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MiR-556-3p mediated repression
of klotho under oxidative stress
promotes fibrosis of renal tubular
epithelial cells

Dong Zhang'*, Zongying Li', Yuan Gao* & Hailing Sun?

Chronic kidney disease (CKD) is a global health issue characterized by renal fibrosis, which leads to
irreversible tissue damage. Oxidative stress plays a key role in driving the fibrotic processes associated
with CKD. This study investigates the roles of oxidative stress, miR-556-3p, and klotho in renal

tubular epithelial cells, focusing on their influence on fibrotic pathways. Using human renal tubular
epithelial cells HK-2, we conducted various in vitro assays to measure reactive oxygen species (ROS)
levels, cell death, viability, and proliferation. Oxidative stress, induced by H,0, treatment, was found
to suppress klotho expression while increasing the expression of fibrotic markers. Overexpression

of klotho mitigated these effects, highlighting its protective role against oxidative stress-induced
fibrosis. Moreover, miR-556-3p was upregulated in response to oxidative stress activated transcription
factor Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2), contributing to the suppression of klotho.
Inhibition of Nrf2, a key regulator of oxidative stress responses, attenuated the expression of miR-
556-3p and fibrotic markers. Targeting the Nrf2-miR-556-3p-klotho axis may offer novel therapeutic
avenues to restore klotho levels and attenuate renal fibrosis. Our study contributes significantly to the
understanding of the molecular mechanisms driving CKD progression and highlights potential targets
for future pharmacological intervention.
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Chronic Kidney Disease (CKD) is a significant global health issue, affecting over 800 million individuals
worldwide, with a prevalence ranging from 10.5 to 13.1%. CKD is more common in older individuals, women,
racial minorities, and those with diabetes and hypertension. The incidence and prevalence of CKD have been
increasing over the years, with a notable rise in mortality rates, making CKD one of the leading causes of death
globally. Understanding the pathogenesis of CKD is crucial for implementing effective prevention and treatment
strategies!'~>.

CKD is characterized by renal fibrosis, a crucial factor leading to irreversible tissue damage and functional
decline in the kidneys. Fibrosis in CKD involves the progressive accumulation of fibrous collagens, loss of
capillary networks, and activation of myofibroblasts®. Oxidative stress plays a pivotal role in kidney damage
by promoting fibrotic processes through various mechanisms. Studies have shown that oxidative stress leads to
the overproduction of ROS, triggering sustained cell growth, inflammation, and excessive tissue remodeling,
ultimately accelerating renal damage”3. This imbalance between ROS generation and detoxification alters cellular
macromolecules, leading to organ dysfunction, particularly in CKD®. Additionally, profibrogenic agonists like
Angiotensin II and platelet-derived growth factor upregulate the expression of protein deglycase DJ-1, a crucial
ROS scavenger, in renal cells”!°.

Klotho, a protein known for its anti-aging properties, plays a crucial role in renal physiology by exerting
protective effects on kidney function. Research indicates that soluble klotho levels decrease in conditions like
diabetic nephropathy!!, contrast-induced nephropathy'?, and kidney disease. Studies have shown that klotho
protects chromosomal DNA from damage, enhances cell survival rates after DNA damage, and regulates pathways
related to inflammation, oxidative stress, fibrosis, and metabolism!?. The decline of klotho expression in CKD
has been extensively studied due to its significant implications for disease progression and patient outcomes.
Several studies have highlighted the association between reduced klotho levels and increased oxidative stress,
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inflammation, and fibrosis in CKD patients. For instance, Jena et al. demonstrated that serum klotho levels
negatively correlate with glomerular filtration rate and oxidative stress'*.

In recent years, miRNAs have emerged as critical regulators of gene expression in various pathophysiological
processes, including renal fibrosis!®. Among these, hsa-miR-556 has been identified as a potentially significant
player. The levels of miR-556-3p and miR-556-5p derived from hsa-miR-556 were associated renal recovery
from severe acute kidney disease!®. Circulating miR-556-5p has also been associated with kidney damage in
Patients with Systemic Lupus Erythematosus!”. Previous study suggested that klotho is a target of miR-556-3p'8,
however, the expression and potential role of miR-556-3p in CKD remains unexplored.

This study elucidates the complex interplay between oxidative stress and klotho in the pathogenesis of renal
fibrosis. Understanding these molecular mechanisms can provide valuable insights into the progression of CKD
and highlight potential therapeutic targets. Specifically, modulating the Nrf2-miR-556-3p-klotho axis could
offer novel interventions to restore klotho levels and attenuate renal fibrosis. This research not only deepens our
understanding of CKD pathology but also opens avenues for innovative treatments that could potentially reverse
or halt the disease progression.

Cell culture and treatment

Human proximal tubular cells (HK-2 cells) were purchased from the American Tissue Culture Collection (#CRL-
2190, Manassas, VA, USA) and maintained in DMEM/F12 (#11320033, Gibco, USA) medium supplemented
with 10% fetal bovine serum (#A5256801, GIBCO, USA) and 1% penicillin-streptomycin solution (#15140122,
GIBCO, USA), cultured at 37 °C in a humidified 5% CO, atmosphere. The cells were seeded in six-well plates
and allowed to adhere for 24 h before the addition of indicated concentration of H,0, (0.1, 0.2, 0.5, or 1 mM)
for 24 h. For all experiments, each condition was replicated in at least three independent experiments to ensure
reproducibility.

EdU ASSAY

To perform an EAU assay (#C0071S, Beyotime, China) on HK-2 cells, cells were seeded in a culture dish and
incubated overnight. The next day, the culture medium was replaced with medium containing diluted EdU
reagent, and incubated for 24 h for EAU incorporation. The cells were then washed with phosphate-buffered
saline (PBS) and fixed with 4% paraformaldehyde (#P0099, Beyotime, China) for 15 min at room temperature.
After fixation, cells were permeabilized with 0.5% Triton X-100 (#ST1723, Beyotime, China) for 15 min, followed
by the application of a click reaction mixture and incubated for 30 min protected from light. Subsequently, the
cells were washed and the nuclei were stained using 1 pg/mL DAPI (#C1002, Beyotime, China) for 10 min.
Finally, the cells were washed again and subjected to fluorescence microscopy imaging. The intensity of staining
was analyzed using Image] software (NIH, USA) to assess the level of ROS, and the data were normalized to the
control group.

Nucleus-cytosol fractionation

HK-2 Cells were first suspended in an ice-cold hypotonic buffer comprising 10 mM KCl (#A610440, Sangon
Biotech, China), 10 mM HEPES (#ST2425, Beyotime, China) (pH 7.4), 10 mM NaCl (#A610476, Sangon
Biotech, China), 0.1 mM EDTA (#B540625, Sangon Biotech, China), 1 mM dithiothreitol (DTT, #A620058,
Sangon Biotech, China), and 0.5 mM phenylmethylsulfonyl fluoride (PMSE, #A610425, Sangon Biotech, China).
This suspension was incubated on ice for 15 min. Afterwards, 0.6% NP-40 (#A600385, Sangon Biotech, China)
was added and the mixture was vortexed briefly for 10 s. The lysates were then centrifuged at 12,000 rpm for
1 min to eliminate nuclei and cell debris. The resulting supernatant, which contains the cytosolic fraction, was
collected and subjected to further centrifugation at 12,000 rpm for 30 min at 4 °C. The pellet obtained was
resuspended in hypotonic buffer with 0.6% NP-40, vortexed, and washed three times, each time centrifuging at
12,000 rpm for 2 min at 4 °C. Finally, this pellet was resuspended in a buffer with 0.4 M NaCl, 20 mM HEPES
(pH 7.4), 1 mM EDTA, 1 mM DTT, and 1 mM PMSE, and incubated on ice for 30 min. After centrifugation
at 12,000 rpm for 30 min, the supernatant containing the nuclear fraction was collected. Three independent
experiments were performed to ensure reproducibility.

ROS assay

The intracellular ROS levels in HK-2 cells were measured using the dichloro-dihydro-fluorescein diacetate
(DCFH-DA, #S0035S, Beyotime, China) assay. Following treatment, HK-2 cells were incubated with DCFH-
DA (5 uM) for 30 min at 37 °C in darkness. The fluorescence associated with ROS was then quantified using
a fluorescence spectrophotometer (Thermo Fisher Scientific, USA) at excitation and emission wavelengths
of 488 nm and 525 nm, respectively. Results were expressed as relative intensity normalized to the control
group. Each experimental condition was tested across three biological replicates and at least three independent
experiments were conducted.

Cell counting kit-8 (CCK-8) assay

HK-2 cells were plated at a density of 5000 cells per well in 96-well plates. Cell proliferation was measured using
the CCK-8 assay kit (#C0038, Beyotime, China). After stimulating the cells, CCK-8 solution was introduced
to the wells, and the plates were incubated for 1 h at 37 °C in a humidified atmosphere consisting of 95% air
and 5% CO,. Absorbance readings were taken at 450 nm using a Microplate Reader (Bio-Rad, USA). Each
experimental condition was tested across three biological replicates and at least three independent experiments
were conducted.
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Western blotting

Proteins for Western blot analysis were extracted using RIPA lysis buffer (#P0013B, Beyotime, China),
supplemented with cOmplete protease inhibitors (#04693132001, Roche, Switzerland ) and PhosSTOP
(#4906845001, Roche, Switzerland). Protein concentrations were determined using the BCA™ Protein Assay Kit
(#A55864, Pierce, USA). The Western blotting was performed on a Bio-Rad Bis-Tris Gel system following the
instructions provided by the manufacturer. Primary antibodies were diluted in 5% blocking buffer and incubated
with the membranes overnight at 4 °C. After washing, membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1 h at room temperature. Following another rinse, the blots and
antibodies were processed in the Bio-Rad ChemiDoc™ XRS system. Subsequently, 200 ul of Immobilon Western
Chemiluminescent HRP Substrate (#WBKLS0050, Millipore, USA) was applied to the membrane surfaces.
Signal detection and band intensity analysis were carried out using Image Lab™ Software (Bio-Rad, USA). Three
independent experiments were performed to ensure reproducibility. The following primary antibodies were
used: klotho (#ab181373, 1:1000 dilution, Abcam, UK), COL1A1 (#C2456, 1:1000 dilution, Sigma-Aldrich,
USA), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (#¥MAB374, 1:5000, Millipore, USA), COL3A1
(#30565, 1:1000 dilution, Cell Signaling Technology, USA), fibronectin (#26836, 1:1000 dilution, Cell Signaling
Technology, USA), aSMA (#ab5694, 1:2000 dilution, Abcam, UK), Nrf2 (#sc-365949, 1:500 dilution, Santa Cruz
Biotechnology, USA), and CTGF (#sc-365970, 1:500 dilution, Santa Cruz Biotechnology, USA). Results were
quantified by densitometry using Image] software and expressed as the ratio of the target protein to GAPDH,
providing normalized data that facilitates comparison across samples.

miRNAs transfection

The scramble miRNA mimic negative control (#HY-R04602, MedChemExpress, USA), has-miR-556-3p mimic
(#HY-R01719, MedChemExpress, USA), miRNA inhibitor negative control (#HY-R104602, MedChemExpress,
USA), and miR-556-3p inhibitor (#HY-RI01719, MedChemExpress, USA)) purchased from MedChemExpress.
Transfections into cells were carried out utilizing Lipofectamine 3000 reagent (#1.3000008, Invitrogen, USA),
strictly adhering to the provided protocol.

Quantitative reverse transcription polymerase chain reaction (RT-qPCR)
Total RNA from cultured cells was isolated using the RNA pure Rapid Extraction Kit (#RP1202, Bioteke
Corporation, China), following the manufacturer’s protocol. For miRNA reverse transcription, cDNA synthesis
was performed by appending a poly (A) tail to the 3’ end of miRNAs using an oligo (dT) adaptor primer and
Super M-MLYV reverse transcriptase (#PR6502, Bioteke Corporation, China). For mRNA, reverse transcription
utilized a mix containing random primers and M-MLV reverse transcriptase. The resulting cDNA was then
amplified through RT-qPCR employing SYBR green Master Mix on an Exicycler 96 Real-Time Quantitative
Thermal Block (BIONEER, South Korea). U6 served as the internal standard for miRNA expression, and GAPDH
for mRNA expression levels. Specific primers U6 snRNA (TACCTTGCGAAGTGCTTAAAC) and miRNA-556-
3p (GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACAAAGA) were used to
synthesize the cDNA of U6 and miR-556-3p, respectively'®. RT-qPCR conditions included an initial incubation
at 95 °C for 10 min, followed by 40 cycles of 95 °C for 10 s, 60 °C for 20 s, and 72 °C for 30 s, with a final 5-minute
incubation at 4 °C. Relative expression was quantified using the 2 22CT method, with each sample analyzed in
triplicate across three independent experiments. Primers were synthesized by Sangon Biotech (China) and the
sequences were listed below:

miRNA-556-3p forward: 5'-ATATTACCATTAGCTCATCTTT-3’,

miRNA-556-3p reverse: 5'-GTCGTATCCAGTGCGTGTCGTG-3';

U6 forward: 5'-GTGCTCGCTTCGGCAGCACAT-3’;

U6 reverse: 5'-TACCTTGCGAAGTGCTTAAAC-3';

Nrf2 forward: 5-TCAGCGACGGAAAGAGTATGA-3’;

Nrf2 reverse: 5-CCACTGGTTTCTGACTGGATGT-3’;

Fibronectin forward: 5’-CGGTGGCTGTCAGTCAAAG-3’;

Fibronectin reverse: 5-AAACCTCGGCTTCCTCCATAA-3’;

aSMA forward: 5-AAAAGACAGCTACGTGGGTGA-3’;

aSMA reverse: 5-GCCATGTTCTATCGGGTACTTC-3’;

COLI1AL forward: 5-GAGGGCCAAGACGAAGACATC-3’;

COL1AL1 reverse: 5-CAGATCACGTCATCGCACAAC-3’;

COL3AL forward: 5-GGAGCTGGCTACTTCTCGC-3%;

COL3ALl reverse: 5-GGGAACATCCTCCTTCAACAG-3’;

Klotho forward: 5°-GTGCGTCCATCTGGGATACG-3’;

Klotho reverse: 5-TGTCGCGGAAGACGTTGTT-3;

CTGF forward: 5’- CAGCATGGACGTTCGTCTG-3’;

CTGF reverse: 5-AACCACGGTTTGGTCCTTGG-3’

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

To conduct a TUNEL assay (#C1086, Beyotime, China) on HK-2 cells, HK-2 cells were seeded in a culture dish
and incubated overnight. After the desired treatment, Medium was removed and the cells were washed with
PBS. The cells were fixed with 4% paraformaldehyde for 15 min at room temperature. followed by wash of the
cells again with PBS and permeabilization with 0.1% Triton X-100 in 0.1% sodium citrate for 5 min on ice. The
TUNEL reaction mixture was added to the cells and incubated in a dark, humidified environment at 37 °C for
1 h. After incubation, the cells were rinsed with PBS to remove any unbound TUNEL reagent. The images were
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analyzed to assess the proportion of TUNEL-positive cells, which reflects the extent of apoptosis in the cell
population. Three independent experiments were performed to ensure reproducibility.

Statistical analysis

All experiments were conducted in triplicate. Statistical evaluations were carried out using GraphPad Prism
version 6.0. Prior to conducting the analysis, the assumptions of ANOVA, including normal distribution
and homogeneity of variances, were verified using Shapiro-Wilk and Levene’s tests, respectively. Data were
analyzed using one-way ANOVA to determine the significant differences among treatment groups. To further
explore these differences, post-hoc pairwise comparisons were conducted using the Tukey’s Honest Significant
Difference (HSD) test when equal variances were assumed, and the Bonferroni correction was applied in cases
of multiple comparisons to control the type I error rate. Results are presented as mean + standard deviation (SD),
and a p-value of <0.05 was considered statistically significant. All experiments were conducted with a minimum
of n=3 biological replicates per treatment group to ensure adequate statistical power.

Result

Oxidative stress suppresses the expression of klotho

Previous study reported that the expression of klotho is regulated by oxidative stress?’. After treating human
renal tubular epithelial cells (HK-2) with increasing concentrations of H,O, (oxidant) for 24 h, gradual
increasing of ROS levels, concomitant increasing of cells death, and decreasing of cell viability was observed
(Fig. 1A and C). In addition, cell proliferation was also suppressed (Fig. 1D). Treatment with H,O, resulted in a
progressive decline in both mRNA and protein levels of klotho (Fig. 1E and F). Additionally, markers associated
with fibrosis, such as COL1A1 (Collagen, type I, alpha 1), COL3AL, fibronectin, and alpha smooth muscle actin
(a-SMA), were found to increase correspondingly (Fig. 1E and F). These findings underscore the inhibitory role
of oxidative stress on klotho expression, which may contribute to the pathogenesis of renal fibrosis in chronic

kidney disease.
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Fig. 1. Oxidative stress suppresses the expression of Klotho. (A-C) ROS levels (A), cell apoptosis (B), cell
viability (C), and cell proliferation (D) in HK-2 cells stimulated by indicated concentration of H,0,. (E)
mRNA levels of fibrosis-related genes in HK-2 cells challenged with indicated concentration of H,O,. (F)
protein levels of fibrosis-related genes in HK-2 cells stimulated by indicated concentration of H,O,. *p <0.05,
© p<0.01, **p<0.001, **p<0.0001.
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ROS scavenger upregulates Klotho and inhibits the expression of fibrosis-related genes

In cells treated with H,O, alone, there was a marked decrease in klotho expression, concurrent with increased
expression of fibrosis-associated genes such as COL1A1, COL3Al, fibronectin, and a-SMA. However, when
ROS scavenger N-acetyl-l-cysteine (NAC) was added to the H,O,-treated cells, ROS levels were significantly
reduced (Fig. 2A), along with a partial restoration of klotho expression and a significant reduction in the levels
of the fibrosis-related genes (Fig. 2B and C). This reversal suggests that by scavenging ROS, NAC mitigates the
oxidative stress-induced suppression of klotho and concurrently inhibits the progression of fibrosis in the renal
tubular epithelial cells.

Klotho inhibits the expression of fibrotic genes in HK-2 cells

To interrogate the role of klotho in modulating oxidative stress-mediated fibrosis in HK-2 cell, klotho was
overexpressed (Fig. 3A). Overexpression of klotho significantly affected cellular response to oxidative stress.
Overexpression of klotho repressed H,O, induced ROS production (Fig. 3B), reduced cell death (Fig. 3C),
increased cell viability (Fig. 3D) and proliferation (Fig. 3E). In the control group (Vector CTRL), treatment with
H,0, led to a marked increase in the expression of fibrosis-related genes such as COL1A1, COL3A1, fibronectin,
and a-SMA (Fig. 3F and G). Conversely, in the Klotho-OE group, there was a corresponding decrease in the
expression of the fibrosis-associated genes after H,O, treatment (Fig. 3F and G). The enhanced expression of
klotho appeared to confer a protective effect against the induction of fibrotic gene expression under oxidative
stress conditions.

ROS inhibits klotho expression by upregulating miR-556-3p

Previous study indicated that the expression of klotho was regulated by miR-556%!, but it remains to be
determined if oxidative stress control klotho expression through miR-556. We observed a significant increase
of miR-556 after H,0, treatment (Fig. 4A), while treatment with NAC decreased miR-556 expression (Fig. 4B).
To investigate if miR-556 regulate klotho expression in HK-2 cell, we treated the cells with miR-556 mimic, the
expression of klotho was reduced, while fibrotic genes were upregulated (Fig. 4C and D). Consistently, miR-556
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Fig. 3. Klotho inhibits the expression of fibrotic genes in HK-2 cells. Klotho was overexpressed in HK-2 cells.
(A) mRNA and protein level of Klotho in HK-2 cells with vector or Klotho overexpression. (B) Cell viability of
HK-2 cells stimulated with H,0,. (C) Cell proliferation of HK-2 cells stimulated with H,0,. (D) mRNA levels
of fibrosis-related genes in HK-2 cells stimulated with H,O,. (E) protein levels of fibrosis-related genes in HK-2
cells stimulated with H,0,. *p<0.05, **p <0.01, *** p<0.001, ***p <0.0001.

inhibitor treatment upregulated klotho expression and suppressed fibrotic-related genes (Fig. 4E and F). These
findings suggest that ROS may suppress klotho expression through the upregulation of miR-556.

ROS activates Nrf2 to upregulate the expression of miR-556

Nrf2 is a transcription factor activated in response to oxidative stress?2.. We assessed if Nrf2 is involved in the
regulation of miR-556 and klotho expression. H,0O, treatment promoted nuclear accumulation of Nrf2 in HK-2
cells (Fig. 5A). Knockdown of Nrf2 with shRNA reduced miR-556 while increased klotho expression (Fig. 5B),
and suppressed the expression of fibrotic genes (Fig. 5C). In align with this, Nrf2 inhibitor ML385 showed
similar effect in inducing klotho, and suppressing miR-556 and fibrotic genes (Fig. 5D and E). These findings
emphasize the role of Nrf2 in oxidative stress-induced cellular responses and its involvement in regulating key
molecular pathways that impact aging and fibrosis in renal cells. The results provide insights into how targeting
the Nrf2-miR-556 axis could be beneficial in managing the deleterious effects of oxidative stress in chronic
kidney disease.

Discussion

CKD is characterized by renal fibrosis, a crucial factor leading to irreversible tissue damage and functional
decline in the kidneys. Oxidative stress plays a pivotal role in kidney damage by promoting fibrotic processes
through various mechanisms. In this study, we discovered that oxidative stress significantly suppresses klotho
expression in HK-2 cell, accompanied with the upregulation of fibrosis markers, while ROS scavenger NAC
was able to partially restore klotho levels and reduce fibrotic activity, suggesting a therapeutic potential of
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Fig. 4. ROS inhibits Klotho expression by upregulating miR-556. (A) expression levels of miR-556 in HK-2
cells stimulated with vehicle control or H,O,. (B) expression levels of miR-556 in HK-2 cells stimulated with
vehicle control or H,0, and NAC. (C,D) mRNA (C) and protein (D) levels of fibrotic genes in HK-2 cells with
control or miR-556 mimics. (E,F) mRNA (E) and protein (F) levels of fibrotic genes in HK-2 cells with control
or miR-556 inhibitor. ** p<0.01, ** p<0.001.

antioxidants in renal fibrosis management. Additionally, overexpression of klotho could mitigate the effects
of oxidative stress by downregulating fibrosis-associated genes. Our findings further reveal a novel regulatory
pathway that oxidative stress-induced Nrf2 activation upregulates miR-556, leading to subsequently suppression
of klotho. These insights highlight crucial molecular targets, offering potential strategies for pharmacological or
genetic interventions to prevent or manage CKD progression.

ROS play a crucial role in the development and progression of CKD fibrosis. Studies have shown that ROS
contribute to sustained cell growth, inflammation, and excessive tissue remodeling, accelerating renal damage®23.
ROS-induced oxidative stress leads to the upregulation of fibrosis markers and the activation of profibrogenic
pathways, such as the transforming growth factor beta (TGF-B) pathway’. Additionally, the Na/K-ATPase/Src
complex and NADPH oxidases (NOXs) form an oxidant amplification loop that exacerbates ROS production,
contributing to renal fibrosis progression?. Furthermore, NOX5 has been identified as a key prooxidant enzyme
in diabetic kidney disease, enhancing kidney damage through increased ROS formation and modulation of
various signaling pathways involved in fibrosis and inflammation®. These findings underscore the significant
impact of ROS in driving CKD fibrosis.

Whereas klotho plays a crucial role in CKD fibrosis by exerting anti-fibrotic effects. Studies have shown that
klotho deficiency is associated with the progression of CKD stages?®, while klotho supplementation has been
found to reverse renal damage, decrease fibrosis index, and reduce the expression of fibrotic markers like collagen
I and transforming growth factor f%’. Additionally, klotho-derived peptides have been identified as potential
therapeutic agents that target the TGF-p signaling pathway to inhibit fibroblast activation and ameliorate renal
fibrosis?®. Furthermore,, alpha-klotho protein levels negatively correlated with TGF-p1 in diabetic nephropathy
patients, suggesting a role in preventing fibrogenesis and serving as a prognostic marker for disease severity?.
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Fig. 5. ROS activates Nrf2 to upregulate the expression of miR-556. (A) Nrf2 levels in the cytosol and nucleus
fraction of HK-2 cells stimulated with vehicle control or H,O,. (B) Klotho and miR-556 expression in HK-2
cells with shCTRL or shNrf2. (C) Klotho and fibrotic gene expression in HK-2 cells with shCTRL or shNrf2.
(D) Klotho and miR-556 expression in HK-2 cells with control or Nrf2 inhibitor ML385. (E) Klotho and
fibrotic gene expression in HK-2 cells with shCTRL or shNrf2. *p <0.1, **p <0.01, ***p <0.001.

Overall, klotho emerges as a promising target in combating fibrosis in CKD through its anti-fibrotic properties
and regulatory effects on key signaling pathways.

Previous studies reported that oxidative stress responses, wherein the reduction of klotho was accompanied
by upregulation of fibrotic markers such as COL1A1, COL3A1, fibronectin, and a-SMA3*3!, while reported that
antioxidants could restore klotho levels and inhibit fibrosis’>33, which are in consistent with our data showing
thatincreasing concentrations of H,0, led to a dose-dependent suppression of klotho. This suppression correlates
with an upregulation of fibrosis markers such as COL1A1, COL3Al, fibronectin, and a-SMA. These results
strongly suggest that oxidative stress is a pivotal factor in reducing klotho expression, thereby contributing to
the fibrotic processes observed in CKD.

Nrf2 is a key regulator of oxidative stress responses and plays a crucial role in CKD fibrosis by regulating
oxidative stress, antioxidant pathways, and fibrotic signaling. Nrf2 activation can alleviate oxidative damage
and renal fibrosis in CKD3**%. Nrf2 activation enhances antioxidant capacity, reduces oxidative stress, and
downregulates fibrotic pathways like TGF-B1, ultimately delaying CKD progression®. Additionally, Nrf2
activation targets key molecules involved in fibrosis to attenuate tubulointerstitial fibrosis in renal cells¥’.
Moreover, Nrf2 activation is associated with mitochondrial homeostasis improvement, further contributing
to the mitigation of fibrosis in CKD. Our further analysis demonstrated the role of miR-556-3p as a crucial
mediator in this regulatory pathway. We found that oxidative stress, through the activation of the Nrf2 pathway,
significantly increases the expression of miR-556-3p. The upregulated miR-556-3p then acts to suppress klotho
expression, reinforcing the fibrotic response. This novel finding highlights the intricate molecular interplay where
Nrf2, typically known for its protective role against oxidative damage, paradoxically promotes the expression of a
miRNA that contributes to detrimental outcomes in kidney cells.

The suppression of klotho by miR-556-3p under oxidative conditions suggests a complex regulatory
mechanism that could be manipulated for therapeutic benefit. Prior studies have highlighted Nrf2’s role in
modulating oxidative stress and inflammation through interactions with various miRNAs, including miR-556
3839 Qur investigation revealed that Nrf2 activation leads to the upregulation of miR-556-3p, which subsequently
suppresses klotho expression. We further found that suppressing miR-556-3p led to increased klotho expression
and reduced expression of fibrosis markers.

With the fast-developing techniques in drug delivery, it becomes feasible to targeting critical mediators in
the signaling pathways that contribute to disease progression. Our study elaborated the oxidative stress induced
Nrf2-miR-556-3p-klotho pathway also provided several targetable molecules for the treatment of CKD, which
could be further evaluated in animal model of CKD. Considering the protective effects of klotho against oxidative
stress and fibrosis demonstrated in our study and others, therapies aimed at increasing klotho levels directly,
such as gene therapy or klotho protein supplementation, could provide innovative treatments for CKD patients.
Previous studies have reported recombinant a-Klotho protein is safe and efficacious, and might be a promising
prophylactic or therapeutic option for prevention or retardation of AKI-to-CKD progression’. Recent advances
in miRNA delivery also facilitated the investigation of therapeutic potentials of small RNAs that targeting genes
of interest*!. By targeting Nrf2 or miR-556-3p and subsequently restore klotho expression, we may be able
to offer a new approach to mitigating fibrosis and slowing CKD progression. Considering the central role of
oxidative stress in CKD pathogenesis, strategies that enhance the cellular antioxidant responses through Nrf2
could be particularly beneficial. Moreover, the inhibition of miR-556-3p presents another promising avenue.
Given our findings that miR-556-3p downregulation leads to an increase in klotho, which is protective against
fibrosis, developing miR-556-3p inhibitors could potentially be a direct method to enhance klotho levels and
reduce fibrosis. Studies targeting similar miRNAs in other diseases suggest the feasibility of this approach*2.
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However, our current study also has certain limitations. Primarily, the use of an in vitro model may not
fully replicate the in vivo environment, potentially limiting the generalizability of the findings. Future studies
should include in vivo models to validate these results and confirm the therapeutic potential of targeting the
Nrf2-miR-556-3p-Klotho pathway. Additionally, the oxidative stress conditions were limited to specific H,O,
concentrations, which may not encompass the full spectrum of oxidative stress conditions encountered in
vivo. Exploring a broader range of oxidative stress sources and levels in future studies would provide a more
comprehensive understanding of these mechanisms. The study also involved short-term exposure to oxidative
stress, which may not fully capture the long-term effects of oxidative stress on klotho expression and fibrosis
in CKD. Lastly, while this study offers valuable mechanistic insights, clinical data are necessary to support the
translational relevance of the findings. Future research should aim to correlate these molecular mechanisms with
clinical outcomes in CKD patients.

To confirm and expand upon the findings of this study, several future research directions are suggested.
Firstly, in vivo experiments are crucial to validate the in vitro results and to understand the complex interactions
in a whole-organism context. Animal models of CKD should be employed to examine the role of the Nrf2-miR-
556-3p-Klotho pathway in renal fibrosis and to test the therapeutic potential of modulating this pathway via
using antioxidant, or supplementating of klotho.

In conclusion, this study advances the field of renal disease research by providing new insights into the
molecular mechanisms of oxidative stress and its impact on renal fibrosis. By identifying the Nrf2-miR-556-3p-
Klotho axis as a critical pathway in the regulation of fibrosis, we have highlighted potential therapeutic targets
that could be leveraged to develop novel treatments for CKD.
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