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Abstract: The unilateral ureteral obstruction (UUO) injury model is well-known to mimic human
chronic kidney disease, promoting the rapid onset and development of kidney injury. ω3-poly unsat-
urated fatty acids (PUFAs) have been observed to protect against tissue injury in many disease models.
In this study, we assessed the efficacy of ω3-PUFAs in attenuating UUO injury and investigated
their mechanism of action. The immortalized human proximal tubular cells human kidney-2 (HK2)
were incubated for 72 h with docosahexaenoic acid (DHA) or eicosapentaenoic acid (EPA) in various
concentrations, in the presence or absence of transforming growth factor (TGF)-β. DHA/EPA reduced
the epithelial–mesenchymal transition in the TGF-β-treated HK2 cells by enhancing autophagy flux
and adenosine monophosphate-activated protein kinase (AMPK) phosphorylation. C57BL/6 mice
were divided into four groups and treated as follows: sham (no treatment, n = 5), sham +ω3-PUFAs
(n = 5), UUO (n = 10), and UUO +ω3-PUFAs (n = 10). Their kidneys and blood were harvested on
the seventh day following UUO injury. The kidneys of the ω3-PUFAs-treated UUO mice showed less
oxidative stress, inflammation, and fibrosis compared to those of the untreated UUO mice. Greater
autophagic flux, higher amounts of microtubule-associated protein 1A/1B-light chain 3 (LC3)-II,
Beclin-1, and Atg7, lower amounts of p62, and higher levels of cathepsin D and ATP6E were observed
in the kidneys of the omega-3-treated UUO mice compared to those of the control UUO mice. In
conclusion,ω3-PUFAs enhanced autophagic activation, leading to a renoprotective response against
chronic kidney injury.

Keywords: ω3-PUFA; autophagy flux; UUO; renal fibrosis

1. Introduction

Chronic kidney disease (CKD) is a progressive disease that leads to renal failure and
may cause patients to require renal replacement therapy. The number of patients with
CKD has increased in the past few decades, resulting in an increased burden of CKD
globally [1]. The loss of renal function in CKD patients is mainly due to the development
of fibrosis, including glomerular sclerosis and tubulointerstitial fibrosis [2]. The unilateral
ureteral obstruction (UUO) model is an experimental rodent model that enables the study
of obstructive renal injury. It closely mimics human chronic kidney disease, promoting
the rapid onset and development of kidney injury [3]. In the UUO model, mechanical
stretching leads to epithelial tubular cell apoptosis, oxidative stress, and inflammation,
which cause progressive renal failure and tubulointerstitial fibrosis [4,5].
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The role of autophagy in renal fibrosis—the main pathophysiological mechanism of
CKD—is disputed. Livingstone et al. reported that the inhibition of autophagy resulted in
the suppression of renal tubulointerstitial fibrosis in UUO ATG7 knockout mice [6]. The
persistent autophagy activation observed in mouse kidneys subjected to a nephrotoxic
treatment consisting of repeated low doses of cisplatin is known to promote renal fibrosis
and chronic kidney disease [7]. However, an emerging body of evidence indicates that
autophagy plays a protective role against CKD progression. A protective role of autophagy
against renal fibrosis was reported in the UUO model [8,9]. In these mice, autophagy was
shown to regulate the expression of transforming growth factor (TGF)-β and to inhibit renal
tubulointerstitial fibrosis [10]. When mice carrying a Beclin-1-activating mutation were
subjected to UUO, autophagy was enhanced, which led to a reduction in renal fibrosis [11].

ω3-polyunsaturated fatty acids (ω3-PUFAs) are essential fatty acids for humans and
are present in various foods [12]; in particular, they are abundant in marine food, such
as fish roe, shrimp, and shellfish [13]. It is known that ω3-PUFAs exert protective ef-
fects against cardiovascular injuries, including brain, liver, and heart injuries [14–16].
Several studies have attributed the protective effect of ω3-PUFAs to their antioxidant
properties [17–19].

We reported that ω3-PUFAs derived from ω6-PUFAs attenuated acute renal in-
jury caused by renal ischemia/reperfusion by enhancing autophagy activation via AMP-
activated protein kinase (AMPK) [20]. In this study, we aimed to verify that ω3-PUFAs
exerted their reno-protective effect via autophagy flux enhancement. To this end, we eval-
uated autophagy flux by examining the levels of autophagic substrates involved in each
autophagic step using immunofluorescence microscopy.

2. Materials and Methods
2.1. Cell Culture and Drug Treatment

Human kidney-2 (HK-2) cells, an immortalized human PTC line, purchased from
American Type Culture Collection (Mannasas, VA, USA), were grown in Dulbecco’s Modi-
fied Eagle Medium (DMEM)/F12 (Gibco, New York, NY, USA). The medium was enriched
with 15 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES) (Sigma-Aldrich,
St. Louis, MO, USA), pyridoxine HCl (Gibco, NY, USA), L-glutamine (Sigma-Aldrich, MO,
USA), and 10% (v/v) fetal calf serum (Gibco, NY, USA). The cells were incubated at 37 ◦C
in 95% humidified air and 5% CO2 with various concentrations of theω3-PUFAs such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Sigma-Aldrich, St. Louis,
MO, USA) in the presence or absence of TGF-β1 for 72 h.

2.2. Animal Model

C57BL/6 mice (10 weeks old, male) were obtained from SAMTAKO Bio Korea (Gy-
ounggido, Republic of Korea). The mice were housed in an environment with a 12-h
light/12-h dark cycle. The mice had unrestricted access to food and water. All the animal
experiments were carried out with the approval of the Animal Use and Care Committee
at the Catholic University of Korea Daejeon St. Mary’s Hospital (CMCDJ-AP-2014-001, 26
January 2014). The mice were divided into 4 groups: wild-type (wt) sham (n = 5), sham
+ ω3-PUFAs (n = 5), UUO (n = 10), and UUO + ω3-PUFAs (n = 10). UUO injury was
performed as described previously [21]. The mice were anesthetized through adminis-
tration of an intraperitoneal injection of ketamine (60 mg/kg body mass) and xylazine
(8 mg/kg). The left ureter mid portion was ligated using 6-0 silk, following an abdominal
incision. Then, 2 g/kg ofω3-PUFAs (United Pharmaceutical, Seoul, Republic of Korea) was
administered daily orally using zonde from the day before UUO to the 6th day following
UUO. The mice were sacrificed on the seventh day following UUO injury, and their blood
and kidneys were harvested.
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2.3. Tissue Preparation

The tissues were prepared in accordance with the method previously described by
Jeong J.Y. et al [21]. The left UUO kidney was collected immediately after euthanasia and
was split into three portions. Two segments were rapidly frozen in liquid nitrogen and kept
at −70 ◦C for later RNA and protein extraction. The remaining section of the kidney was
preserved in 10% buffered formaldehyde at room temperature and subsequently embedded
in Paraplast (Sherwood Medical, St. Louis, MO, USA) for light microscopy examination.

2.4. Tubulo-Interstitial Injury Score

The kidney tissue was embedded in paraffin blocks, sliced into 4 µm sections, and
affixed to glass slides. These sections underwent deparaffinization using xylene, followed
by staining with hemotoxylin and eosin (H&E), and were observed using an Olympus
BX51 microscope (Olympus, Tokyo, Japan). Five consecutive fields were examined at
200×magnification, and an average score for tissue injury was calculated per slide. The
assessment and scoring of renal cortical vacuolization, proximal tubule simplification, and
peritubular/proximal tubule leukocyte infiltration in the H&E sections was performed,
assigning the scores as follows: 0, no injury; 1, <25% injury; 2, 26–50% injury; 3, 51–75%
injury, 4, and >75% injury. An experienced pathologist evaluated the injuries in the H&E-
stained section and attributed the scores in a blind fashion.

2.5. Western Blot Analysis

Kidney tissues and cell samples were homogenized in RIPA (radioimmunoprecip-
itation assay) buffer (Elpis Biotech., Daejeon, Republic of Korea) containing a protease
inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany). The protein concentra-
tions were determined using a BCA (bicinchoninic acid) protein assay kit (Thermo Scientific,
Rockford, IL) in accordance with the manufacturer’s instructions. Twenty micrograms of
total protein from each tissue or cell lysate sample was separated by gel electrophoresis
and then transferred to a nitrocellulose membrane (GE Healthcare Bio-Sciences, Piscataway,
NJ, USA). After blocking, the membranes were incubated overnight with primary antibod-
ies at 4 ◦C with gentle shaking. The membranes were then incubated with horseradish
peroxidase-conjugated anti-rabbit IgG (Invitrogen, Carlsbad, CA, USA; dilutions 1:5000) or
anti-mouse IgG (Invitrogen; dilutions 1:5000). Detection and quantification of the protein
bands was performed using the ChemiDoc™ XRS+ (Bio-Rad Laboratories, Hercules, CA,
USA). Each membrane was probed with an anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) antibody (Cell Signaling Technology, Danvers, MA, USA) as a loading
control. Anti-α-smooth muscle actin (SMA) (Abcam, Cambridge, CB2 OAX, UK), anti-
E-cadherin (Abcam, Cambridge, CB2 OAX, UK), anti-phospho-AMPKα (Cell Signaling
Technology, Danvers, MA, USA), anti-AMPKα (Cell Signaling Technology, Danvers, MA,
USA), anti-LC3 (Cell Signaling Technology, Danvers, MA, USA), anti-p62 (Cell Signaling
Technology, Danvers, MA, USA), anti-fibronectin (Abcam, Cambridge, CB2 OAX, UK) and
anti-collagen IV (Abcam, Cambridge, CB2 OAX, UK) were the primary antibodies used in
this study. All primary antibodies were diluted at 1:1000.

2.6. Real-Time Polymerase Chain Reaction

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) in
accordance with the manufacturer’s instructions. The Reverse Transcriptase Premix Kit
(Elpis Biotech, Daejeon, Republic of Korea) was used to synthesize complementary DNA
(cDNA) from 1 mg aliquots of RNA. The cDNA was then used as a template in poly-
merase chain reactions (PCR) employing gene-specific primer pairs. The amplification
of the cDNA was accomplished using the Power SYBR Green PCR Master Mix (Applied
Biosystems, Warrington, UK). The ABI 7500 FAST platform (Applied Biosystems, Foster
City, CA, USA) was used for quantitative real-time PCR. The relative levels of mRNA were
normalized to those of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primer
sequences were as follows (5′–3′): GAPDH sense: AACTTTGGCATTGTGGAAGG, anti-
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sense: ACACATTGGGGGTAGGAACA; monocyte chemoattractant protein (MCP)-1 sense:
CAATCAATGCCC CAGTCAC, anti-sense: GATTCTTGGGTTGTGGGAGTG; Osteopontin
sense: TGAAAGTGACTGATTCTGGCA, anti-sense: GGACGATTGGAGTGAAAGTGT.
The results were evaluated using the ∆∆Ct method.

2.7. Immunohistochemical Staining

Formalin-fixed, paraffin-embedded 4 µm thick sections were deparaffinized and rehy-
drated. The sections were incubated overnight at 4 ◦C with 1:200 dilutions of anti-α-SMA,
-collagen IV, -fibronectin, -8-Hydroxy-2′-deoxyguanosine (8-OHdG), and -F4/80 (Abcam,
Cambridge, CB2 OAX, UK), following antigen retrieval. After multiple phosphate-buffered
saline (PBS) washes, a universal biotinylated secondary antibody was applied at concentra-
tions ranging between 1:50 and 1:200. Subsequently, a streptavidin–peroxidase solution
was added, following the instructions provided in the Vectastain ABC Kit (Vector Labs,
Burlingame, CA, USA). Color development was achieved using a 3,3′-diaminobenzidine
(DAB) solution (Vector Labs). The sections were counterstained with hematoxylin, then
sequentially rehydrated in various alcohol/water mixtures and xylene before being covered
with coverslips. For the negative control, the primary antibody was omitted, and then
sections were incubated with the corresponding secondary antibodies and the detection so-
lutions. Immunohistochemical staining evaluation involved calculating the area of stained
pixels using the ImageJ software (https://imagej.nih.gov/ij/download.html, accessed on
1 June 2022) in a blinded manner [22].

2.8. Immunofluorescent Staining

The levels of Microtubule-associated protein 1 light chain 3 (LC3)-II and lysosomal
associated membrane protein (LAMP)-1 were visualized through confocal microscopy
following immunofluorescent staining. The cells were exposed to primary antibodies
targeting LC3-II (1:400, Medical and Biological Laboratory Co., Ltd., Woods Hole, MA,
USA) and LAMP-1 (1:400, Santa Cruz Biotechnology, Dallas, TX, USA). After washing with
PBS, the sections were incubated with a 1:500 dilution of Alexa fluor 488-conjugated anti-
mouse IgG antibody (Cell signaling) or Alexa fluor 594-conjugated anti-rabbit IgG antibody
(1:500 dilution; Cell signaling) for 1 h in the dark at room temperature. Subsequently, the
nuclei were stained with 4′,6-diamidino-2-Phenylindole (DAPI) for 5 min, and then the
samples were mounted. For the negative control, the primary antibody was omitted, and
the sections were incubated with the corresponding secondary antibodies and the detection
solutions. A confocal microscope (LSM 700; Zeiss, Jena, Germany) was used to capture
fluorescence images Immunofluorescent staining evaluation involved the calculation of
mean fluorescence intensity (MFI) using the ImageJ software (https://imagej.nih.gov/ij/
download.html, accessed on 1 June 2022) in a blinded manner [6,22,23].

2.9. Statistical Analysis

The data are expressed as means ± standard deviations (SDs). One-way ANOVA
was used with a post hoc Bonferroni correction to analyze multiple comparisons among
the groups. The statistical analysis was carried out using the SPSS software (ver. 20.0 for
Windows; SPSS, Inc., Chicago, IL, USA). The differences among the groups were considered
significant at p < 0.05.

3. Results
3.1. EPA/DHA Reduced Epithelial–Mesenchymal Transition (EMT) in TGF-β-Treated HK2 Cells

The levels of E-cadherin and α-SMA were examined to verify the effect of EPA/DHA
on the EMT. In the TGF-β-treated (10 ng/mL) HK2 cells, the E-cadherin levels were found
to be significantly decreased compared to those in the control HK2 cells. DHA and EPA
increased the expression of E-cadherin in the TGF-β-treated HK2 cells in a dose-dependent
manner (Figure 1A,B). The levels of α-SMA were found to be significantly increased in
the TGF-β-treated HK2 cells compared to the control HK2 cells. However, DHA and
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EPA induced a reduction in the expression of α-SMA in the TGF-β-treated HK2 cells in a
dose-dependent manner (Figure 1C,D). Thus, DHA/EPA upregulated the expression of the
epithelial marker E-cadherin in a dose-dependent manner and markedly downregulated
the expression of the mesenchymal marker α-SMA in a dose-dependent manner in the
TGF-β-treated HK2 cells. DHA and EPA attenuated the renal EMT in the TGF-β-treated
HK2 cells.
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cells in a dose-dependent manner. (A,B) Representative Western blot images: DHA/EPA inhibited the
expression of α-SMA in a dose-dependent manner in TGF-β1-treated HK2 cells. (C,D) Representative
Western blot images: DHA/EPA increased E-cadherin levels in a dose-dependent manner in TGF-
β1-treated HK2 cells. * p < 0.05 vs. control HK2 cells, # p < 0.05 vs. TGF-β1-treated HK2 cells in
the absence of DHA/EPA. All experiments were performed in triplicate. All values are expressed
as the mean ± SD. HK2: human kidney 2; GAPDH: glyceraldehyde-3-phosphate dehydrogenase;
EMT: epithelial–mesenchymal transition; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid;
TGF: transforming growth factor; SMA: α-smooth muscle actin.

3.2. EPA/DHA Induced Autophagy Flux in TGF-β-Treated HK2 Cells

The phosphorylation of AMPK and the expression of LC3-II and p62 were examined
to verify the effect of EPA/DHA on autophagy flux. AMPK phosphorylation was found to
be significantly reduced in the TGF-β-treated HK2 cells compared to the control HK2 cells,
but was found to increase after the administration of DHA and EPA in a dose-dependent
manner (Figure 2A,B). In the TGF-β-treated HK2 cells, the expression of LC3-II was found
to be significantly increased compared to that in the control HK2 cells, and further increased
in the presence of DHA and EPA in a dose-dependent manner (Figure 2C,D). The expression
of p62 was not significantly affected in the TGF-β-treated HK2 cells compared to the control
HK2 cells; however, it was reduced in a dose-dependent manner in the presence of DHA
and EPA (Figure 2E,F).
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cells compared to control HK2 cells. DHA/EPA increased the p-AMPKα/AMPKα ratio in TGF-
beta-treated HK2 cells, in a dose-dependent manner. (C,D) Representative Western blot images:
DHA/EPA increased the expression of LC3-II in TGF-beta-treated HK2 cells. in dose-dependent
manner. (E,F) Representative Western blot images: DHA/EPA decreased p62 expression in TGF-
β1-treated HK2 cells. All experiments were performed in triplicate. All values are expressed as
the mean ± SD. * p < 0.05 vs. control HK2 cells; # p < 0.05 vs. TGF-β1-treated HK2 cells in the
absence of DHA/EPA. HK2: human kidney 2; GAPDH: glyceraldehyde-3-phosphate dehydrogenase;
EMT: epithelial–mesenchymal transition; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid;
TGF: transforming growth factor; SMA: α-smooth muscle actin.

3.3. Oral Administration of ω3-PUFAs Reduced Renal Oxidative Stress and Inflammation in the
Kidneys of Mice Subjected to UUO

Tubular cell damage and interstitial inflammation were found to be significantly
increased in the kidneys of the UUO mice compared to those of the sham mice. Based on the
interstitial injury scores, the treatment with oralω3-PUFAs was found to reduce the damage
induced by UUO in the kidneys. We performed 8-OHDG staining to evaluate the oxidative
stress. We observed that 8-OHDG staining in the damaged kidneys from the UUO-treated
mice was significantly increased and that the treatment with oralω3-PUFAs significantly
reduced it. To confirm the effect of ω3-PUFAs on renal inflammation, we focused on
F4/80-positive cells. We found that the levels of F4/80-positive cells were significantly
increased in the kidneys subjected to UUO compared to the control kidneys, but decreased
significantly following oralω3-PUFAs treatment, thus confirming the anti-inflammatory
effect of orally administeredω3-PUFAs on the kidneys (Figure 3A,B). Theω3-PUFAs also
decreased the initially elevated mRNA expression of MCP-1 and osteopontin in the kidneys
of the UUO-treated mice (Figure 3C). Thus, the oral ω3-PUFAs reduced renal oxidative
stress and inflammation in the UUO mice.
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F4/80. In the H&E images, infiltration of inflammatory cells (yellow arrows) in the interstitial space
is evident. (B) Semiquantitative analysis of the interstitial injury score, 8-OHDG-stained area and
F4/80-positive cells. (C) mRNA expression of MCP-1 and osteopontin. All experiments for mRNA
expression evaluation were performed in triplicate. All values are expressed as the mean ± SD.
* p < 0.05 vs. sham, # p < 0.05 vs. UUO-untreated. H&E: hemotoxylin and eosin; 8_OHDG: 8-
hydroxy-2′-deoxyguanosine; PUFAs: polyunsaturated fatty acids; UUO: unilateral ureteral obstruc-
tion; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; OPN: osteopontin; MCP-1: monocyte
chemoattractant protein 1; SD: standard deviation.

3.4. The Oral Administration of ω3-PUFAs Reduced Renal Fibrosis in the Kidneys of Mice
Subjected to UUO

To verify the effect of the orally administeredω3-PUFAs on renal fibrosis in the UUO
mice, Masson’s trichrome staining was performed. In addition, the expression of the fibrosis
markers α-SMA, collagen IV, and fibronectin was evaluated through immunohistochemical
staining and Western blotting.

Masson’s trichrome staining revealed a significant proportion of blue stained areas
in the kidneys of the UUO mice compared to those of the sham mice. The treatment
with oral ω3-PUFAs reduced these blue stained areas in the kidneys of the UUO mice.
α-SMA, collagen IV, and fibronectin staining were also more extensive in the kidneys
of the UUO mice compared to those of the control mice. The orally administered ω3-
PUFAs significantly reduced these immunohistochemically stained areas (Figure 4A,B).
The Western blot demonstrated a significant increase in the renal expression of α-SMA,
collagen IV, and fibronectin in the kidneys of the UUO mice compared to those of the sham
mice. The expression of these proteins was significantly reduced following the treatment
with oralω3-PUFAs (Figure 4C).
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Figure 4. Anti-fibrosis effects ofω3-PUFA on kidneys subjected to UUO. (A) Representative photomi-
crographs (×200) of renal sections stained with Masson’s trichrome stain and immunohistochemical
staining of α-SMA, collagen IV, and fibronectin. (B) Semiquantitative analysis of the interstitial injury
score for α-SMA, collagen IV, and fibronectin-stained areas. (C) Representative Western blot images:
expression of fibronectin, collagen IV, and a-SMA in the kidneys of sham and UUO mice treated
or not with omega-3 PUFA. All Western blots experiments were performed in triplicate. All values
are expressed as the mean ± SD. * p < 0.05 vs. Sham, # p < 0.05 vs. UUO-untreated. MT: Masson’s
trichrome stain; COL IV: collagen IV; FN: fibronectin; SMA: smooth muscle actin; PUFAs: polyun-
saturated fatty acids; UUO: unilateral ureteral obstruction; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase.

3.5. Orally Administered ω3-PUFAs Induced Autophagy Flux in the Kidneys of UUO Mice

The protein expression of Beclin1, ATG7, LC3, ATP6E, Cathepsin D, and p62 was
determined to evaluate the autophagy flux in the renal tissue. The protein expression of
Beclin1, ATG7, LC3-II, ATP6E, and Cathepsin D was significantly increased in the kidneys
of the UUO mice compared to those of the sham mice. However, the orally administered
ω3-PUFAs significantly further increased the expression of these proteins in the kidneys of
the UUO mice. In contrast, the renal expression of p62 was significantly reduced in the UUO
mice compared to the control mice, and the orally administered ω3-PUFAs significantly
further reduced it (Figure 5). The co-localization of LC3-II and LAMP-1 was higher in the
kidneys of the ω-3 PUFA-treated UUO mice compared to those of the mice subjected to
UUO that did not receiveω-3 PUFA (Figure 6).
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Figure 5. Autophagy activation in the kidneys of mice subjected to UUO and fedω3-PUFAs. (A) Rep-
resentative Western blot images: the levels of Beclin-1, ATG7, LC3-1, LC3-II, p62, ATP6E, and
Cathepsin D were assayed. (B) Semiquantitative analysis: expression ratios of Beclin-1, Cathepsin D,
LC3-II, p62, ATP6E, and ATG7 to GAPDH, as determined by densitometry. All experiments were
performed in triplicate. * p < 0.05 vs. sham, # p < 0.05 vs. UUO-untreated. PUFAs: polyunsaturated
fatty acids; UUO: unilateral ureteral obstruction; GAPDH: glyceraldehyde-3-phosphate dehydroge-
nase; ATG7: autophagy-related 7; LC3: Microtubule-associated protein 1 light chain 3; ATP6E: V-type
proton ATPase subunit E; p62: ubiquitin-binding protein p62.
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Figure 6. The effects of ω3-PUFAs on autophagy flux in the kidneys of UUO mice, revealed by
immunofluorescence staining of LC3 and LAMP1 in proximal tubules. Comparison of four groups:
sham mice,ω3-PUFAs-treated sham mice, UUO mice, andω3-PUFAs-treated UUO mice. (A) Rep-
resentative images for LC3 negative control (NC), LC3, LAMP1 (NC), LAMP1, DAPI, and merged
images. LC3 staining (fluorescent green cytoplasmic signal corresponding to proximal tubule cells)
in proximal tubule cells was increased in UUO mice, compared to sham mice. In UUO mice treated
with ω3-PUFAs, LC3 staining of proximal tubule cells was further increased, compared to that in
untreated UUO mice. LAMP1 staining (fluorescent red cytoplasmic signal in proximal tubule cells)
of proximal tubule cells was increased in the kidneys of UUO mice compared to those of sham
mice. LAMP1 staining in proximal tubule cells was decreased in UUO mice treated withω3-PUFAs
compared to untreated UUO mice. The colocalization of LC3 and LAMP, revealed by the orange
fluorescence, indicated appropriate autophagy flux (yellow arrows). (B) Quantification of mean
fluorescence intensity by ImageJ software bundle with java 8 for Mac OS. The colocalization of
LC3 and LAMP1 (orange fluorescence) in the cytoplasm of proximal tubule cells was increased
in UUO mice treated with ω3-PUFAs compared to UUO mice. * p < 0.05 vs. sham, # p < 0.05 vs.
UUO-untreated. Original magnification, 400×. Scale bar = 20 µm. PUFAs: polyunsaturated fatty
acids; UUO: unilateral ureteral obstruction; LC3: Microtubule-associated protein 1 light chain 3;
LAMP: lysosomal associated membrane protein.

4. Discussion

In this study, we demonstrated that treating UUO mice with ω3-PUFAs enhanced
autophagy while attenuating oxidative stress, inflammation, and renal fibrosis. In addition,
we showed that two of the main ω3-PUFAs—EPA and DHA—alleviated fibrosis and
enhanced autophagy flux in proximal tubular cells.

In the TGF-β1-treated HK2 cells, the DHA/EPA treatment was observed to alleviate
the EMT in a dose-dependent manner. In the TGF-β1-treated HK2 cells, the EMT was
increased compared to that in the control HK2 cells. At the same time, the levels of LC3-II
and p62 were also increased in the TGF-beta-treated HK2 cells compared to the control
HK2 cells, indicating that autophagy was initiated, but autophagy flux did not proceed.
We found that DHA/EPA alleviated the EMT in a dose-dependent manner. In addition, the
DHA/EPA-treated HK2 cells showed a higher expression of LC3-II and a lower expression
of p62 in a dose-dependent manner, indicating that autophagy flux proceeded after the treat-
ment with DHA/EPA. Furthermore, DHA/EPA also enhanced AMPK phosphorylation in
a dose-dependent manner in the TGF-beta-treated HK2 cells. A previous study conducted
by Herzig S. et al. suggested that TGF-beta treatment decreased AMPK phosphorylation
and activation, inducing the EMT and myofibroblast activation in proximal tubuloepithelial
cells [24]. AMPK is an energy-sensing kinase that plays a crucial role in regulating cell
energy homeostasis [25]. The AMPK pathway is activated in unfavorable conditions—such
as in the presence of hypoxia, oxidative stress, and nutrient deprivation—and activates
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catabolic processes, including autophagy [26]. AMPK is considered the main molecular
autophagy inducer that counteracts the activity of mTORC1 [27–29]. Our past AKI study
reported thatω3-PUFAs increased AMPK phosphorylation, enhancing autophagy flux [20].
Similarly, in this study, ω3-PUFAs increased AMPK phosphorylation and promoted au-
tophagy flux in dose-dependent manner. Collectively, EPA and DHA enhanced autophagy
by increasing AMPK phosphorylation and boosting autophagy flux, alleviating the EMT.

On the basis of the results of the in vitro experiments reported here, we examined
the renoprotective effects of orally administered ω3-PUFAs in UUO mice. A reduction
in DNA oxidant damage (as indicated by 8-OHdG staining) and in the number of F4/80-
positive cells, also known as macrophage cells, was observed in the UUO mice treated with
ω3-PUFAs. The ω3-PUFAs-fed UUO mice also exhibited a reduced expression of osteo-
pontin mRNA and MCP-1 mRNA compared to the control UUO mice (sham mice). The
expression of osteopontin and MCP-1 mRNA is associated with macrophage recruitment,
and these proteins are considered AKI biomarkers, as reported in other studies [30,31].
Thus,ω3-PUFAs reduced renal oxidative stress and inflammation in the UUO mice. The
key feature of tubulointerstitial fibrosis is an excessive deposition of extracellular ma-
trix [2]. The process of EMT transforms the tubular epithelial cells into matrix-forming
cells known as myofibroblasts [32]. The renal interstitial fibroblasts and the myofibroblasts
produce excessive extracellular matrix (ECM), which subsequently leads to fibrosis in the
kidneys [5,32]. Renal fibrosis is a key pathologic mechanism that contributes to the pro-
gression of CKD to end-stage renal disease [5]. Masson’s trichrome staining highlights
collagen fibers. Fibronectin and collagen IV are ECM proteins, while α-SMA is a marker
of mature fibroblasts or myofibroblasts [32]. We performed Masson’s trichrome staining
and the immunohistochemical staining of fibronectin and collagen IV and found thatω3-
PUFAs inhibited renal fibrosis and EMT, thereby protecting the kidneys and preventing
CKD progression.

We examined the expression of beclin-1 and ATG7, which initiate autophagy, as well
as that of cathepsin D and ATP6E, which are involved in autophagolysosome maturation,
through Western blot analysis. The expression of LC3-II and p62 was also examined for
evidence of autophagy flux. Immunofluorescence staining of LC3 and LAMP1 was con-
ducted to examine the effect of ω3-PUFAs on autophagy flux. A previously conducted
study demonstrated that autophagy is enhanced in the obstructed proximal tubule fol-
lowing UUO [8,10]. Consistent with this previous study, more extensive autophagy was
observed in the kidneys after UUO compared to the sham kidneys. However, the UUO
mice fedω3-PUFAs displayed more extensive autophagic flux in the kidneys compared to
the control UUO mice, with lesser oxidative stress, inflammation, and fibrosis.

To the best of our knowledge, this is the only study to show a renoprotective effect of
ω3-PUFAs in a UUO model caused by autophagic flux enhancement. Sharma et al. reported
a renoprotective effect of ω3-PUFAs in a UUO model as a result of a reduction in EMT
regulatory gene expression [33]. Eraky et al. reported that, in rats, ω3-PUFAs protected
against acetaminophen-induced hepatic and renal toxicity through the HO-1-Nrf2-BACH1
pathway, mitigating oxidative stress [34]. Yamamoto et al. reported that EPA reduced
lipotoxicity in mice administered a high-fat diet and improved autophagy flux [35]. Gwon
and Hwang et al. demonstrated the renoprotective effect exerted by omega-3 PUFAs in an
I/R (ischemia/reperfusion) renal injury model using fat-1 mice [20].

Other studies have reported the beneficial effects exerted byω3-PUFAs through au-
tophagy in other organs. Bak et al. demonstrated that ω3-PUFAs prevented streptozotocin-
induced Purkinje cell degeneration in fat-1 transgenic mice by enhancing autophagy [36]. A
report by Chen et al. indicated thatω3-PUFAs supplementation attenuated traumatic brain
injury by inducing autophagy [37]. Another study conducted by Chen et al. reported that
ω3-PUFAs protected hepatocytes in the presence of nonalcoholic fatty liver disease through
the induction of autophagy [38]. We demonstrated thatω3-PUFAs reduced oxidative injury,
inflammation, and fibrosis in UUO mice via autophagic flux enhancement.
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Autophagy is a highly conserved degradation system that plays an important role in
removing damaged organelles, misfolded protein aggregates, and other macromolecules
present in the cytoplasm [39]. In addition, autophagy protects against genome instability
and prevents necrosis [40]. Autophagic flux refers to the whole process of autophagy,
including autophagosome formation, maturation, fusion with lysosomes, the subsequent
breakdown, and the release of macromolecules back into the cytosol [41]. Autophagy flux
in damaged kidneys is a protective mechanism with repairing and regeneration effects [42].
In the presence of extensive damage, autophagic repair is not effective, which leads to CKD
progression [42]. In addition, autophagy is dysregulated in many kidney diseases, and this
contributes to the development of pathophysiological conditions [10,43]. In this scenario,
our results are valuable, as we demonstrated that in mice subjected to UUO, ω3-PUFAs
enhanced autophagy flux, exerting a renoprotective effect.

5. Conclusions

Our results clearly demonstrated thatω3-PUFAs reduced oxidative stress, inflamma-
tion, and renal fibrosis by enhancing autophagy flux in a UUO model of CKD. In vitro,
ω3-PUFAs enhanced autophagy flux by increasing AMPK phosphorylation and inhibiting
the EMT in HK2 cells. Our study suggests thatω3-PUFAs may provide relief from tubu-
lointerstitial fibrosis in patients with chronic renal disease. It provides insights into the
regulation of autophagy, suggesting a new therapeutic option for CKD patients.
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Librowski, T. Omega-3 Fatty Acids and their Role in Central Nervous System—A Review. Curr. Med. Chem. 2016, 23, 816–831.
[CrossRef]

16. Scorletti, E.; Byrne, C.D. Omega-3 fatty acids and non-alcoholic fatty liver disease: Evidence of efficacy and mechanism of action.
Mol. Asp. Med. 2018, 64, 135–146. [CrossRef]

17. Carrepeiro, M.M.; Rogero, M.M.; Bertolami, M.C.; Botelho, P.B.; Castro, N.; Castro, I.A. Effect of n-3 fatty acids and statins on
oxidative stress in statin-treated hypercholestorelemic and normocholesterolemic women. Atherosclerosis 2011, 217, 171–178.
[CrossRef]

18. Massaro, M.; Habib, A.; Lubrano, L.; Del Turco, S.; Lazzerini, G.; Bourcier, T.; Weksler, B.B.; De Caterina, R. The omega-3 fatty
acid docosahexaenoate attenuates endothelial cyclooxygenase-2 induction through both NADP(H) oxidase and PKC epsilon
inhibition. Proc. Natl. Acad. Sci. USA 2006, 103, 15184–15189. [CrossRef] [PubMed]

19. Bouzidi, N.; Mekki, K.; Boukaddoum, A.; Dida, N.; Kaddous, A.; Bouchenak, M. Effects of omega-3 polyunsaturated fatty-acid
supplementation on redox status in chronic renal failure patients with dyslipidemia. J. Ren. Nutr. 2010, 20, 321–328. [CrossRef]

20. Gwon, D.H.; Hwang, T.W.; Ro, J.Y.; Kang, Y.J.; Jeong, J.Y.; Kim, D.K.; Lim, K.; Kim, D.W.; Choi, D.E.; Kim, J.J. High Endogenous
Accumulation ofω-3 Polyunsaturated Fatty Acids Protect against Ischemia-Reperfusion Renal Injury through AMPK-Mediated
Autophagy in Fat-1 Mice. Int. J. Mol. Sci. 2017, 18, 2081. [CrossRef]

21. Jeong, J.Y.; Na, K.R.; Shin, J.A.; Suh, K.S.; Kim, J.J.; Lee, K.W.; Choi, D.E. Collecting Duct-Specific CR6-Interacting Factor-1-
Deletion Aggravates Renal Inflammation and Fibrosis Induced by Unilateral Ureteral Obstruction. Int. J. Mol. Sci. 2021, 22, 11699.
[CrossRef] [PubMed]

22. Crowe, A.R.; Yue, W. Semi-quantitative Determination of Protein Expression using Immunohistochemistry Staining and Analysis:
An Integrated Protocol. Bio. Protoc. 2019, 9, e3465. [CrossRef] [PubMed]

23. Borza, C.M.; Bolas, G.; Bock, F.; Zhang, X.; Akabogu, F.C.; Zhang, M.Z.; de Caestecker, M.; Yang, M.; Yang, H.; Lee, E.; et al.
DDR1 contributes to kidney inflammation and fibrosis by promoting the phosphorylation of BCR and STAT3. JCI Insight 2022, 7,
e150887. [CrossRef] [PubMed]

24. Thakur, S.; Viswanadhapalli, S.; Kopp, J.B.; Shi, Q.; Barnes, J.L.; Block, K.; Gorin, Y.; Abboud, H.E. Activation of AMP-activated
protein kinase prevents TGF-β1-induced epithelial-mesenchymal transition and myofibroblast activation. Am. J. Pathol. 2015, 185,
2168–2180. [CrossRef] [PubMed]

25. Herzig, S.; Shaw, R.J. AMPK: Guardian of metabolism and mitochondrial homeostasis. Nat. Rev. Mol. Cell Biol. 2018, 19, 121–135.
[CrossRef]

26. Wang, S.; Li, H.; Yuan, M.; Fan, H.; Cai, Z. Role of AMPK in autophagy. Front. Physiol. 2022, 13, 1015500. [CrossRef]
27. Alers, S.; Löffler, A.S.; Wesselborg, S.; Stork, B. Role of AMPK-mTOR-Ulk1/2 in the regulation of autophagy: Cross talk, shortcuts,

and feedbacks. Mol. Cell Biol. 2012, 32, 2–11. [CrossRef]
28. Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat.

Cell Biol. 2011, 13, 132–141. [CrossRef]
29. Liang, J.; Shao, S.H.; Xu, Z.X.; Hennessy, B.; Ding, Z.; Larrea, M.; Kondo, S.; Dumont, D.J.; Gutterman, J.U.; Walker, C.L.; et al.

The energy sensing LKB1-AMPK pathway regulates p27(kip1) phosphorylation mediating the decision to enter autophagy or
apoptosis. Nat. Cell Biol. 2007, 9, 218–224. [CrossRef]

30. Wołyniec, W.; Ratkowski, W.; Renke, J.; Renke, M. Changes in Novel AKI Biomarkers after Exercise. A Systematic Review. Int. J.
Mol. Sci. 2020, 21, 5673. [CrossRef]

31. Munshi, R.; Johnson, A.; Siew, E.D.; Ikizler, T.A.; Ware, L.B.; Wurfel, M.M.; Himmelfarb, J.; Zager, R.A. MCP-1 gene activation
marks acute kidney injury. J. Am. Soc. Nephrol. 2011, 22, 165–175. [CrossRef] [PubMed]

32. Liu, Y. Cellular and molecular mechanisms of renal fibrosis. Nat. Rev. Nephrol. 2011, 7, 684–696. [CrossRef]
33. Sharma, A.; Hye Khan, M.A.; Levick, S.P.; Lee, K.S.; Hammock, B.D.; Imig, J.D. Novel Omega-3 Fatty Acid Epoxygenase

Metabolite Reduces Kidney Fibrosis. Int. J. Mol. Sci. 2016, 17, 751. [CrossRef]
34. Eraky, S.M.; Abo El-Magd, N.F. Omega-3 fatty acids protect against acetaminophen-induced hepatic and renal toxicity in rats

through HO-1-Nrf2-BACH1 pathway. Arch. Biochem. Biophys. 2020, 687, 108387. [CrossRef] [PubMed]

https://doi.org/10.1038/s41419-019-1356-0
https://www.ncbi.nlm.nih.gov/pubmed/30692509
https://doi.org/10.1681/ASN.2013101068
https://doi.org/10.3389/fimmu.2023.1104652
https://www.ncbi.nlm.nih.gov/pubmed/36875088
https://doi.org/10.1155/2017/7348919
https://doi.org/10.1016/j.plipres.2019.100997
https://www.ncbi.nlm.nih.gov/pubmed/31442526
https://doi.org/10.3390/nu13010204
https://doi.org/10.2174/0929867323666160122114439
https://doi.org/10.1016/j.mam.2018.03.001
https://doi.org/10.1016/j.atherosclerosis.2010.12.013
https://doi.org/10.1073/pnas.0510086103
https://www.ncbi.nlm.nih.gov/pubmed/17018645
https://doi.org/10.1053/j.jrn.2010.01.002
https://doi.org/10.3390/ijms18102081
https://doi.org/10.3390/ijms222111699
https://www.ncbi.nlm.nih.gov/pubmed/34769136
https://doi.org/10.21769/BioProtoc.3465
https://www.ncbi.nlm.nih.gov/pubmed/31867411
https://doi.org/10.1172/jci.insight.150887
https://www.ncbi.nlm.nih.gov/pubmed/34941574
https://doi.org/10.1016/j.ajpath.2015.04.014
https://www.ncbi.nlm.nih.gov/pubmed/26071397
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.3389/fphys.2022.1015500
https://doi.org/10.1128/MCB.06159-11
https://doi.org/10.1038/ncb2152
https://doi.org/10.1038/ncb1537
https://doi.org/10.3390/ijms21165673
https://doi.org/10.1681/ASN.2010060641
https://www.ncbi.nlm.nih.gov/pubmed/21071523
https://doi.org/10.1038/nrneph.2011.149
https://doi.org/10.3390/ijms17050751
https://doi.org/10.1016/j.abb.2020.108387
https://www.ncbi.nlm.nih.gov/pubmed/32348741


Biomedicines 2023, 11, 2553 18 of 18

35. Yamamoto-Nonaka, K.; Koike, M.; Asanuma, K.; Takagi, M.; Oliva Trejo, J.A.; Seki, T.; Hidaka, T.; Ichimura, K.; Sakai, T.; Tada, N.;
et al. Cathepsin D in Podocytes Is Important in the Pathogenesis of Proteinuria and CKD. J. Am. Soc. Nephrol. 2016, 27, 2685–2700.
[CrossRef] [PubMed]

36. Bak, D.H.; Zhang, E.; Yi, M.H.; Kim, D.K.; Lim, K.; Kim, J.J.; Kim, D.W. Highω3-polyunsaturated fatty acids in fat-1 mice prevent
streptozotocin-induced Purkinje cell degeneration through BDNF-mediated autophagy. Sci. Rep. 2015, 5, 15465. [CrossRef]

37. Chen, X.; Pan, Z.; Fang, Z.; Lin, W.; Wu, S.; Yang, F.; Li, Y.; Fu, H.; Gao, H.; Li, S. Omega-3 polyunsaturated fatty acid
attenuates traumatic brain injury-induced neuronal apoptosis by inducing autophagy through the upregulation of SIRT1-
mediated deacetylation of Beclin-1. J. Neuroinflamm. 2018, 15, 310. [CrossRef]

38. Chen, Y.; Xu, C.; Yan, T.; Yu, C.; Li, Y.ω-3 Fatty acids reverse lipotoxity through induction of autophagy in nonalcoholic fatty liver
disease. Nutrition 2015, 31, 1423–1429.e2. [CrossRef]

39. Wang, C.W.; Klionsky, D.J. The molecular mechanism of autophagy. Mol. Med. 2003, 9, 65–76. [CrossRef]
40. Glick, D.; Barth, S.; Macleod, K.F. Autophagy: Cellular and molecular mechanisms. J. Pathol. 2010, 221, 3–12. [CrossRef]
41. Zhang, X.J.; Chen, S.; Huang, K.X.; Le, W.D. Why should autophagic flux be assessed? Acta Pharmacol. Sin. 2013, 34, 595–599.

[CrossRef] [PubMed]
42. Lin, T.A.; Wu, V.C.; Wang, C.Y. Autophagy in Chronic Kidney Diseases. Cells 2019, 8, 61. [CrossRef] [PubMed]
43. Wang, Z.; Choi, M.E. Autophagy in kidney health and disease. Antioxid. Redox Signal. 2014, 20, 519–537. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1681/ASN.2015040366
https://www.ncbi.nlm.nih.gov/pubmed/26823550
https://doi.org/10.1038/srep15465
https://doi.org/10.1186/s12974-018-1345-8
https://doi.org/10.1016/j.nut.2015.05.022
https://doi.org/10.1007/BF03402040
https://doi.org/10.1002/path.2697
https://doi.org/10.1038/aps.2012.184
https://www.ncbi.nlm.nih.gov/pubmed/23474710
https://doi.org/10.3390/cells8010061
https://www.ncbi.nlm.nih.gov/pubmed/30654583
https://doi.org/10.1089/ars.2013.5363
https://www.ncbi.nlm.nih.gov/pubmed/23642034

	Introduction 
	Materials and Methods 
	Cell Culture and Drug Treatment 
	Animal Model 
	Tissue Preparation 
	Tubulo-Interstitial Injury Score 
	Western Blot Analysis 
	Real-Time Polymerase Chain Reaction 
	Immunohistochemical Staining 
	Immunofluorescent Staining 
	Statistical Analysis 

	Results 
	EPA/DHA Reduced Epithelial–Mesenchymal Transition (EMT) in TGF–Treated HK2 Cells 
	EPA/DHA Induced Autophagy Flux in TGF–Treated HK2 Cells 
	Oral Administration of 3-PUFAs Reduced Renal Oxidative Stress and Inflammation in the Kidneys of Mice Subjected to UUO 
	The Oral Administration of 3-PUFAs Reduced Renal Fibrosis in the Kidneys of Mice Subjected to UUO 
	Orally Administered 3-PUFAs Induced Autophagy Flux in the Kidneys of UUO Mice 

	Discussion 
	Conclusions 
	References

