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Abstract

Background: Our previous study verified that lipid nephrotoxicity mediated by hypoxia-inducible factor-1 alpha (HIF-1α) activation
aggravates diabetic tubular injury. This study investigated whether emodin, an inhibitor of HIF-1α, improves tubular injury by reducing
lipid accumulation in diabetic tubules, and examined its underlying mechanism. Methods: Type 1 diabetic rats were administered 40
mg/kg emodin by gavage daily. For the in vitro study, HK-2 cells were pretreated with emodin for 6 h and then stimulated with HIF-1α
activator cobalt chloride (CoCl2). Results: In vivo, emodin significantly downregulated HIF-1α protein expression in the kidneys of
rats with diabetes. Emodin treatment substantially attenuated tubular pathological damage and reduced 24-h urinary total protein levels
and the urinary albumin-to-creatinine ratio in rats with diabetes, accompanied by decreased expression of transforming growth factor-
beta 1 (TGF-β1) and connective tissue growth factor (CTGF). Meanwhile, lipid accumulation and mitochondrial dysfunction in diabetic
kidneys markedly improved after emodin treatment. Similarly, in vitro, emodin effectively reduced HIF-1α protein expression in CoCl2-
treated HK-2 cells. Moreover, emodin ameliorated lipid accumulation, cellular injury, and mitochondrial homeostasis imbalance in these
cells. Conclusion: These data demonstrate that emodin prevents lipid accumulation and cellular injury in diabetic tubular epithelial cells,
possibly by inhibiting HIF-1α activation and exerting a protective effect on mitochondria.
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1. Introduction

As a chronic microvascular complication arising from
diabetes, diabetic nephropathy (DN) ranks among the most
severe manifestations of the disease and now stands as the
predominant cause of end-stage renal disease on a global
scale [1]. In recent years, because the progress of renal in-
sufficiency is closely linked with tubular atrophy and inter-
stitial fibrosis, more and more attention has been paid the
impact of tubular lesions on DN [2]. Despite ongoing ef-
forts to develop novel therapies targeting renal interstitial
fibrosis in clinical studies, the side effects of these drugs
emphasize the necessity to further explore the underlying
mechanisms of diabetic tubulopathy.

Toxic lipid intermediates accumulate in nonadipose
tissues (kidney, liver, heart, pancreas, and skeletal muscle),
leading to lipotoxicity. It commonly causes cellular dys-
function and even death [3]. Kimmelstiel and colleagues
first reported the lipid accumulation in the proximal tubules
of diabetic kidneys [4], which contributed to DN progres-
sion in type 1 and 2 diabetic models [5,6]. The deposition
of toxic lipid intermediates in proximal tubules expedited
cellular apoptosis, contributing to tubular atrophy in the
progression of chronic kidney disease [7]. Various mech-
anisms referring to increased de novo lipogenesis, lipid up-

take, synthesis, and decreased fatty acid oxidation caused
lipid accumulation in tubules [8].

Our previous study indicated that hypoxia-inducible
factor-1 alpha (HIF-1α) activation led to lipid deposition
in the tubules of rats with diabetes [9]. Emodin, classi-
fied chemically as an anthraquinone derivative, is obtain-
able from several herbal sources including Rheum palma-
tum, Polygonum cuspidatum, and cascara buckthorn [10].
Experimental evidence indicates that this compound down-
regulates HIF-1α expression across multiple tissue types,
encompassing cancer cells [11], liver, and skeletal muscle
in mice [12]. Moreover, numerous studies have shown that
emodin improved lipid metabolism in various animal dis-
easemodels such as obesemice andmicewith acute pancre-
atitis [13–15]. Thus, whether emodin alleviates lipid accu-
mulation and improves diabetic tubular injury by inhibiting
HIF-1α expression needs exploration.

Several previous studies suggested a renoprotective
effect of emodin treatment in DN animal models [16].
Emodin prevented podocyte injury in DN by restraining
apoptosis and increasing the autophagy of podocytes [17].
Moreover, Ji et al. [18] elucidated that emodin protected
against DN by inhibiting ferroptosis via restoring nuclear
factor E2-related factor 2 expression. Herein, we examined
the regulatory role of emodin in lipid metabolism of dia-
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betic renal tubular epithelial cells (RTECs) and pursued an
in-depth analysis of its operative mechanisms.

2. Materials and Methods
2.1 Animal Studies

Male Sprague–Dawley rats (150± 20 g body weight)
were obtained fromShanghai Bikai LaboratoryAnimal Co.,
Ltd. (Shanghai, China) and maintained under specific-
pathogen-free conditions. Following a 7-day acclimatiza-
tion period, animals were randomly assigned to three ex-
perimental groups: normal control (control), diabeticmodel
(DM), and emodin-treated diabetic groups (DM+emodin).
To induce type 1 diabetes, 8-week-old rats received a sin-
gle intraperitoneal dose of streptozotocin (STZ, 60 mg/kg;
S0130, Sigma Aldrich, St. Louis, MO, USA) prepared in
0.1 M citrate buffer at pH 4.5, whereas control animals re-
ceived an equal volume of the vehicle buffer. Successful
induction of hyperglycemia was verified 72 h later by fast-
ing blood glucose measurement (>16.7 mmol/L). Emodin-
treated rats were orally administered 40 mg/kg emodin
(S1312, Selleck, Houston, TX, USA) formulated in 0.5%
sodium carboxymethyl cellulose (CMC-Na, S6703, Sell-
eck) once daily by gavage; control and diabetic groups re-
ceived the corresponding volume of vehicle. The dosage
and route of emodin administration have been verified safe
and effective [19–21]. Following 8 weeks of treatment,
all animals were euthanized for tissue collection. Deep
anesthesia was achieved prior to sacrifice through intraperi-
toneal administration of pentobarbital sodium (2% solution,
45 mg/kg). The animals were then euthanized under deep
anesthesia by transcardial perfusion with PBS, which en-
sured death.

2.2 Cell Culture Studies
The human proximal tubular cell line HK-2, pur-

chased from Wuhan Pricella Biotechnology Co., Ltd., was
cultured as described [22]. The cell line was verified by
STR profiling and tested negative for mycoplasma. Cells
were randomly allocated into three groups: control, cobalt
chloride (CoCl2, 100 µmol/L), and CoCl2+ emodin (100
µmol/L CoCl2 and 20 µmol/L emodin) groups. Upon
reaching 40–50% cellular confluence, cultures underwent
24 h of serum starvation to achieve cell cycle synchroniza-
tion, followed by 6 h incubation with either emodin or vehi-
cle (dimethyl sulfoxide, DMSO), and then stimulated with
or without CoCl2 (C8661, Sigma–Aldrich) for another 24
h.

2.3 Serum and Urine Measurements
Blood biochemical indicators, including blood glu-

cose levels and lipid profiles, and urinary creatinine levels
were determined using automatic analyzers (Rayto, Shen-
zhen, China). Urinary protein concentrations were quan-
tified via commercial colorimetric assay (E-BC-K252-M,
Elabscience, Wuhan, Hubei, China) and then multiplied

by 24-h total urine volume to calculate the total protein
content in 24-h urine. For albumin detection, a sandwich
ELISA protocol was employed according to the manufac-
turer’s specifications. (E-EL-R0025c, Elabscience).

2.4 Transmission Electron Microscopy and Periodic
Acid-Schiff (PAS) Staining

Following the procedures outlined in prior studies
[23], specimens were processed for PAS staining and ultra-
structural evaluation via electron microscopy. In PAS stain-
ing, five fields in each rat were randomly selected, and tubu-
lointerstitial damage was quantified using Image-Pro Plus
software 6.0 (Media Cybernetics, Rockville, MD, USA).

2.5 Measurement of Lipid Deposition

The lipid deposition in kidney tissue and HK-2 cells
was determined using triglyceride (TG) quantitative assays
and Oil Red O staining as previously described [9,23].

2.6 Immunohistochemical and Immunofluorescence
Staining

Immunohistochemical staining of kidney tissue and
immunofluorescence staining of HK-2 cells were per-
formed by applying previously described methods [23].
Primary antibodies of transforming growth factor-beta 1
(TGF-β1, 1:400, bs-0086R, Bioss, Beijing, China), connec-
tive tissue growth factor (CTGF, bs-0743R, 1:400; Bioss),
mitofusin 2 (Mfn2, 1:200, 9482S, Cell Signaling Technol-
ogy, Danvers, MA, USA), and dynamin-related protein 1
(Drp1, 1:200, ab184247, Abcam, Cambridge, UK) were
used for immunohistochemical staining. Primary antibody
of HIF-1α (1:200, ab179483, Abcam) was used for im-
munofluorescence staining.

Table 1. Primer sequences used for RT-qPCR.
Gene Primers sequences (5′-3′)

Drp1
TCACCCGGAGACCTCTCATTC-sense

GGTTCAGGGCTTACTCCCTTAT-antisense

Mfn2
CTCTCGATGCAACTCTATCGTC-sense

TCCTGTACGTGTCTTCAAGGA-antisense

OPA1
TGTGAGGTCTGCCAGTCTTTA-sense

TGTCCTTAATTGGGGTCGTTG-antisense

GAPDH
CTGCACCACCAACTGCTTAG-sense

AGGTCCACCACTGACACGTT-antisense

2.7 Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR) and Western Blot

Total cellular RNAwas extracted from HK-2 cells uti-
lizing TRIzol reagent (9109, TaKaRa, Shiga, Japan) for
subsequent RT-qPCR analysis. Then reverse transcripted
to cDNA with a commercially available kit (R323-01,
Vazyme, Nanjing, Jiangsu, China). Next, Quantitative am-
plification of target transcripts was subsequently performed
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Table 2. Primer sequences used for mitochondrial DNA (mtDNA) quantification.
Gene Species Primers sequences (5′-3′)

ND2 Homo sapiens
ACTGCGCTAAGCTCGCACTGATTT-sense

GATTATGGATGCGGTTGCTTGCGT-antisense

ND2 Rattus norvegicus
AGTTGGGAGGAAAGCGGTAG-sense

CCCTCACCATATTCCCAACCA-antisense

β-actin Homo sapiens
AAAGACCTGTACGCCAACAC-sense

GTCATACTCCTGCTTGCTGAT-antisense

β-actin Rattus norvegicus
TTTCCAGCCTTCCTTGGGTATG-sense

CACTGTGTTGGCATAGAGGTCTTTAC-antisense

on a Bio-Rad thermocycler with gene-specific primers and
SYBR green PCR Master Mix (Q711-02, Vazyme). Rela-
tive mRNA expression was determined through the com-
parative 2−∆∆CT approach. Primer sequences utilized for
human gene detection are listed in Table 1.

We conducted Western blot experiments following
protocols outlined in our earlier publication [22]. Incu-
bation with primary antibodies targeted HIF-1α (1:1000,
ab179483, Abcam), Drp1 (1:1000, ab184247, Abcam),
Mfn2 (1:1000, 9482S, Cell Signaling Technology), TGF-
β1 (1:1000, bs-0086R, Bioss), CTGF (1:1000, bs-0743R,
Bioss), and β-actin (1:1000, AF5003, Beyotime).

2.8 Cell Counting Kit-8 (CCK-8) Assay
Cell survival rates were evaluated through CCK-8 col-

orimetric assay (BS350B, Biosharp, Hefei, Anhui, China)
following standard procedures. In brief, cells were seeded
at roughly 2000 cells per well in 96-well plates and allowed
to grow for 24 h prior to analysis. After synchronized, the
cells were treated with emodin (0, 5, 10, 20, 40, 60, 80,
and 100 µM) dissolved in DMSO for 6 h. Then, the su-
pernatant containing emodin or DMSO was discarded, fol-
lowed by adding 10 µL of CCK-8 reagent into each well
for 2 h. Finally, optical density readings were then acquired
using a multi-mode microplate reader (Thermo Fisher Sci-
entific, Waltham, MA, USA).

2.9 Assessment of Mitochondrial Homeostasis
The adenosine triphosphate (ATP) content in kidney

tissues was evaluated using a commercial kit (E-BC-K157-
M, Elabscience).

Total DNA isolation from renal tissues and HK-2
cells was accomplished utilizing a commercial extraction
kit (DP304, Tiangen, Beijing, China). Then, the gene
NADH dehydrogenase subunit-2 (ND2) of mitochondrial
DNA (mtDNA) was amplified using the real-time quantita-
tive PCR method previously described. The sequences of
rat and human primers are shown in Table 2.

Mitochondrial transmembrane potential was
evaluated through 5,5′,6,6′-Tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
staining methodology (E-CK-A301, Elabscience). Briefly,
adherent cells from six-well plates were detached, pelleted,

and suspended in loading buffer before exposure to JC-1
dye for 20 minutes at 37 °C. After dual washing steps,
samples were re-suspended in chilled 1× assay buffer.
Acquisition of fluorescent signals was performed on a BD
Accuri C6 flow cytometer (BD, Franklin Lakes, NJ, USA).
Red emission (575 nm, FL2) indicated JC-1 aggregate
formation in viable cells with intact mitochondrial polar-
ization, whereas green emission (525 nm, FL1) signified
monomeric JC-1 accumulation in cells with compromised
membrane potential.

2.10 Statistical Analysis
Statistical analyses were conducted with GraphPad

Prism 8.0 (GraphPad Software, San Diego, CA, USA) or
SPSS 22.0 (IBM Corporation, Armonk, NY, USA). Data
are presented as mean ± SD. Comparisons between two
groups were performed using two-tailed unpaired t-test,
while one-way ANOVA coupled with Tukey’s post-hoc test
was employed for multi-group analyses. Statistical signifi-
cance was set at p < 0.05.

3. Results
3.1 Emodin Alleviated Tubular Damage in Diabetic
Kidneys

Emodin treatment significantly decreased the ratio of
kidney weight to body weight, the 24-h urinary total protein
levels, and the ratio of urinary albumin to creatinine in rats
with diabetes (Fig. 1A–C), but did not affect blood urea ni-
trogen levels (Fig. 1D). Meanwhile, the body weights, and
serum glucose levels in diabetic rats were not significantly
changed by emodin treatment (Fig. 1E,F), suggesting that
emodin did not improve kidney damage by affecting blood
glucose level. PAS staining showed that emodin treatment
rescued the pathological injury of renal tubules in diabetic
rats (Fig. 1G,H), characterized by reduced glycogen deposi-
tion, attenuated luminal dilation, and less extensive epithe-
lial cell detachment and necrosis. Consistently, the protein
expression levels of TGF-β1 and CTGF in the kidneys of
rats in the DM+ emodin group significantly decreased com-
pared with those in the DM group, suggesting that the de-
gree of renal fibrosis in rats with diabetes was alleviated by
emodin administration (Fig. 1I,J).
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Fig. 1. Emodin alleviated tubular damage in diabetic kidneys. (A) Ratio of kidney weight to body weight (n = 5–7), (B) 24-h total
protein levels in urine (n = 5–7), (C) urinary albumin-to-creatinine ratio (n = 4–6), (D) blood urea nitrogen levels (n = 5–6), (E) body
weights (n = 5–7), (F) blood glucose levels (n = 5–7) weremeasured. (G,H) PAS staining (original magnification 400×, scale bar 200 µm).
The tubular damage area was quantified using the software Image-Pro Plus (n = 5–6), IOD/area represents the integrated optical density
per unit area, serving as an indicator of mean PAS-positive staining intensity. (I,J) For protein expression analysis, Western blot was
employed to assess TGF-β1 and CTGF levels in renal tissue, with β-actin serving as an internal normalization standard. Densitometric
analysis of protein bands was carried out using ImageJ (n = 4–6). Data are expressed as mean ± SD. Statistical significance relative to
the Control group is indicated as *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001; comparisons against the DM group are denoted
by #p < 0.05, ##p < 0.01, ####p < 0.0001. DM, Diabetic Model; PAS, Periodic Acid-Schiff; IOD, Integrated Optical Density; TGF-β1,
Transforming Growth Factor-beta 1; CTGF, Connective Tissue Growth Factor.
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Fig. 2. Emodin decreased lipid deposition in the kidneys of rats with diabetes by inhibiting HIF-1α expression. (A,B) Western blot
was conducted to evaluate HIF-1α abundance in renal tissue, with β-actin serving as an internal normalization standard. Densitometric
analysis of protein bands was carried out using ImageJ (n = 4). (C) Serum lipid profiles were measured (n = 5–7). (D) TG quantification
assay was performed to detect the TG content in the kidneys (n = 4–5). (E) Neutral lipid deposition in kidney sections was visualized
by Oil Red O staining (400× magnification; scale bar = 200 µm). Data are expressed as mean ± SD. Statistical significance relative
to the Control group is indicated as *p < 0.05, **p < 0.01, ****p < 0.0001; comparisons against the DM group are denoted by #p <

0.05, ##p < 0.01. DM, Diabetic Model; HIF-1α, Hypoxia-Inducible Factor-1 alpha; HDL, High-density lipoprotein; LDL, low-density
lipoprotein; TC, total cholesterol; TG, triglyceride.

3.2 Emodin Decreased Lipid Accumulation in Diabetic
Kidneys by Suppressing HIF-1α Expression

Hou and colleagues showed that emodin inhibited
HIF-1α expression at the translational level [11]. As

demonstrated by Western blot, emodin treatment markedly
decreased HIF-1α protein expression in the kidneys of rats
with diabetes (Fig. 2A,B). The serum lipid profile results
showed that emodin administration significantly reduced
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Fig. 3. Emodin improved mitochondrial damage in the tubules of diabetic kidneys. (A) Representative transmission electron mi-
croscopy image of tubular epithelial cells in rats. The red arrows indicate damaged mitochondria and their cristae, whereas the yellow
arrows indicate improved mitochondria and their cristae (4000× magnification, scale bar = 2 µm; 15,000× magnification scale bar = 1
µm). (B) Protein expression of Mfn2 and Drp1 in the kidneys was shown using immunohistochemistry staining (400× magnification,
scale bar = 200 µm). (C,D) Western blot was conducted to evaluate the protein expression of Mfn2 and Drp1 in renal tissue, with β-actin
serving as an internal normalization standard. Densitometric analysis of protein bands was carried out using ImageJ (n = 4–7). (E) Ratio
of Mfn2 and Drp1 protein expression levels in kidneys was calculated to indicate the degree of mitochondrial fragmentation (n = 6). (F)
ATP content of the kidneys was measured (n = 5–7). (G) mtDNA copy numbers of the kidneys were measured by real-time quantitative
PCR of ND2 (n = 5). Data are expressed as mean ± SD. Statistical significance relative to the Control group is indicated as *p < 0.05,
**p < 0.01, ****p < 0.0001, NS (No Significance); comparisons against the DM group are denoted by #p < 0.05, ##p < 0.01, NS (No
Significance). DM, Diabetic Model; Mfn2, Mitofusin 2; Drp1, Dynamin-Related Protein 1; ATP, Adenosine Triphosphate; mtDNA,
Mitochondrial DNA; ND2, NADH Dehydrogenase 2.
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low-density lipoprotein (LDL) and TG levels, but had no ef-
fect on the total cholesterol (TC) and high-density lipopro-
tein (HDL) levels in rats with diabetes (Fig. 2C). The results
of TG quantitative assay and Oil Red O staining showed
that emodin treatment decreased lipid accumulation in the
kidneys of rats with diabetes (Fig. 2D,E). These results sug-
gested that emodin reduced lipid deposition in diabetic kid-
neys, possibly by inhibiting HIF-1α protein expression.

3.3 Emodin Improved Mitochondrial Damage in the
Tubules of Diabetic Kidneys

It was revealed that the mitochondrial damage medi-
ated by HIF-1α activation aggravated cellular injury [24].
It showed that most mitochondria in RTECs of rats with
diabetes appeared fragmented, with fractured cristae and
vesiculated matrix. Some mitochondria even appeared vac-
uolated, with swelling and rupture, losing their structural
integrity (Fig. 3A). Emodin treatment improved the mor-
phology and structure of mitochondria in RTECs of rats
with diabetes (Fig. 3A). Additionally, we quantified the ex-
pression of mitochondrial dynamics regulators, specifically
Mfn2 and Drp1. Immunohistochemical staining indicated
that treatment with emodin normalized the suppressed ex-
pression of the fusion-associated protein Mfn2 in diabetic
rat kidneys, though no comparable effect was observed on
the fission-related proteinDrp1 across experimental cohorts
(Fig. 3B). The Western blot results were consistent with
immunohistochemical staining findings (Fig. 3C,D). How-
ever, the ratio of Mfn2 to Drp1 expression levels markedly
reduced in the kidneys of rats in the DM group compared
with the control group, which was restored after emodin
treatment (Fig. 3E). Besides, decreased ATP content and
mtDNA copy number in rats with diabetes were rescued by
emodin treatment (Fig. 3F,G), indicating that emodin re-
stored energy production and mitochondrial biogenesis in
rats with diabetes.

3.4 Emodin Attenuated Lipid Deposition and Cellular
Damage in CoCl2−Treated HK-2 Cells by Inhibiting
HIF-1α Expression

Based on CCK-8 assay results, emodin at a concen-
tration of 20 µM was selected as the optimal intervention
concentration for HK-2 cells (Fig. 4A). Western blot and
immunofluorescence staining revealed that CoCl2 stimula-
tion markedly increased HIF-1α expression in the nucleus
of HK-2 cells, which was significantly downregulated by
emodin treatment (Fig. 4B–D). Meanwhile, emodin inter-
vention substantially attenuated CoCl2-triggered lipid de-
position in HK-2 cells (Fig. 4E,F). Furthermore, the up-
regulated expression of profibrotic mediators TGF-β1 and
CTGF in CoCl2-exposed HK-2 cells was significantly sup-
pressed following emodin application. (Fig. 4G,H). These
results revealed that emodin effectively ameliorated lipid
accumulation and cellular injury in CoCl2-treated HK-2
cells, possibly by inhibiting HIF-1α expression.

3.5 Emodin Ameliorated Mitochondrial Dysfunction in
CoCl2-Treated HK-2 Cells

The mRNA expression levels of Drp1, Mfn2, and
OPA1 significantly decreased in CoCl2-treated HK-2 cells,
which were rescued by emodin treatment (Fig. 5A–C). The
protein expression of themitochondrial fusion proteinMfn2
was reduced in CoCl2-treated HK-2 cells but was markedly
restored by emodin treatment. While no significant differ-
ence was observed in the expression levels of mitochondrial
fission protein Drp1 among the three groups (Fig. 5D,E).
However, the ratio of Mfn2 to Drp1 expression levels still
significantly diminished in CoCl2-treated HK-2 cells com-
pared with those in the control group, which was restored
after emodin treatment (Fig. 5F). These results suggested
that emodin improved mitochondrial dynamics disorder by
regulating the ratio of Mfn2 to Drp1 protein expression
levels. Moreover, this treatment reversed the reduction of
mtDNA copy number (Fig. 5G) and the loss of mitochon-
drial membrane potential (Fig. 5H,I) in CoCl2-treated HK-2
cells.

4. Discussion
Although traditional Chinese medicine plays a vital

role in DN therapies, its underlying mechanisms in treat-
ing DN need exploration to promote its clinical application
[25,26]. Emodin has been reported to prevent DN progres-
sion through ameliorating podocyte and mesangial cell in-
jury [17,27–30]. Emodin treatment suppressed podocyte
apoptosis and boosted autophagy of podocytes in diabetic
kidneys [17,27]. Besides, in vivo and in vitro studies indi-
cated that fibrotic protein expression and cell proliferation
in mesangial cells were inhibited by emodin [28–30]. The
present study was novel in demonstrating that emodin pro-
tected against DN in rat models by mitigating lipid accu-
mulation and cellular injury of tubular epithelial cells. The
results showed that the pathological damage of tubules in
rats with diabetes was obviously alleviated, accompanied
by significantly decreased lipid accumulation after emodin
treatment.

Emodin exerted beneficial effects on lipid metabolism
in multiple disease models, including obesity, atherosclero-
sis, severe acute pancreatitis, and nonalcoholic fatty liver
disease [14,15,31,32]. Yu et al. [15] demonstrated that
emodin reduced lipid deposition in the adipose tissue of
mice by promoting M2 macrophage polarization. Also,
emodin protected hepatocytes against lipid deposition in
nonalcoholic fatty liver disease via downregulating choles-
terol absorption, decreasing lipid synthesis [32,33]. How-
ever, the lipid-modulating effect of emodin in DN requires
elucidation. This study showed that emodin treatment sig-
nificantly downregulated serum TG and LDL levels in rats
with DN and inhibited lipid accumulation in diabetic kid-
neys, which was consistent with the lipid-lowering effect
of emodin on other disease models. Besides, these results
suggested that emodin did not improve serum lipid profiles
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Fig. 4. Emodin attenuated lipid deposition and cellular damage in CoCl2−treatedHK-2 cells by inhibitingHIF-1α expression. (A)
Cell viability of emodin-treated HK-2 cells with gradually increasing concentrations detected using the CCK-8 kit. (B,C) Western blot
was conducted to evaluate HIF-1α abundance in HK-2 cells. (D) Immunofluorescence staining was used to reveal the cellular localization
and protein expression level of HIF-1α (scale bar = 30 µm, original magnification 800×). (E) TG quantification assay was performed
to detect the TG content in HK-2 cells. (F) Oil Red O staining was used to observe neutral lipid accumulation in HK-2 cells (scale bar
= 30 µm, original magnification 200×). (G,H) Western blot analysis was conducted to evaluate the protein expression of TGF-β1 and
CTGF in HK-2 cells. β-actin was used as a loading control. Densitometric analysis of protein bands was carried out using ImageJ.
All experiments were performed with n ≥ 3 biological replicates, ≥2 technical replicates per biological replicate, and independently
repeated three times. Results are presented as mean ± SD. Statistical significance relative to the Control group is indicated as **p <

0.01, ***p < 0.001, ****p < 0.0001, NS (No Significance); comparisons against the CoCl2 group are denoted by #p < 0.05, ##p <

0.01, ###p < 0.001, ####p < 0.0001. CoCl2, Cobalt Chloride; CCK-8, Cell Counting Kit-8; HIF-1α, Hypoxia-Inducible Factor-1 alpha;
TGF-β1, Transforming Growth Factor-beta 1; CTGF, Connective Tissue Growth Factor; TG, Triglyceride.
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Fig. 5. Emodin ameliorated mitochondrial dysfunction in CoCl2−treated HK-2 cells. (A–C) Real-time quantification PCR was per-
formed to detect the mRNA expression of Drp1,Mfn2, and OPA1 in HK-2 cells. (D,E) Western blot was conducted to evaluate of Mfn2
and Drp1 protein expression in HK-2 cells, with β-actin serving as an internal normalization standard. Densitometric analysis of protein
bands was carried out using ImageJ (F) The Mfn2-to-Drp1 expression ratio was computed to assess the extent of mitochondrial fragmen-
tation in HK-2 cells. (G) For mtDNA quantification, real-time PCR targeting ND2 was performed in HK-2 cells. (H,I) Mitochondrial
membrane potential of HK-2 cells was evaluated by flow cytometric analysis, with subsequent data processing conducted using FlowJo.
All experiments were performed with n ≥ 3 biological replicates, ≥2 technical replicates per biological replicate, and independently
repeated three times. Data are expressed as mean ± SD. Statistical significance relative to the Control group is indicated as *p < 0.05,
****p< 0.0001, NS (No Significance); comparisons against the CoCl2 group are denoted by #p< 0.05, ##p< 0.01, ####p< 0.0001, NS
(No Significance). CoCl2, Cobalt Chloride; Drp1, Dynamin-Related Protein 1; Mfn2, Mitofusin 2; OPA1, Optic Atrophy 1; mtDNA,
Mitochondrial DNA; ND2, NADH Dehydrogenase 2; JC-1, 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide.
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in rats with DN by promoting ectopic lipid deposition in
kidneys, but simultaneously improved them both.

It is noteworthy that despite significant kidney pro-
tective effects, emodin treatment did not achieve glycemic
control in our study. This dissociation between renal and
metabolic outcomes suggests that emodin’s beneficial ef-
fects on kidney function may operate through HIF-1α-
mediated mechanisms that are independent of systemic glu-
cose homeostasis. However, we cannot exclude the possi-
bility that more prolonged metabolic dysregulation might
eventually compromise renal function, or that glycemic
control could become relevant in longer-term studies. Fu-
ture investigations should explore whether combination
therapy with glucose-lowering agents could produce syn-
ergistic renal benefits.

Emodin protects RTECs from pathological damage
via multiple mechanisms. Liu and colleagues revealed that
emodin hindered epithelial–mesenchymal transdifferentia-
tion by enhancing autophagy through upregulating the ex-
pression of bone morphogenic protein 7 in renal fibrosis
[34]. Wang et al. [35] identified the miR-490-3p/HMGA2
signaling axis as the mechanistic conduit through which
emodin exerts renoprotective effects, specifically attenuat-
ing tubular epithelial cell damage in fibrotic kidney dis-
ease. Moreover, the in vitro study showed that emodin
prevented cellular damage from hypoxia/reoxygenation by
downregulating oxidative stress and apoptosis inHK-2 cells
[36]. Consistent with the aforementioned findings, our
study confirmed that emodin effectively reduced RTECs in-
jury in vivo and in vitro. Moreover, our results revealed that
emodin prevented lipid accumulation and cellular injury by
inhibiting HIF-1α expression in the tubules of rats with DN,
highlighting the mechanism of action of emodin in DN ther-
apy. However, this study did not comprehensively inves-
tigate whether emodin protects RTECs through modulat-
ing other signaling pathways involved in DN pathogenesis
(e.g., including oxidative stress, inflammation, and Ang-II).
This constitutes a significant limitation of the present study.

Previous studies suggested that mitochondrial home-
ostasis imbalance exacerbated cellular lipid deposition [37–
39]. The present study showed that emodin treatment mit-
igated structural and functional imbalance of mitochondria
in vivo and in vitro, suggesting that emodin might allevi-
ate lipid accumulation and cellular injury in diabetic tubules
through reversing mitochondrial homeostasis. HIF-1α ac-
tivation promoted mitochondrial homeostasis dysfunction
in various disease states [24,40–42]. Also, owing to the in-
hibitory effect of emodin on HIF-1α expression observed
in this study, we proposed that emodin might reverse mito-
chondrial homeostasis, thereby protecting against diabetic
tubular injury via inhibiting HIF-1α expression.

5. Limitations
We acknowledge two important limitations of this

study. First, the present study employed standard oral

administration as a proof-of-concept to demonstrate phar-
macological efficacy in diabetic nephropathy; However,
translation to clinical practice will require formulation op-
timization because emodin has poor oral bioavailability
and low aqueous solubility. Recent advances demon-
strate that nano-drug delivery systems (liposomes, poly-
meric nanoparticles, nanogels) can significantly enhance
emodin solubility and bioavailability [43], while structural
modifications and material-based targeted delivery strate-
gies offer additional avenues to overcome pharmacokinetic
limitations [44]. Second, this study used established uri-
nary biomarkers to assess renal injury. While clinically
validated, these markers may be affected by reporting qual-
ity issues, and our targeted approach excludes the compre-
hensive profiling achievable through “omics” technologies.
Future multi-omics integration could enhance diagnostic
and mechanistic insights.

6. Conclusions
In summary, this study was novel in demonstrating

that emodin prevented lipid accumulation and cellular in-
jury in RTECs of diabetic kidneys. Emodin inhibited ex-
cessive HIF-1α activation, thus exerting a protective effect
on mitochondria.
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