain incompletely understood. Transcriptome 
analysis and an ischemia‑reperfusion injury (IRI) model 
were used to identify the contribution of flavin‑containing 
monooxygenase 2 (FMO2) in AKI‑CKD. Lentivirus‑mediated 
overexpression of FMO2 was performed in mice. Functional 
experiments were conducted using TGF‑β‑induced tubular 
cell fibrogenesis and paracrine pro‑fibrotic factor secretion. 
Expression of FMO2 attenuated kidney injury induced by 
renal IRI, renal fibrosis, and immune cell infiltration into the 
kidneys. Overexpression of FMO2 not only effectively blocked 
TGF secretion in tubular cell fibrogenesis but also inhibited 
aberrant paracrine activation of pro‑fibrotic factors present 
in fibroblasts. FMO2 negatively regulated TGF‑β‑mediated 
SMAD2/3 activation by promoting the expression of SMAD 
ubiquitination regulatory factor 2 (SMURF2) and its nuclear 
translocation. During the transition from AKI to CKD, FMO2 

modulated tubular cell fibrogenesis and paracrine secretion 
through SMURF2, thereby affecting the outcome of the 
disease.

Introduction

Acute kidney injury (AKI) refers to a clinical syndrome char‑
acterized by a sudden and severe decline in kidney function, 
resulting from various factors. Due to its high incidence and 
mortality rates, AKI has become a global clinical problem (1,2). 
Despite certain advancements in the prevention and treatment 
of this disease, a significant proportion of patients who recover 
from AKI exhibit reduced kidney function and progress to 
develop chronic kidney disease (CKD), including end‑stage 
renal disease (3‑5). Follow‑up studies of hospitalized patients 
with AKI have shown that 15‑30% of them progress to 
CKD (6‑8). Tubulointerstitial fibrosis (TIF) is a typical patho‑
logical feature of CKD, and its extent serves as a marker for 
predicting CKD progression (9). The occurrence and develop‑
ment of TIF involves complex processes with the participation 
of multiple cell types, with a particular focus on fibroblasts 
that produce a large quantity of extracellular matrix (ECM) 
components upon activation. However, increasing evidence 
has demonstrated the significance of the contribution of renal 
tubular cells in TIF. Severe AKI injuries lead to abnormal 
repair of tubular cells, resulting in the production and secre‑
tion of various cytokines, growth factors, pro‑inflammatory 
molecules, and pro‑fibrotic molecules  (10). The increased 
bioactive molecules play a role in both autocrine function, 
which is necessary for the de‑differentiation, migration, and 
proliferation of tubular cells during regeneration (10,11), and 
in normal paracrine function, for recruiting leukocytes from 
circulation and activating fibroblasts and other interstitial 
cells  (11,12). The characteristics of activated fibroblasts 
include elevated expression of contractile proteins, increased 
cell motility, induction of pro‑inflammatory genes, and 
high‑level deposition of collagen and other ECM proteins (13). 
TGF‑β and the phosphorylated form of SMAD2/3, which acts 
downstream in the signaling pathway, are crucial intracellular 
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signals in fibroblast activation, including renal myofibroblast 
activation (14‑16). However, the molecular mechanisms under‑
lying the dysregulated paracrine secretion of fibrotic factors 
by injured tubular cells remain incompletely understood. 
Therefore, a thorough investigation of the mechanisms leading 
to kidney fibrosis following AKI and the identification of 
potential intervention targets are crucial for preventing the 
chronic progression of AKI.

In the current study, the transcriptomic dataset of 
kidney tissues following ischemia‑reperfusion injury [IRI; 
gene expression omnibus (GEO) dataset GSE98622] was 
analyzed  (17). The data indicated dynamic changes in the 
expression of the flavin‑containing monooxygenase (FMO) 
family between 2 h and 14 days post‑ischemia reperfusion. A 
recent study has identified that FMO2 possesses a previously 
uncharacterized enzyme‑independent antifibrotic activity via 
the cytochrome P450 2J3‑SMAD ubiquitination regulatory 
factor 2 (SMURF2) axis (18). Particularly, FMO1 and FMO2, 
which are abundantly expressed in the kidney, are of signifi‑
cant interest. FMOs are a class of enzymes that utilize flavin 
coenzymes to introduce a single oxygen atom into chemical 
reactions. These enzymes interact with oxygen molecules, 
transferring the oxygen atom to substrates and undergoing 
oxidation‑reduction reactions. They typically function in 
conjunction with reducing agents, such as coenzymes NADH 
or flavin adenine dinucleotide, to provide the necessary 
electrons for the reactions (19). FMOs play various roles in 
biological systems. FMO2 is primarily expressed in human 
lungs, followed by the kidneys, and exhibits high activity 
during infancy. It participates in the metabolism of exogenous 
compounds, including certain drugs and environmental toxins, 
such as sulfur‑containing compounds (20). IRI triggers an 
inflammatory response and members of the FMO family may 
be involved in regulating the inflammation processes induced 
by IRI. These enzymes may impact the intensity and duration 
of the inflammatory response by modulating the synthesis and 
metabolism processes of inflammatory mediators, such as 
leukocyte activation, cytokine production, and cell adhesion 
molecule expression (21,22). It has been shown in a previous 
study conducted by our research group that renal expression of 
FMO2 mitigates post‑AKI functional impairment and immune 
cell infiltration into the kidneys. Furthermore, members of 
the FMO family may participate in tubular cell‑mediated 
paracrine secretion of pro‑fibrotic factors, thereby influencing 
the fibrotic process. It is important to note that FMO2 overex‑
pression inhibits the effects of TGF‑β and the phosphorylation 
of SMAD2/3. FMO2 expression negatively regulates the 
TGF‑β signaling pathway through the induction of SMURF2 
expression and its nuclear translocation. SMURF2 serves as 
an intrinsic negative regulator of SMAD2/3 phosphorylation 
and of the TGF‑β1 signaling pathway. Therefore, the present 
study demonstrated that FMO2 acted as an inhibitor of the 
TGF‑β/SMAD2/3 signaling pathway, exerting a conservative 
ameliorative effect on renal fibrosis and pathological remod‑
eling. However, the specific mechanisms and effects may vary 
depending on the type of fibrosis and tissue specificity. Further 
investigations will contribute to a deeper understanding of 
the specific roles of the FMO family in the process of renal 
fibrosis, thereby providing new targets for the treatment of this 
disease.

Materials and methods 

Transcriptomic profiling and differential expression analysis 
of a murine renal bilateral ischemia‑reperfusion mode. 
The GSE98622 (17) mRNA expression profile dataset was 
downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo/). 
The ‘limma’ software package helped identify differen‑
tially expressed genes. The ‘heatmap’ software packages of 
R software were used to draw heat maps.

Experimental animals for renal ischemia‑reperfusion 
injury. Male C57BL/6 mice weighing 20‑25 g were purchased 
from the Experimental Animal Center of China Three 
Gorges University (Yichang, China) and maintained under 
specific pathogen‑free conditions. All animal experiments 
were conducted in accordance with the regulations of the 
relevant laws and approved by the Ethics Committee of the 
Children's Hospital Affiliated to Zhengzhou University 
(approval no. 2023‑K‑074).

Unilateral renal ischemia/reperfusion model. Unilateral 
ischemic acute kidney injury (AKI) or chronic kidney disease 
(CKD) mouse models were established by clamping the 
left renal artery. Unilateral renal ischemia‑reperfusion was 
performed as recently described (7,11). Briefly, mice were 
anesthetized by intraperitoneal injection of pentobarbital 
(60 mg/kg) prior to surgery. The left renal artery was isolated, 
and a microaneurysm clip was used to clamp the artery for 
28 min, inducing renal ischemia‑reperfusion injury. After 
28  min, blood flow was restored by releasing the clamp, 
and the layers of muscle and skin were sutured sequentially. 
Throughout the entire surgical procedure, the mice were 
maintained at a body temperature of 36‑37.2˚C. One day 
before euthanasia, the non‑clamped right kidney was removed. 
Following a reperfusion period of either 24 h or 14 days, mice 
were euthanized through cervical dislocation under inhalation 
anesthesia using 3% isoflurane, and serum and kidney tissue 
samples were collected. The control group underwent a sham 
operation without clamping the renal artery.

Cell culture. Boston University mouse proximal tubule cells 
(BUMPT; obtained from Dr Lieberthal and Dr Shwartz at 
Boston University) were cultured in DMEM (Dulbecco's 
modified Eagle's medium) (Thermo Fisher Scientific, Inc.) 
with 10% fetal bovine serum, penicillin (100 U/ml) and strep‑
tomycin (100 µg/ml) in a humidified atmosphere of 5% CO2 
at 37˚C. NRK‑49F rat kidney interstitial fibroblast cells were 
obtained from the American Type Culture Collection. Cells 
were cultured in Dulbecco's modified Eagle's medium/nutrient 
mixture F‑12 (DMEM/F‑12) medium supplemented with 10% 
fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.). 

Gene delivery in vivo. In the animal study, 10 days prior to renal 
ischemia, the recombinant lentiviral vector PGLV carrying 
FMO2 (Shanghai GenePharma, Co., Ltd.) was introduced 
into the mouse left kidney as previously described  (7,23). 
Briefly, mice were anesthetized by intraperitoneal injection 
of pentobarbital (60 mg/kg) prior to surgery (24). A total of 
100 µl lentivirus solution [1x105 transduction units (TU)/µl] 
was injected into anesthetized mice with a 30 G syringe. The 
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needle was inserted from the lower pole to the upper pole of 
the kidney, and the lentivirus solution was slowly injected 
while withdrawing the needle.

Treatment of renal tubule cells with TGF‑β. BUMPT cells 
reached ~60% confluence, they were exposed to serum‑free 
DMEM supplemented with 10  ng/ml recombinant human 
TGF‑β for 48 h. Control cells were cultured in serum‑free 
medium without TGF‑β. At specified time points, cells were 
collected for analysis of mRNA and protein levels to detect 
fibrogenic factors such as Vimentin, actin α 2, smooth muscle 
(Acta2), platelet‑derived growth factor subunit B (Pdgfb) and 
cellular communication network factor 2 (Ccn2).

Collection of renal tubule conditioned media and intervention 
on renal fibroblasts (NRK‑49F). For renal tubule cells, cells were 
seeded in 60 mm culture dishes at a density of 1x106 cells/dish 
for BUMPT cells. When cells reached ~60% confluence, they 
were treated with 10 ng/ml TGF‑β in serum‑free DMEM 
for 48 h, while control cells were maintained in serum‑free 
medium without TGF‑β for 48 h. Subsequently, the medium 
for both TGF‑β‑treated cells and control cells was replaced 
with complete medium without TGF‑β, and further incubated 
for 24 h to collect renal tubule cells‑conditioned media. The 
tubular cell‑conditioned media were concentrated using 
Amicon® Ultra‑4 centrifugal filter devices (cat. no. UFC8003; 
MilliporeSigma) with a molecular weight cutoff of 3 kDa. A 
total of 4 ml of conditioned media were collected from each 
60 mm culture dish, and the supernatant was transferred to the 
Milli‑Q® water pre‑rinsed centrifugal filter device. It was then 
centrifuged at 7,500 x g for 1 h at 4˚C using a fixed‑angle rotor 
to recover ~100 µl concentrated conditioned media.

To treat fibroblasts with renal tubule cell‑conditioned 
media, NRK‑49F fibroblasts were seeded in 12‑well plates at 
a density of 0.15x106 cells/well and reached ~80% confluence 
on the following day. After overnight serum starvation in 
serum‑free DMEM, NRK‑49F fibroblasts were incubated with 
renal tubule cell‑conditioned media (diluted 100 µl in 1 ml 
serum‑free DMEM) for 48 h. Cell morphology was monitored, 
and cells were counted using the Bio‑Rad TC20 automated cell 
counter (Bio‑Rad Laboratories, Inc.) after trypsin digestion. 
Subsequently, cells were lysed for measurement of cellular 
protein and immunoblot analysis. In experiments testing the 
effects of fibroblast growth factor 2 (FGF2) and antibodies, 
antibodies or mouse IgG were pre‑incubated with renal tubule 
cell‑conditioned media at room temperature for 1.5 h before 
adding them to NRK‑49F fibroblasts.

Histology, immunohistochemistry, immunofluorescence and 
TUNEL staining. Tissues were transferred to 4% paraformal‑
dehyde and fixed by leaving tissues at 4˚C overnight, then 
embedded in paraffin and cross‑sectioned (4 µm) for histology 
examination. H&E and Masson's trichrome were performed 
according to manufacturer's instructions (Beijing Solarbio). 
Immunohistochemistry and immunofluorescence techniques 
were employed using 5 µm sections of mouse kidney tissues. 
Antigen retrieval was performed using 10 mM sodium citrate, 
pH 6.0, 0.05% Tween (0.1 mmol sodium citrate in 5 ml + dH2O 
45 ml + Tween X 100 25 µl; 100 mM sodium citrate stored 
at 4˚C). Samples were boiled in the above buffer in a steamer 

for 60 min and then allowed to cool at room temperature for 
20 min. The slides were washed with PBS and blocked with 
blocking buffer [1% bovine serum albumin (BSA), 1% goat 
serum, 0.3% Triton X‑100 in PBS] for 20‑40 min at room 
temperature. After antigen retrieval and blocking, primary 
antibodies against FMO2 (cat.  no.  NBP1‑85952; Novus 
Biologicals, LLC; 1:500 dilution), Kim‑1 (cat. no. AF1750; 
R&D Systems, Inc.; 1:200 dilution), macrophage (F4/80) 
(cat. no. ab56297; Abcam; 1:50 dilution), myeloperoxidase 
(MPO; cat. no. MAK283; MilliporeSigma; 1:200 dilution), 
α‑SMA (cat. no. ab5694; Abcam; 1:200 dilution) and Vimentin 
(cat. no. ab92547; Abcam; 1:200 dilution) were used to detect 
specific markers incubating at 4˚C overnight. For immunohis‑
tochemistry, sections were initially washed thrice with PBS 
before 1‑h incubation at 37˚C with an HRP‑labeled secondary 
antibody. Diaminobenzidine tetrahydrochloride served as the 
enzyme substrate for visualization, followed by hematoxylin 
counterstaining. Images were then acquired using cellSens 
software (V3.2; cellSens) at x200 magnification. For tissue 
immunofluorescence, samples were incubated for 1 h at 25˚C 
with 1:2,000 diluted Alexa Fluor 488 and 555‑conjugated 
secondary antibodies (Cell Signaling Technology, Inc.). 
Nuclei were labeled with DAPI from Beyotime Institute of 
Biotechnology, and visualization was carried out at x400 
magnification using an Olympus fluorescence microscope at 
x200 magnification.

Tubular injury was assessed based on histopathological 
changes, including cell lysis, loss of brush border, and cast 
formation in renal tubules. A blinded examination was 
performed, and the percentage of injured tubules was scored 
as follows: 0 (no damage), 1 (<25%), 2 (25‑50%), 3 (50‑75%) 
and 4 (>75%). A total of 10 randomly selected fields were 
evaluated per mouse for quantification, and the mean score 
was calculated as the tubular injury score. The ImageJ 1.45 
software (National Institutes of Health) was used to calculate 
the collagen volume fraction, that is, the percentage of the 
blue area (collagen) to the total area of each field. Randomly 
selected 10 fields of view per mouse kidney at a magnifica‑
tion of x200 were scored for quantification using an Olympus 
microscope and quantized with cellSens software (V3.2; 
cellSens) or an LSM880 laser scanning confocal microscope 
(Zeiss AG) system with a Plan‑Apochromat 63x/1.4 objective 
and ZEN 2.3 software (Zeiss AG). 

ImageJ 1.45 software (National Institutes of Health) was 
used to obtain the area (%) values for α‑SMA staining (the 
percentage of the α‑SMA positive green signal as a percentage 
of the total area of each field).

To detect cell apoptosis, a TUNEL apoptosis detection 
system (Promega Corporation) was utilized. The cellular 
nuclei were stained with DAPI for a duration of 3‑5 min at 
ambient temperature, followed by inspection of the prepared 
sections under a fluorescence microscope at a magnification of 
x400. The number of TUNEL‑positive cells was counted from 
10 randomly selected fields of view per specimen in the outer 
medulla and kidney cortex regions (25).

Western blot analysis. Western blot assays were used to 
identify protein expression in kidney tissues and cells. Briefly, 
lysates containing whole cells, nuclei, or cytosolic extracts 
(with 10‑50 mg of protein) were heated at 95˚C for 5 min in 
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Laemmli sample buffer (Bio‑Rad Laboratories, Inc.). Proteins 
were then separated by polyacrylamide gel electrophoresis 
in acrylamide gels (8‑15%) and transferred using a Bio‑Rad 
western system to polyvinylidene difluoride membranes 
(Bio‑Rad Laboratories, Inc.), which were immediately placed 
in 5% non‑fat milk in Tris‑buffered saline (TBS, 50 mM Tris, 
pH 7.6, 150 mM NaCl)‑Tween (0.1% Tween20) buffer for 
blocking (1 h at 25˚C). Membranes were incubated overnight 
with antibodies against flavin‑containing monooxygenase 
1 (FMO1; cat.  no. PA5‑95285; Invitrogen; Thermo Fisher 
Scientific, Inc.; 1:1,000 dilution), FMO2 (cat. no. NBP1‑85952; 
Novus Biologicals, LLC; 1:500), SMURF2 (cat. no. Ab53316; 
Abcam; 1:1,000), Histone3 (cat. no. Ab1791; Abcam; 1:1,000), 
phosphorylated SMAD3 (423/425) (cat.  no.  9520; Cell 
Signaling Technology, Inc.; 1:1,000), SMAD3 (cat. no. 9523; 
Cell Signaling Technology, Inc.; 1:1,000), phosphorylated 
SMAD2 (465/467) (cat. no. 18338; Cell Signaling Technology, 
Inc.; 1:1,000), SMAD2 (cat.  no.  8685; Cell Signaling 
Technology, Inc.; 1:1,000), Vimentin (cat.  no.  ab92547; 
Abcam; 1:1,000), FGF2 (cat. no. ab222932; Abcam; 1:1,000), 
PDGF (cat. no. ab178409; Abcam; 1:1,000), connective tissue 
growth factor (CTGF; cat. no. ab209780; Abcam; 1:1,000), 
α‑SMA (cat.  no.  ab5694; Abcam; 1:5,000) and GAPDH 
(cat. no. CL594‑60004; ProteinTech Group, Inc.; 1:20,000) 
at 4˚C. Membranes were then washed 3  times for 10 min 
in TBS‑Tween buffer and incubated with a horseradish 
peroxidase‑conjugated anti‑mouse antibody (Servicebio; 
cat. no. GB23301; 1:10,000 dilution) or anti‑rabbit antibody 
(Servicebio; cat. no. GB23303; 1:10,000 dilution) at 25˚C for 
1 h. Films were scanned and signals detected using a Bio‑Rad 
calibrated densitometer (Bio‑Rad Laboratories, Inc.). ImageJ 
1.45 software (National Institutes of Health) was used for 
densitometry analysis. Statistical analysis was performed 
using 3‑5 biological replicates from 2‑3 technical replicates.

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
was extracted from whole kidney tissues or cells using 
TRIzol® reagent (Ambion; cat. no. 368711), according to the 
manufacturer's protocol. RNA reverse transcription reagents 
(Vazyme; cat.  no.  r323‑01) were used to generate cDNA 
from 1 µg total RNA using an amplicon (Pcrsurecycler8800) 
according to the manufacturer's protocol. Real‑time quan‑
titative TaqMan PCR reagents (Vazyme; cat. no. q712‑02) 
were employed, along with the TaqMan primers (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) listed below. 
qPCR was performed on a real‑time PCR instrument 
(Mx3005p), and data were analyzed using the 2‑ΔΔCq method 
for quantification (26). The sequences of the primers were as 
follows: Monocyte chemotactic protein 1 forward, 5'‑CTG​
AGT​TGA​CTC​CTA​CTG​TGG​A‑3' and reverse, 5'‑TCT​TCC​
CAG​GGT​CGA​TAA​AGT‑3'; IL‑6 forward, 5'‑CTG​CAA​
GAG​ACT​TCC​ATC​CAG‑3' and reverse, 5'‑AGT​GGT​ATA​
GAC​AGG​TCT​GTT​GG‑3'; Fgf2 forward, 5'‑GCG​ACC​CAC​
ACG​TCA​AAC​TA‑3' and reverse, 5'‑CCG​TCC​ATC​TTC​CTT​
CAT​AGC‑3'; Ccn2 forward, 5'‑GGC​CTC​TTC​TGC​GAT​
TTC​G‑3' and reverse, 5'GCA​GCT​TGA​CCC​TTC​TCG​G‑3'; 
transforming growth factor β1 (TGF‑β1) forward, 5'‑CCA​
CCT​GCA​AGA​CCA​TCG​AC‑3' and reverse, 5'‑CTG​GCG​
AGC​CTT​AGT​TTG​GAC‑3'; Pdgfb forward, 5'‑TGC​TGC​
ACA​GAG​ACT​CCG​TA‑3' and reverse, 5'‑GAT​GAG​CTT​

TCC​AAC​TCG​ACT​C‑3'; and GAPDH forward, 5'‑AAG​TTC​
AAC​GGC​ACA​GTC​AA‑3' and reverse, 5'‑TCT​CGC​TCC​
TGG​AAG​ATG​G‑3'.

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism version 9.0.0 (Dotmatics), and the data 
are presented as the mean ± SEM. Normal distribution and 
homogeneity of variance were assessed using a Shapiro‑Wilk 
test and Bartlett's test, respectively. For data that passed both 
normality and equality of variance, comparisons between two 
groups were performed using an unpaired 2‑tailed Student's 
t‑test, and multiple comparisons were analyzed using an 
ANOVA followed by a Tukey's post‑hoc test. If not, the 
non‑parametric Kruskal‑Wallis test was used, followed by a 
Dunn's test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Dynamic expression of FMO2 in AKI‑CKD transformation. 
To determine the alterations in the expression levels of the 
FMO family of enzymes during the process of AKI‑CKD, the 
transcriptomic data of mouse kidney tissues were analyzed 
from the sham and IRI groups obtained from a public RNA 
sequencing database (GEO dataset GSE98622) (17). The FMO 
family consists of five subtypes (FMO1‑5). Among them, 
FMO1 and FMO2 exhibited the highest abundance values 
in the kidneys (Fig. 1A and B). It is important to note that 
only FMO2 indicated a significant downregulation at the 
protein level in mouse kidney tissues following IRI (Fig. 1C). 
Consistent with the protein level changes, the mRNA levels of 
FMO2 were also lower in the IRI 24 h and IRI 14 day groups 
compared with those of the sham group (Fig. 1E). However, no 
significant differences were noted at the protein and mRNA 
levels of FMO1, which exhibited the highest abundance 
in the kidneys among the FMO subtypes (Fig. 1C and D). 
Immunostaining analysis was based on mouse kidney slices 
and the results further confirmed the significant downregula‑
tion of FMO2 expression in the IRI 24 h and IRI 14 day groups 
compared with the sham group. Therefore, the alteration of 
FMO2 expression may be dynamically associated with the 
occurrence of renal ischemic injury and fibrotic remodeling.

FMO2 alleviates ischemia‑induced AKI. To investigate the 
role of FMO2 in renal AKI, mice were injected with lentivirus 
(LV)‑FMO2 or a negative control (NC) 10 days prior to unilat‑
eral renal ischemia. Following 28 min of continuous ischemia 
and 24 h of reperfusion, the mice were euthanized (Fig. 2A). The 
mice treated with LV‑FMO2 indicated a significant decrease in 
blood urea nitrogen and serum creatinine levels following IRI 
stimulation compared with the corresponding levels noted in the 
NC group (Fig. 2B and C). The extent of renal tissue damage 
was further assessed and examined using H&E, kidney injury 
molecule (KIM)‑1, and TUNEL staining (Fig. 2D‑F). It is 
important to note that the renal tubular injury score reached 2.9 
following 28 min of ischemia and 24 h of reperfusion, while 
mice treated with LV‑FMO2 exhibited less severe renal tubular 
injury with a score of 1.9 (Fig. 2G). Following IRI, the percentage 
of KIM‑1‑positive tubular cells in the LV‑FMO2‑treated group 
(57.6%) was significantly lower than that noted in the NC group 
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(38.4%, Fig. 2H). The LV‑FMO2‑treated mice had a signifi‑
cantly lower number of apoptotic cells (130/mm2) compared 
with that of the NC group (98/mm2, Fig. 2I). Following immu‑
noblotting analysis, the levels of FMO2 were significantly 
higher in the LV‑FMO2‑treated mice compared with those of 
the LV‑NC‑treated mice (Fig. 2J). These results suggested that 
FMO2 may exert a protective effect during the injury phase of 
ischemic AKI.

Expression of FMO2 in the kidney prevents the development 
of fibrosis. To examine the impact of FMO2 on renal fibrosis 
following ischemia‑reperfusion, the mice were injected with 
LV vectors containing LV‑FMO2 or an NC into the kidney 
10 days prior to unilateral left renal ischemia. The mice under‑
went 28 min of continuous ischemia, followed by unilateral 
right nephrectomy on the 13th day following reperfusion, 
and were euthanized on the 14th day (Fig. 3A). Following the 
removal of the right kidney, the levels of blood urea nitrogen 
and serum creatinine increased (Fig. 3B and C). Staining for 
vimentin (Fig. 3D), Masson's trichrome (Fig. 3E) and α‑SMA 

(Fig. 3G) revealed significant ECM deposition in the renal 
tubulointerstitium on the 14th day following ischemia‑reper‑
fusion treatment (Fig. 3F). Furthermore, western blot analysis 
of and expression in the mouse kidneys (Fig. 3H‑J) confirmed 
that overexpression of FMO2 attenuated renal dysfunction and 
fibrosis induced by IRI.

Expression of FMO2 reduces the infiltration of immune cells 
into the kidneys. Subsequent evaluation of the impact of 
FMO2 expression on immune cell infiltration was conducted. 
Immunohistochemical analysis using MPO staining indicated 
the presence of neutrophils, while F4/80 staining indicated the 
presence of macrophages. The expression of FMO2 limited 
the inflammatory infiltration of neutrophils (Fig. 4A and B) 
and macrophages (Fig. 4C and D) compared with that noted 
in the IRI 14‑day NC group. In addition, qPCR analysis 
demonstrated that the expression of FMO2 suppressed the 
expression levels of pro‑inflammatory cytokines, such as IL‑6, 
chemokine ligand 1 and monocyte chemoattractant protein 1 
(Fig. 4E and G).

Figure 1. Kidney injury triggers downregulation of FMO2. (A) Normalized heatmap illustrating the dynamic changes in the transcriptome of the FMO family 
during the time period of 2 h to 14 days after renal IRI. The horizontal axis represents each sample, and the vertical axis represents each gene. Blue and 
red colors represent low and high values, respectively. (B) The transcriptome trend chart of time period of 2 h to 14 days after renal IRI. (C) Representative 
Western blot of FMO1 and FMO2. (D) Quantitative data showing the FMO1 protein abundance in mouse kidneys (n=5). *P<0.05 vs. sham. (E) Quantitative data 
showing the FMO2 protein abundance in mouse kidneys (n=5). *P<0.05 vs. sham. (F) Representative immunohistology images demonstrating kidney FMO2 
expression in the sham group, and 24 h and 14 days after IRI (magnification, x400). FMO2, flavin‑containing monooxygenase 2; IRI, ischemia‑reperfusion 
injury; h, hour; d, day; FKPM, fragments per kilobase of exon model per million mapped fragments.
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In vitro, decreased expression of FMO2 in BUMPT cells dimin‑
ishes the effect of TGF‑β. The in vitro data of the present study 
suggested that the expression of FMO2 in tubular cells exerted 
anti‑fibrotic effects. In BUMPT cells cultured under basal condi‑
tions without TGF‑β stimulation, minimal expression of vimentin 
and α‑SMA was observed. However, significant expression of 
vimentin and α‑SMA was observed in BUMPT cells following 
TGF‑β stimulation. The expression of FMO2 effectively 
prevented the responsiveness of BUMPT cells to TGF‑β stimu‑
lation (Fig. 5A and B). Furthermore, fluorescence co‑staining 
of FMO2 and α‑SMA revealed that TGF‑β stimulation led to a 

decrease in FMO2 expression and an increase in α‑SMA expres‑
sion (Fig. 5C). qPCR results demonstrated that the expression 
of FMO2 suppressed the expression levels of fibrotic factors 
induced by TGF‑β, including α‑SMA, TGF‑β1, PDGF‑β, and 
cellular communication network factor 2 (Fig. 5D‑G).

Expression of FMO2 reduces the paracrine secretion of 
pro‑fibrotic factors from BUMPT cells, inhibiting the activa‑
tion of fibroblasts. The results indicated that the conditioned 
medium from TGF‑β‑induced BUMPT cells exerted an acti‑
vating effect on fibroblasts. The medium exposed to BUMPT 

Figure 2. Targeted FMO2 expression alleviates ischemia‑induced acute kidney injury. LV harboring FMO2 was injected into the kidney 10 days before unilat‑
eral left renal ischemia was clamped for 28 min. A right nephrectomy was performed prior to reperfusion. The serum and kidneys were collected 24 h after 
nephrectomy for further analysis. (A) Schematic diagram of the experimental procedure. (B) Serum creatinine 24 h after reperfusion. (C) Blood urea nitrogen 
levels are shown. (D) Representative images of hematoxylin and eosin staining. (E) Representative images of KIM‑1 immunohistochemistry. (F) Representative 
images of TUNEL staining to show apoptosis in kidney tissues. (G) Quantification of the tubular damage score. (H) Quantitative analysis of KIM‑1 positive 
tubules. (I) Quantification of the TUNEL staining (magnification, x400) (n=8). *P<0.05 vs. sham; #P<0.05 vs. NC‑IRI24h group. (J) Representative western blot 
and quantitative data showing the FMO2 protein abundance in sham or IRI- treated kidneys from (LV)FMO2 or (NC) mice. (n=3). FMO2, flavin‑containing 
monooxygenase 2; IRI, ischemia‑reperfusion injury; h, hour; d, day; NC, negative control; LV, lentivirus.
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cells containing TGF‑β exhibited a significant increase in 
the levels of paracrine fibrotic factors, such as FGF2, PDGF, 
and CTGF. The expression of FMO2 partially alleviated 
the paracrine secretion of FGF2 and other factors (Fig. 6A). 
Conditioned medium from TGF‑β‑treated BUMPT cells 

was collected, centrifuged, and subsequently used to culture 
NRK‑49F cells (Fig. 6B). Immunofluorescence staining of 
NRK‑49F cells revealed that the conditioned medium from 
LV‑FMO2‑treated BUMPT cells exhibited a noticeable reduc‑
tion in the expression levels of α‑SMA and vimentin (Fig. 6C).

Figure 3. Targeting the expression of FMO2 can attenuate the progression of renal fibrosis. LV harboring FMO2 was injected into the kidney 10 days before 
unilateral left renal ischemia was clamped for 28 min. A right nephrectomy was performed on day 13 of reperfusion. The serum and kidneys were collected 24 h 
after nephrectomy for further analysis. (A) Schematic diagram of the experimental procedure. (B) Serum creatinine 14 days after reperfusion. (C) Blood urea 
nitrogen levels are shown. (D) Representative images of Vimentin immunohistochemical staining. (E) Representative graphs of Masson staining from the sham 
and IRI14d groups. (F) Quantitative analysis of renal fibrosis. (G) Representative graphs of α‑SMA fluorescence staining. (H) Representative immunoblot for 
α‑SMA or Vimentin protein levels in mouse kidneys. (I) Quantitative data showing the Vimentin protein abundance in mouse kidneys (n=3). *P<0.05 vs. sham; 
#P<0.05 vs. NC‑IRI24h group. (J) Quantitative data showing the α‑SMA protein abundance in mouse kidneys (n=3). *P<0.05 vs. sham; #P<0.05 vs. NC‑IRI24h 
group. FMO2, flavin‑containing monooxygenase 2; IRI, ischemia‑reperfusion injury; h, hour; d, day; NC, negative control; LV, lentivirus; Vim, vimentin.
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FMO2 inhibits the phosphorylation of SMAD2/3 by promoting 
the translocation of SMURF2 to the nucleus. Due to the 
cytoplasmic localization of FMO2, this enzyme is unlikely 
to directly participate in transcriptional gene regulation. 
Therefore, the transcriptional post‑effects mediated by FMO2 
and its subsequent anti‑fibrotic actions mediated via inhibition 
of SMAD2/3 phosphorylation were examined. SMURF2, an 
E3 ubiquitin ligase, exhibits specific activity towards phos‑
phorylated SMAD2/3 in the nucleus (27) and plays a crucial 
role in the negative regulation of the TGF‑β signaling pathway. 
Initially, co‑immunofluorescence staining of FMO2 (green) 
and SMURF2 (red) was performed in the kidney tissues of IRI 
14 day mice, revealing nuclear translocation of SMURF2 under 
conditions of high FMO2 expression (Fig. 7A). The elevated 
expression of FMO2 in BUMPT cells significantly reduced 

the levels of phosphorylated SMAD2/3, as determined by its 
phosphorylation state (Fig. 7B). Furthermore, by using nuclear 
protein extraction and immunoblotting, it was confirmed 
that the expression of FMO2 promoted the translocation of 
SMURF2 from the cytoplasm to the nucleus (Fig. 7C). These 
data suggest that FMO2 ultimately facilitates the nuclear 
translocation of SMURF2, by regulating its expression and 
leads to inhibition of TGF‑β signaling (Fig. 7D).

Discussion

The present study provides three primary conclusions. 
First, the expression levels of FMO2 were evaluated, which 
is a member of the FMO gene family, that are abundantly 
expressed in the kidney, and dynamically associated with 

Figure 4. Targeting the expression of FMO2 attenuates immune cell infiltration into the kidneys. (A) Representative immunohistochemistry graphs of renal 
sections with MPO staining. (B) Quantitative analysis of MPO‑positive tubular epithelial cells. (C) Representative F4/80 immunohistochemistry graphs of 
renal sections. (D) Quantitative analysis of F4/80 positive tubular epithelial cells. (E) mRNA expression of IL‑6 in kidney homogenates from mice 14 day after 
I/R and sham (n=8). (F) mRNA expression of CXCL10 in kidney homogenates from mice 14 day after I/R and sham (n=8). (G) mRNA expression of MCP‑1 in 
kidney homogenates from mice 14 day after I/R and sham (n=8). *P<0.05 vs. sham; #P<0.05 vs. NC‑IRI24h group. FMO2, flavin‑containing monooxygenase 2; 
IRI, ischemia‑reperfusion injury; MPO, myeloperoxidase; FMO2, flavin‑containing monooxygenase 2; NC, negative control; LV, lentivirus.
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renal ischemic injury and fibrotic remodeling. Overexpression 
of FMO2 alleviated renal ischemia‑reperfusion‑induced AKI, 
renal fibrosis, and immune cell infiltration into the kidney. 
Second, FMO2 overexpression not only effectively blocked 
TGF‑β‑induced tubular cell fibrosis but also inhibited the 
activation of aberrant tubular cell‑derived paracrine fibrogenic 
factors on fibroblasts. Thirdly, FMO2 negatively regulated 
TGF‑β‑induced SMAD2/3 activation by promoting the expres‑
sion and nuclear translocation of SMURF2. Therefore, FMO2 
emerges as a previously unidentified modulator of TGF‑β 
signaling, playing a conserved key role in fibroblast activation 
and fibrotic remodeling following injury. 

The enzymes of the FMO family are primarily present in 
animals and microorganisms. The canonical function of most 
FMO gene family members involves enzymatic activity‑depen‑
dent cellular detoxification (19). Unexpectedly, however, the 
FMO2‑mediated suppression of TGF‑β activity is independent 
of its enzymatic activity. While the nonenzymatic FMO2 
isoform has been reported in mammals (27,28), its biological 
role has never been clearly elucidated. They participate in the 
metabolism of various substrates, including drugs and toxins, 

and are involved in specific biological processes  (29). The 
members of the FMO family are predominantly expressed in 
tissues, such as the liver and kidneys, exhibiting structural and 
functional diversity. The FMO family consists of five subtypes 
(FMO1‑5), each potentially differing in tissue distribution, 
catalytic properties, and substrate specificity; these enzymes 
play important roles in drug metabolism (27). By using analysis 
of transcriptomic data following renal IRI, it was discovered 
that the expression of one member of the FMO gene family, 
FMO2, was highly enriched in tubular cells and dynami‑
cally associated with renal injury and fibrotic remodeling. 
However, previous studies have shown that FMO2‑mediated 
inhibition of TGF‑β activity is independent of its enzymatic 
activity (18). Although non‑enzymatic isoforms of FMO2 have 
been reported in humans and rats (30‑32) and have been shown 
to influence the lifespan of the nematode Caenorhabditis 
elegans (33), their biological roles remain unclear. It is impor‑
tant to note that the downregulation of FMO2 expression in 
renal tubular cells is a conserved molecular characteristic in 
response to injury and TGF‑β stimulation, while FMO2 inac‑
tivation is sufficient to promote the induction of fibrosis and 

Figure 5. The expression of FMO2 reduces the impact of TGF‑β on BUMPT cells. (A) Cellular morphology and vimentin expression profile observed using 
immunofluorescence staining. (B) Representative immunoblot of α‑SMA and vimentin protein levels in BUMPT cells (n=3). *P<0.05 vs. vehicle; #P<0.05 vs. 
NC‑TGF‑β group. (C) Representative immunofluorescence images of BUMPT cells stained with anti‑FMO2 (green) and anti‑α‑SMA (red) antibodies and 
DAPI (blue). (D) mRNA expression levels of Acta2 in BUMPT cells (n=5). (E) mRNA expression levels of Tgfb1 in BUMPT cells (n=5). (F) mRNA expression 
levels of Pdgfb in BUMPT cells (n=5). (G) mRNA expression levels of Ccn2 in BUMPT cells (n=5). *P<0.05 vs. vehicle; #P<0.05 vs. NC‑TGF‑β group. FMO2, 
flavin‑containing monooxygenase 2; BUMPT, Boston University mouse proximal tubule; NC, negative control.
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renal dysfunction. By contrast, overexpression of FMO2 alle‑
viated renal ischemia‑reperfusion‑induced AKI, renal fibrosis, 
and immune cell infiltration into the kidney. Therefore, FMO2 
emerges as a previously unidentified modulator in the progres‑
sion from AKI to CKD, playing a crucial role in tubular cell 
fibroblast transition, fibroblast activation, and interstitial 
fibrotic remodeling following renal injury.

Impaired adaptive repair of the kidney following AKI is a 
fundamental pathophysiological mechanism leading to renal 
fibrosis and progression to CKD. Defective repair of proximal 
tubular epithelial cells is a key factor in the progression from 
AKI to CKD. In the early stages of injury, surviving tubular 
cells mount an adaptive response, undergoing dedifferentia‑
tion and proliferation to repair the damaged renal tubules (34). 
However, severe AKI injury can result in aberrant repair of 
tubular cells, leading to the production and secretion of various 
cytokines, growth factors, pro‑inflammatory molecules, and 
pro‑fibrotic molecules  (10). The increased levels of these 
bioactive molecules play a role in both autocrine functions, 
which are necessary for tubular cell regeneration via dedif‑
ferentiation, migration, and proliferation, and paracrine 
functions, recruiting circulating leukocytes and activating 
interstitial cells, such as fibroblasts (35). During the AKI‑CKD 
process, aberrant paracrine secretion of fibrotic factors by 

tubular cells, such as CTGF, PDGF and FGF2, stimulates 
adjacent myofibroblasts to produce ECM components, which 
in turn activates the fibroblasts (36). However, the molecular 
mechanisms involved in the regulation of impaired tubular cell 
paracrine secretion of fibrotic factors are not fully understood. 
Previous studies have focused on the abnormal metabolic 
adaptation of tubular cells in AKI, proposing that disrupted 
adaptive energy metabolism has a crucial role in promoting 
CKD progression (37,38).

In the present study, a unilateral ischemia‑reperfusion 
model was used to characterize the role of FMO2 in 
AKI‑CKD, and validation experiments were conducted in 
immortalized cell lines. While data from these models consis‑
tently demonstrate the beneficial effects of FMO2 in treating 
renal fibrosis and CKD, they are not without limitations. The 
main limitation is the lack of verification in FMO2 knockout 
mice. Therefore, although the data from this model suggest the 
involvement of FMO2 in the development and progression of 
renal fibrosis, they do not exclude the contribution of potential 
other detrimental factors in the absence of FMO2; moreover, 
they do not specify the specific renal segment in which 
FMO2 inhibits fibrotic reactions. Future studies are required 
to elucidate the role of FMO2 in the AKI‑to‑CKD transition. 
Another limitation is that FMO2 is not solely expressed by 

Figure 6. BUMPT cells secrete fibrosis‑promoting factors that stimulate fibroblast activation. (A) Conditioned medium from TGF‑β‑treated BUMPT cells 
was collected, centrifuged, and used to culture NRK‑49F (model diagram). (B) Immunofluorescence staining of α‑SMA and vimentin expression in NRK‑49F 
cells. (C) Immunoblot analysis of matrix cell proteins FGF2, PDGF, and CTGF. (D) Quantitative data showing the FGF2 protein abundance in NRK‑49F cells 
(n=3). *P<0.05 vs. respective vehicle; #P<0.05 vs. NC with TGF‑β. (E) Quantitative data showing the PDGF protein abundance in NRK‑49F cells (n=3). *P<0.05 
vs. respective vehicle; #P<0.05 vs. NC with TGF‑β. (F) Quantitative data showing the CTGF protein abundance in NRK‑49F cells (n=3). *P<0.05 vs. respective 
vehicle; #P<0.05 vs. NC with TGF‑β. NC, negative control; BUMPT, Boston University mouse proximal tubule; FMO2, flavin‑containing monooxygenase 2; 
NC, negative control.
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tubular cells. It is also expressed in other tubular segments and 
certain non‑tubular cells. Future research should determine 
the role of FMO2 in other cell populations within the kidney. 

In the present study, conditioned media were collected from 
TGF‑β‑stimulated renal tubular cells, which were used to 
stimulate fibroblasts to secrete ECM. However, the secretion 

Figure 7. FMO2 inhibits the phosphorylation of SMAD2/3 via promoting SMURF2 nuclear translocation. (A) Immunofluorescence colocalization of SMURF2 
(red) with FMO2 (green) in kidney tissue at 14 days of reperfusion (magnification, x400). (B) Immunoblot and quantitative analysis revealed the alterations 
in phosphorylation of SMAD2/3 in FMO2‑expressing BUMPT cells (n=3). *P<0.05 vs. respective vehicle; #P<0.05 vs. NC with TGF‑β. (C) Increased nuclear 
translocation of SMURF2 was observed in BUMPT cells following FMO2 overexpression under TGF‑β stimulation as shown in immunoblot and quantita‑
tive from the cytosolic and the nuclear fractions as indicated (n=3). *P<0.05 vs. respective vehicle; #P<0.05 vs. NC with TGF‑β. (D) The schematic diagram 
illustrates the regulatory role of FMO2 in the phosphorylation of SMAD2/3 and renal fibrosis through SMURF2. FMO2, flavin‑containing monooxygenase 2; 
NC, negative control; SMURF2, SMAD ubiquitination regulatory factor 2; BUMPT, Boston University mouse proximal tubule.
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of ECM was significantly reduced when renal tubular cells 
were transfected with LV‑expressing FMO2, suggesting the 
presence of other active substances in the conditioned media 
(following FMO2 overexpression) that play important roles 
(Fig. 6). Therefore, the findings of the present study aid the 
confirmation of the specific effects of the FMO2 gene on 
renal tubular cells. Although the in vivo and in vitro models 
in the present study have certain limitations, when considered 
together, the data from these models suggest specific roles of 
FMO2 in AKI‑CKD. Furthermore, a novel function of FMO2 
was discovered in the kidney as a signaling regulator and not 
as a metabolic enzyme; the FMO2‑SMURF2‑mediated nega‑
tive regulatory circuitry modulates the phosphorylation and 
activation of SMAD2/3 in response to TGF‑β signaling in 
fibroblasts (27,39).

In conclusion, the present study demonstrated that 
FMO2 can regulate maladaptive repair and renal fibrosis 
following AKI through the expression and nuclear translo‑
cation of SMURF2. FMO2 not only effectively inhibited 
TGF‑β‑induced tubular cell fibrosis but also suppressed the 
abnormal paracrine secretion of fibrogenic factors by tubular 
cells. The regulation of fibrosis mediated by FMO2 holds 
significant therapeutic implications by inhibiting the transition 
from AKI to CKD.

During the transition from AKI to CKD, FMO2 modulates 
tubular cell fibrogenesis and paracrine secretion via SMURF2, 
thereby impacting the outcome of this process.
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