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Emodin improves renal fibrosis in chronic kidney disease by regulating
mitochondrial homeostasis through the mediation of peroxisome 
proliferator-activated receptor-gamma coactivator-1 alpha (PGc-1α)
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Chronic kidney disease (CKD) is a leading public health issue associated with high morbidity worldwide.
However, there are only a few effective therapeutic strategies for CKD. Emodin, an anthraquinone compound
from rhubarb, can inhibit fibrosis in tissues and cells. Our study aims to investigate the antifibrotic effect of
emodin and the underlying molecular mechanism. A unilateral ureteral obstruction (UUO)-induced rat model
was established to evaluate the effect of emodin on renal fibrosis development. Hematoxylin and eosin staining,
Masson’s trichrome staining, and immunohistochemistry staining were performed to analyze histopathological
changes and fibrotic features after emodin treatment. Subsequently, a transforming growth factor-beta 
1 (TGF-β1)-induced cell model was used to assess the inhibition of emodin on cell fibrosis in vitro.
Furthermore, Western blot analysis and real-time quantitative reverse transcription-polymerase chain reaction
were performed to validate the regulatory mechanism of emodin on renal fibrosis progression. As a result,
emodin significantly improved histopathological abnormalities in rats with UUO. The expression of fibrosis
biomarkers and mitochondrial biogenesis-related proteins also decreased after emodin treatment. Moreover,
emodin blocked TGF-β1-induced fibrotic phenotype, lipid accumulation, and mitochondrial homeostasis in
NRK-52E cells. Conversely, peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1α)
silencing significantly reversed these features in emodin-treated cells. Collectively, emodin plays an important
role in regulating PGC-1α-mediated mitochondria function and energy homeostasis. This indicates that emodin
exhibits great inhibition against renal fibrosis and acts as a promising inhibitor of CKD. 
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Introduction
Chronic kidney disease (CKD) is a major public health issue

with a 13.4% of worldwide incidence rate, which affects more than
800 million individuals.1,2 If preventive strategies are not undertak-
en, CKD can develop into end-stage renal disease and cardiovas-
cular disease, leading to ahigh mortality and global CKD-related
burden.3,4 Renal tubulointerstitial fibrosis is a common outcome of
advanced-stage CKD, which ultimately contributes to renal
failure.5 Renal interstitial fibrosis is characterized by renal tubular
atrophy, inflammatory cell infiltration, fibroblast accumulation,
and interstitial matrix deposition.6,7 Animal models of renal fibro-
sis contains surgical- or drug-induced model, spontaneous model,
transgenic modification model, and complex model.8 The unilater-
al ureteral obstruction (UUO)-induced animal model is a mature
surgical-induced model that is widely used in understanding the
pathophysiological mechanisms of obstructive kidney disease.9
Generally, UUO-induced animals have features such as renal tubu-
lar dilation, interstitial hyperplasia, proximal renal tubular injury,
and hydronephrosis, leading to renal scar formation and interstitial
fibrosis.10 Compared with other in vivo models, UUO has more
advantages, including easy to perform, a short cycle, and a high
survival rate. Further, UUO-induced renal fibrosis is lower exoge-
nous toxins and uremic environment. Therefore, it is a reasonable
model for preclinical studies.8 Numerous studies based on a UUO-
induced model have revealed many molecular pathways involved
in renal fibrosis.11-13 Cellular events, such as inflammation, fibrob-
last activation, epithelial-to-mesenchymal transition, tubular
injury, peritubular capillary rarefaction, and hypoxia, are all asso-
ciated with renal fibrogenesis.11 Among the molecular bases
involved in renal fibrosis, transforming growth factor-beta 1 (TGF-
β1)/Smad signaling is one of the important nodes.13,14

Mitochondrial impairment is a primary risk factor in kidney
disorders with fibrosis development.15 PGC-1α can drive some
transcriptional molecules to regulate mitochondrial biogenesis and
downstream metabolic pathways.16 PGC-1α inactivated NOD-like
receptor family-pyrin domain containing three inflammasomes,
which improved kidney damage in UUO-treated mice.17 Moreover,
PGC-1α plays a unique role in regulating mitochondrial transcrip-
tion factor A (Tfam) in kidney fibrosis.18 Furthermore, PGC-1α
inhibited metabolic dysregulation in Notch-associated kidney
fibrosis.19 Therefore, PGC-1α might be a promising target for ther-
apeutic strategies against CKD development. 

Emodin is a bioactive component extracted from rhubarb and
a significant clinical efficacy.20 It has good antifibrotic effects in
both UUO- and surgery-induced renal fibrosis. The mechanisms
underlying these studies were associated with TGF-β1/Smad sig-
naling.21,22 In addition, it inhibits renal tubulointerstitial fibrosis
via interacting with EZH2, a histone methyltransferase.23

However, effects of emodin on regulating PGC-1α have not been
reported yet. 

The purpose of this study was to investigate the effect of
emodin on both UUO-induced renal fibrosis in vivo and TGF-β1-
induced cell fibrosis in vitro. 

Materials and Methods

cell culture and treatment
Rat renal tubular duct epithelial (NRK-52E) cells were pur-

chased from Jennio Biotech (Guangzhou, China). Cells were cul-
tured in Dulbecco’s Modified Eagle Medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum

(FBS, Gibco, Carlsbad, CA, USA), 100 μg/mL of streptomycin,
and 100 U/mL of penicillin. The cells were kept in an incubator at
37°C with 5% carbon dioxide. TGF-β1 can trigger cell fibrosis in
progressive kidney disease, and TGF-β1-mediated signaling act a
central role in renal fibrosis.24 Here, we used TGF-β1 to drive
fibrosis in NRK-52E cells. Specifically, When the cells had grown
to 80%confluence, they were starved overnight in Roswell Park
Memorial Institute 1640 (RPMI 1640) supplemented with 0.5%
FBS before being exposed to 10 ng/mL TGF-β1 in the presence or
absence of 25, 50, or 100 μM emodin for 24 h.

short interfering rNa and transfection
Short interfering RNA (siRNA) oligonucleotides against per-

oxisome proliferator-activated receptor-gamma coactivator-1
alpha (PGC-1α) and negative controls were synthesized by Sangon
Biotech Co., Ltd. (Shanghai, China), and then transiently transfect-
ed into NRK-52E cells using Lipofectamine 2000 (Invitrogen).
The siRNA oligonucleotide sequences were as follows: PGC-1α
siRNA, sense: 5′-GATGTGAACGACTTGGATACA-3′, control
siRNA, sense: 5′-UUCUCCGAACGUGUCACGU-3′.

animals and UUO-induced rat model 
Male Sprague-Dawley rats (250±20 g) were purchased from

the Animal Center of Southern Medical University (Guangzhou,
China) and raised in a specified pathogen-free facility. Rats were
maintained in a standard condition (humidity: 50%, temperature:
22°C) with a 12-h light-dark cycle and had free access to food and
water. All animal protocols were approved by the Institutional
Animal Care and Use Committee of Shenzhen Hospital of Beijing
University of Traditional Chinese Medicine (no.
SZLDH2020LSYA-086). To establish the UUO rat model, rats
were anesthetized with 1% pentobarbital sodium (40 mg/kg) at
first. Then, the unilateral abdominal incision was performed to
expose and ligate the left ureter with 6-0 silk at two points. Finally,
the ureter between the two ligation points was cut. The sham-oper-
ated group did not undergo ligation. Rats were randomly divided
into four groups (n=6): i) sham-operated rats (sham), ii) UUO rats
with vehicle (0.5% CMC-Na alone as the vehicle), iii) UUO rats
treated with emodin (emodin 30 mg/kg in 0.5% CMC-Na), and iv)
UUO rats treated with fenofibrate (Feno 100 mg/kg in 0.5% CMC-
Na). Fenofibrate has great renopreotective effect on tubulointersti-
tial inflammation and fibrosis,25 which was served as a positive
control in this study. One week after UUO surgery, the rats were
administered with emodin and fenofibrate daily for 6 weeks. At the
end of the experiment, rats were euthanized with 3% pentobarbital
sodium (150 mg/kg). The kidneys were excised and then stored
inside a freezer with a temperature of -80°C or fixed in 4%
paraformaldehyde for further experiments. 

Hematoxylin & eosin staining
Paraffin kidney tissue sections were dewaxed and hydrated,

and then stained with hematoxylin and eosin (H&E) solution
(Sigma Aldrich).  After the slices were dried, they were preserved
with neutral resin.

Ten non-repeating fields were randomly selected.
Tubulointerstitial lesions were scored from 0 to 5 according to the
following positive signal intensities: 0, normal; 1, mild (<25% of
the cortex); 2, moderate (25-50%); 3, severe (50-75%); and 4,
extensive damage (>75%). The pathology score was used to assess
the degree of tubulointerstitial fibrosis.

Masson’s trichrome staining
Kidney tissue sections were stained using the Masson’s

Trichrome Stain Kit (Servicebio Technology Co., Ltd., Wuhan,
China). The slides were deparaffinized and hydrated and then incu-
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bated in Masson A overnight. Then, they were washed with run-
ning tap water. The tissue sections were stained with mixed liquor
of Masson B and Masson C for 1 min and differentiated by incu-
bating the slides with 1% hydrochloric acid. The slides were suc-
cessively incubated in Masson D, Masson E, and Masson F before
differentiation and dehydration. Finally, the slides were cleared in
xylene and mounted with neutral resin. Histological features were
observed using a light microscope equipped with a digital camera
(Nikon, Kanagawa, Japan), where collagenous fiber was stained in
blue. The areas with blue staining were analyzed by ImageJ (NIH).

Immunochemistry
Paraffin kidney tissue slices were dewaxed, rehydrated, and

then incubated with primary antibodies, including anti-PGC-1α
(1:100, Abcam, Cambridge, MA, USA), anti-smooth muscle
alpha-actin (α-SMA) (1:100, Abcam), anti-mitochondrial tran-
scription factor A (Tfam) (1:100, Cell Signaling Technology,
Danvers, MA, USA), fibronectin (1:100, Abcam), anti-collagen
type I alpha 1 chain (COL1A1) (1:100, Abcam), anti-long-chain
acyl-CoA dehydrogenase (LCAD) (1:100, Abcam), and anti-
MCAD (1:100, Abcam), overnight at 4°C, followed by secondary
antibody (1:200; Cell Signaling Technology). Subsequently, the
sections were successively stained with 3,3’-Diaminobenzidine
(DAB) and hematoxylin. Non-specific immunoglobulin and no
primary antibody were served as negative controls. Images were
taken using a light microscope (XSP-C204, CIC). The signaling
intensity was measured with ImageJ (NIH). For each sample, the
average value was calculated through calculating 5 non-overlap-
ping fields (4x magnification) as a percentage of the analyzed total
area.

cell counting kit-8 assay
Cells were seeded into 96-well plates. After treatment, 10 μL

of the cell counting kit-8 (CCK8) reagent (Sigma Aldrich) per well
was added and incubated at 37°C for 4 h. Absorbance at 450 nm
was examined using a microplate reader (Bio-Rad Laboratories,
Benicia, CA, USA).

Oil red O staining
The cell culture medium was discarded, and then cells were

fixed in 4% paraformaldehyde for half an hour. After washing
twice with phosphate-buffered saline. A 60% of Oil Red O
(Beyotime Biotech, Shanghai, China) solution was used to incu-
bate the fixed cells for 10-20 min. Next, the cells were rinsed twice
with phosphate-buffered saline. The stained lipid droplets in the
cytoplasm were observed using an optical microscope (XSP-C204,
CIC, 40x magnification). For each sample, the cells stained with
Oil Red O were counted, and the average value was calculated by
5 non-overlapping fields as a percentage of total cells in the ana-
lyzed area.

Quantitative real-time Pcr
Total RNA was extracted from tissues or cells using TRIzol

reagent (Beyotime Biotech), according to the manufacturer’s
instructions. Reverse transcription was performed using M-MLV
Reverse Transcriptase (Promega, Madison, WI, USA).
Complementary DNA was examined using quantitative real-time
reverse transcription-polymerase chain reaction on the Power
SYBR Green PCR Master Mix (Applied Biosystems, Foster City,
CA, USA). Relative gene expressions were calculated using the 2-
ΔΔCt method. β-actin was used as an internal reference. The
primers were as follow: Pparpgc1α primers: forward 5’
AACATTCAAAGCAGCAGAGAGG 3’, reverse 5’-
AAGTTCTTCGTACAGCCATCAA-3’; αSma primers: forward
5’-TTCCTTTGCCTATCAGAATGG-3’, reverse 5’-TCCTTAAC-

CACAGATCCAATTC-3’; fibronectin primers: forward 5’-TTA-
CACGGTTTCCCATTACGC-3’, reverse 5’-TCGCATCTGAAAT-
GACCACTG-3’; Tfam primers: forward 5’-
AGACAGGGTTTCTCTGCGTTG-3’, reverse 5’-CAGT-
GACAGGCTGGTGGCAA-3’; Col1a1 primers: forward 5’-
CTCGTTCTTGTCTTTGTGTGTCA-3’, reverse 5’-CCTTCACA-
GAGATGTAGCACCTT-3’; Lcad primers: forward 5’-GCTAGA-
CATCTGCCTACATCCTG-3’, reverse 5’-TTTCTCTCTCCCT-
GTGTTAATCT-3’; Mcad primers: forward 5’-CTGAT-
GAGGGACGCCAAGA-3’, reverse 5’-CTTAGTTACAC-
GAGGGTGATGC-3’.

Western blot analysis
Tissues and cells were lysed using RIPA lysis buffer (Beyotime

Biotech) to obtain total protein. The protein concentration was
quantified using the BCA Kit (Beyotime Biotech). The aliquot of
proteins was subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and was transferred onto the polyvinylidene
fluoride membrane. The membrane was blocked with 5% skim
milk for 2 h and then incubated with primary antibodies, including
PGC-1α (1:1000, Abcam), α-SMA (1:1000, Abcam), Tfam
(1:1000, Cell Signaling Technology), fibronectin (1:1000, Abcam),
COL1A1 (1:1000, Abcam), LCAD (1:1000, Abcam), and MCAD
(1:1000, Abcam), overnight at 4°C. Glyceraldehyde-3-phosphate
dehydrogenase (1:10000; Abcam) was used as an internal control.
Subsequently, the membrane was hybridized with horseradish per-
oxidase-conjugated secondary antibody (1:5000, Cell Signaling
Technology). The immunoreactive bands were measured using the
enhanced chemiluminescent kit.

Quantification of mitochondrial DNa content
Total cellular DNA was extracted using the DNA Isolation

Mini Kit (Vazyme, Nanjing, Jiangsu, China), according to the
manufacturer’s instructions. The mtDNA copy number on qPCR
was detected with TaqMan Universal PCR Master Mix and various
primers (16S rRNA primers: forward 5’-CATTGCTGACAGGAT-
GCAGAAGG-3’, reverse 5’-TGCTGGAAGGTGGACAGT-
GAGG-3’; 18S rRNA primers: forward 5’-CAGCCACCCGA-
GATTGAGCA-3’, reverse 5’-TAGTAGCGACGGGCGGTGTG-
3’). The MtDNA levels were evaluated using the mitochondrial
genes 16S rRNA, and the nuclear 18S rRNA was used as a loading
control.

Mitochondrial membrane potential
The JC-1 kit (Beyotime Biotechnology) was used to determine

mitochondrial membrane potential, according to the manufactur-
er’s guidelines. After treatment with 10 ng/mL TGF-β1 or 10
ng/mL TGF-β1+ 100 μM emodin, The cells were resuscitated in
500 µL of JC-1 staining solution and then incubated in a 5% CO2
incubator at 37°C for 20 min. After centrifugation for 4 min, cells
were collected and washed twice with JC-1 staining buffer. The
cells were then resuspended in an appropriate amount of JC-1
staining buffer. The results were expressed as JC - 1 red / green flu-
orescence. In normal cells, JC-1 dye enters the mitochondrial
matrix, forms JC-1 aggregates, and fluoresces red. When the mito-
chondrial membrane potential is low, JC-1 dye exists mainly in the
monomeric form, emitting green fluorescence. The cells were
directly imaged using a fluorescent inverted microscope with a
digital camera (BX53M, Olympus, Tokyo, Japan).

total adenosine triphosphate 
The total adenosine triphosphate (ATP) was quantified using

the commercially available ATP Assay Kit (BioVision, Milpitas,
CA, USA). After treatment, cells were collected and subsequently
lysed with lysis buffer according to the instruction of the ATP
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Figure 1. Emodin improves UUO-induced renal injury and fibrosis. A-D) Histological changes were evaluated via H&E staining and
Masson’s trichrome staining. C-E) Levels of fibronectin, smooth muscle alpha-actin (α-SMA), and collagen type I alpha 1 chain
(COL1A1) were measured via immunohistochemical staining to assess fibrosis. The pathological scores were also calculated. 
F) th mRNA level of fibronectin, α-Sma, and Col1a1 was detected. Data were expressed as mean ±SD (n=6);. *p<0.05, **p<0.01,
***p<0.001, ****p<0.001.
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Assay Kit. Then, 10 μL of lysates were added into 100 μL of ATP
reaction solution that consists of D-Luciferin, luciferase, and
buffer. Then, the mixture was incubated for 15-20 min at room
temperature. For each group, there were 5 repeats. The lumines-
cence was assessed using the EnVision microplate reader (Perkin
Elmer, Waltham, MA, USA).

transmission electron microscopy
Cells were collected and fixed in 1.25% glutaraldehyde (0.1

mol/L). Ultrathin sections (60 nm) were prepared using a micro-
tome, placed on copper grids, and stained with uranyl acetate and
lead citrate. Then, the sections were observed under an electron
microscope (JEOL JEM-1010, Tokyo, Japan).

Detection of intra-mitochondrial rOs
Cells were treated with 10 ng/mL TGF-β1, or 10 ng/mL TGF-

β1+ 100 μM emodin. Negative control was no-treatment group.
After 24 h, cells were collected using 0.25% trypsin and main-
tained in a tube with completed medium. Subsequently, the ROS
level in cells were analyzed using a ROS Testing Kit (Beoytime
Biotech). Those cells with ROS signal were counted by a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA,
USA).

statistical analysis
Statistical analysis was performed using GraphPad Prism 7.

The differences between multiple groups were evaluated using

Figure 2. Emodin facilitated mitochondrial homeostasis in UUO-induced rats. A-E) The representative immunohistochemical images and
pathological scores of peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1α), mitochondrial transcription factor
A (Tfam), long-chain acyl-CoA dehydrogenase (LCAD), and acyl-CoA dehydrogenase (MCAD). The qRT-PCR assay was performed to
evaluate the expression of Pparpgc1α, Tfam, Lcad, and Mcad. Data were expressed as mean ±SD (n=6); **p<0.01, ***p<0.001,
****p<0.001.
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one-way analysis of variance with the Tukey’s multiple compar-
isons test. All data were presented as means ± SD; p-values of
<0.05, <0.01, and <0.001 were considered statistically significant.

results

Emodin improved UUO-induced renal injury and
fibrosis

To explore the effect of emodin on renal fibrosis, a UUO rat
model was established. Fenofibrate has great inhibitory effects

against tubulointerstitial fibrosis and inflammation.26 Hence, it can
be a positive control in this study. Histopathological abnormalities
in the kidney tissues were investigated via H&E staining and
Masson’s trichrome staining. Results showed that emodin and
fenofibrate treatment significantly relieved renal histopathological
lesions caused by UUO and improved pathological scores. The
vehicle treatment group presented with severe tissue degeneration
and vacuole (Figure 1A). Masson’s trichrome staining showed that
both fenofibrate and emodin improved UUO-induced renal fibrosis
in the tubules (Figure 1B). Furthermore, the levels of fibronectin,
α-SMA, and COL1A1 were measured to evaluate renal fibrosis. 
As shown in Figure 1 C-E, the UUO-induced vehicle rats had high-

Figure 3. Emodin suppressed TGF-β1-induced cell fibrosis. Cell viability in emodin-treated NRK-52E cells without (A) or with (B) 
TGF-β1 stimulation was determined using the CCK-8 assay. C) Expression of fibronectin, α-SMA, and COL1A1 in NRK-52E cells was
detected via Western blot analysis. D) The mRNA expression of fibronectin, α-SMA, and Col1a1 was determined. Data were expressed as
mean ±SD (n=3); **p<0.01, ***p<0.001, ****p<0.001.
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Figure 4. Emodin improved mitochondrial homeostasis in TGF-β1-induced cells. A) Oil Red O staining was performed to evaluate lipid
accumulation in NRK-52E cells. B) Western blot analysis examined the expression of PGC-1α, Tfam, LCAD, and MCAD in NRK-52E
cells, and the quantification of gray values. C) The mRNA expression of Pparpgc1α, Tfam, Lcad, and Mcad was assessed. 
D) Representative images and the quantification of mitochondrial membrane potential tested using the JC-1 probe. E) The ATP levels in
NRK-52E cells after TGF-β1 induction and emodin treatment. F) The qRT-PCR assay was performed to quantify mitochondrial DNA lev-
els using 16s rRNA and 18s rRNA primers. Data were expressed as mean ±SD (n=3); *p<0.05, **p<0.01, ***p<0.001, ****p<0.001.
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er protein levels of fibronectin, α-SMA, and COL1A1 than sham
controls. Meanwhile, the expression of these biomarkers was
attenuated in emodin- and fenofibrate-treated rats. The mRNA
expression of fibronectin, α-Sma, and Col1a1 decreased in UUO-
induced rats after emodin or fenofibrate treatment. 

Emodin facilitated mitochondrial homeostasis in
UUO-induced rats 

To investigate the effect of emodin on mitochondrial home-
ostasis, the expression of PGC-1 α and Tfam was evaluated.
Results showed that the positive signals in emodin- and fenofi-
brate-treated rats were remarkably enhanced compared with those
in vehicle-treated rats (Figure 2 A,B). LCAD and MCAD are two
important fatty acid β-oxidation (FAO) enzymes involved in fatty
acid metabolism in the mitochondria, which have been recently
reported to be associated with renal function protection.27,28 Results
showed that emodin or fenofibrate treatment significantly
increased the LCAD and MCAD expression in UUO-induced rats,
thereby indicating that emodin had promising effects on fatty acid
metabolism in the kidney (Figure 2 C,D). Furthermore, the mRNA
level of Pparpgc1α, Tfam, Lcad, and Mcad in emodin- or fenofi-
brate-treated rats was upregulated compared with that in vehicle-
treated rats, which is consistent with the immunohistochemistry
results (Figure 2E). 

Emodin suppressed tGF-β1-induced cell fibrosis
To evaluate the antifibrotic effects of emodin in vitro, we first

explored the effects of emodin on NRK-52E cell viability using the
CCK-8 assay. As shown in Figure 3A, emodin at different concen-
trations (25, 50, and 100 μM) had no significant effect. TGF-β1

significantly damaged the viability of NRK-52E cells , while
emodin inhibited this detrimental effect (Figure 3B). The
fibronectin, α-SMA, and COL1A1 expression of the TGF-β1
group significantly increased. Meanwhile, this effect was regulated
by emodin treatment (Figure 3C). The mRNA level of fibronectin,
α- SMA, and Col1a1 was similar to the protein level (Figure 3D). 

Emodin improved mitochondrial homeostasis in
tGF-β1-induced NrK-52E cells

We further investigated the regulatory effect of emodin on
mitochondrion homeostasis in NRK-52E cells. Lipid accumulation
enhances the progression of renal fibrosis.29 In the current study,
Oil Red O staining was performed, and results showed that lipid
droplets primarily accumulated in TGF-β1-induced cells.
However, emodin-treated cells had a lower number of cells stained
with Oil Red O (Figure 4A). The protein and mRNA levels of
PGC-1 α, Tfam, LCAD, and MCAD in emodin-treated cells were
higher than those in TGF-β1-treated cells (Figure 4 B,C). 
The mitochondrial membrane plays an important role in maintain-
ing the respiratory chain to produce ATP. Hence, it was tested using
a specific type of fluorescent probe, JC-1. As expected, the mito-
chondrial membrane potential was remarkably reduced by 
TGF-β1. Meanwhile, emodin treatment increased the membrane
potential (Figure 4D). Thereafter, the ATP levels in the cytoplasm
were measured. Results showed that TGF-β1-induced cells had a
lower ATP level than control cells. However, the cells recovered
their ability to generate ATP after emodin treatment (Figure 4E).
Furthermore, emodin significantly increased the mtDNA-to-
nDNA ratio, which was downregulated due to TGF-β1 induction
(Figure 4F). In terms of ultrastructural morphology, the renal cells

Figure 5. Emodin improved mitochondrial homeostasis in TGF-β1-induced cells. A) The ultrastructural morphology of NRK-52E cells
was examined via transmission electron microscopy. B) ROS levels were detected by flow cytometry. Data were expressed as mean ±SD
(n=3); **p<0.01, ***p<0.001, ****p<0.001.
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of the control group had a normal rounded or rod-shaped mito-
chondria and regular arrangement of mitochondrial cristae. The
TGF-β1 group had a swollen mitochondria with disorganized and
fragmented cristae. However, this effect was reversed by emodin
treatment (Figure 5A). In addition, the TGF-β1 group exhibited
high intra-mitochondrial ROS levels, and this effect was decreased
with emodin treatment (Figure 5B).

Emodin improved tGF-β1-induced fibrosis by
upregulating the expression of PGc-1 α

A previous study has revealed that TGF-β1 reduced PGC-1α
expression via Smad3, thereby lowering FAO and lipid accumula-
tion.30 To understand whether PGC-1α can be a target of emodin in
regulating mitochondrial homeostasis and renal fibrosis, we
knocked down PGC-1α with a specific siRNA. As shown in Figure
6, the expression of fibrosis-related proteins, such as fibronectin,
α-SMA, and COL1A1, decreased in emodin-treated cells.
Meanwhile, the expression significantly increased after PGC-1α
knockdown. Consistently, the downregulation of fibrosis-associat-
ed genes in the emodin group was significantly reversed by silenc-
ing PGC-1α. Taken together, these results confirmed that the

inhibitory effect of emodin against renal fibrosis was achieved by
regulating PGC-1α.

Discussion 
In the current study, emodin treatment not only improved mito-

chondrial function but also hampered aberrant histopathological
alternation observed in UUO-induced rats. In vitro, it inhibited
mitochondrial impairment, lipid accumulation, and renal fibrosis
in TGF-β1-induced NRK-52E cells. Mechanistically, emodin
improved mitochondrial function by upregulating PGC-1α expres-
sion, which protects cells against fibrosis. Collectively, our data
showed that emodin is a promising antifibrotic candidate in the
development of CKD.

Increasing evidence revealed that mitochondria dysfunction
was commonly observed in CKD progression characterized by
aberrant mitochondrial morphology, enhanced mitochondrial
oxidative stress, and reduced mitochondrial biogenesis and ATP
production.31 PGC-1α is a nuclear coactivator of the peroxisome
proliferator-activated receptor-γ, a member of PGC-1 family that

Figure 6. Emodin improved TGF-β1-induced fibrosis by upregulating PGC-1 α. A) Protein levels of PGC-1 α, fibronectin, α-SMA, and
COL1A1 in TGF-β1-induced NRK-52E cells after emodin and PGC-1α knockdown treatment were determined. B) mRNA levels of
Pparpgc1α, Fibronectin, α-Sma, and Col1a1 were detected. Data were expressed as mean ±SD (n 3); **p<0.01, ***p<0.001,
****p<0.001.

[page 130]                                                   [European Journal of Histochemistry 2024; 68:3917]

2024_2.qxp_Hrev_master  13/05/24  09:11  Pagina 130

Non
-co

mmerc
ial

 us
e o

nly



                                                                                                                 article

can regulate mitochondrial biogenesis during cell proliferation.32,33

PGC-1α can activate transcription and regulate downstream path-
way by binding to response elements of other receptors.34,35 When
cells response to stimulus, such as glucose deprivation, starvation,
and exercise, cytoplasm PGC-1α is translocated into nucleus. This
activates nuclear respiratory chain factors 1 and 2, the transcription
of the nuclear-coded respiratory chain, and Tfam, driving mito-
chondrial DNA transcription.36 In addition, PGC-1α affected both
fatty acid uptake and FAO in cells.37 Maintaining the metabolic
balance of fatty acids is one of important mitochondria’s functions,
which prevent intracellular deposition and protect cells from
fibrotic progression.38 In the current study, emodin-treated rats had
a higher mRNA and protein level of Tfam and PGC-1α than UUO-
induced model group. Meanwhile, the expression of FAO-associ-
ated proteins, including LCAD and MCAD, was decreased in both
UUO-induced rats and TGF-β1-induced cells. Furthermore,
emodin improved the mitochondrial homeostasis in TGF-β1-
induced NRK-52 cells. This cascade demonstrates that the great
effect of emodin in inhibition of lipid accumulation and mitochon-
drial dysfunction. 

In a clinical study of CKD, the downregulation of PGC-1α and
PGC-1α-associated mitochondrial gene expression was observed in
the kidneys of patients with renal fibrosis.19 Fibrosis is a key patho-
logical process in CKD and a specific feature for evaluating renal
disorders. PGC-1α was significantly decreased in renal fibrosis,
exhibiting lipid accumulation and impaired FAO.30 In this study,
emodin improved UUO-induced fibrosis in rats and significantly
downregulated the expression of fibrosis biomarkers. After silencing
PGC-1α, the effects of emodin on these fibrosis-related proteins
were reversed. This suggests that PGC-1α is required to improve
mitochondrion function and fibrosis in emodin-treated cells. 

In conclusion, emodin has a potent antifibrotic effect against
UUO- and TGF-β1-induced renal fibrosis by maintaining mito-
chondrial homeostasis. Our findings indicate that emodin may act
as a potential antifibrotic target against CKD development. 
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