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a b s t r a c t

Diabetic kidney disease (DKD) is recognized as a severe complication in the development of diabetes

mellitus (DM), posing a significant burden for global health. Major characteristics of DKD kidneys in-

clude tubulointerstitial oxidative stress, inflammation, excessive extracellular matrix deposition, and pro-

gressing renal fibrosis. However, current treatment options are limited and cannot offer enough efficacy,

thus urgently requiring novel therapeutic approaches. Tetrahedral framework nucleic acids (tFNAs) are a

novel type of self-assembled DNA nanomaterial with excellent structural stability, biocompatibility, tai-

lorable functionality, and regulatory effects on cellular behaviors. In this study, we established an in vitro

high glucose (HG)-induced human renal tubular epithelial cells (HK-2 cells) pro-fibrogenic model and

explored the antioxidative, anti-inflammatory, and antifibrotic capacity of tFNAs and the potential molec-

ular mechanisms. tFNAs not only effectively alleviated oxidative stress through reactive oxygen species

(ROS)-scavenging and activating the serine and threonine kinase (Akt)/nuclear factor erythroid 2-related

factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling pathway but also inhibited the production of pro-

inflammatory factors such as tumor necrosis factor (TNF-α), interleukin-1β (IL-1β), and interleukin-6

(IL-6) in diabetic HK-2 cells. Additionally, tFNAs significantly downregulated the expression of Collagen

I and α-smooth muscle actin (α-SMA), two representative biomarkers of pro-fibrogenic myofibroblasts

in the renal tubular epithelial-mesenchymal transition (EMT). Furthermore, we found that tFNAs exerted

this function by inhibiting the Wnt/β-catenin signaling pathway, preventing the occurrence of EMT and

fibrosis. The findings of this study demonstrated that tFNAs are naturally endowed with great potential to

prevent fibrosis progress in DKD kidneys and can be further combined with emerging pharmacotherapies,

providing a secure and efficient drug delivery strategy for future DKD therapy.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Diabetic kidney disease (DKD) is a severe complication in dia-

betes mellitus (DM) and is acknowledged as the leading cause of

end-stage renal disease (ESRD) [1]. Major histopathological changes

in DKD kidneys involve both glomerulus and tubule interstitium,

characterized by basement membrane thickness, extracellular ma-

trix expansion, and fibrosis [2,3]. Uncontrolled renal fibrosis will

further develop into irreversible renal sclerosis and ultimately re-

nal failure, which suffers from poor treatment options (dialysis or

kidney transplantation) and increased mortality risk [3]. Nowadays,

due to the development of the economy and alteration of lifestyle,

∗ Corresponding author.

E-mail address: sirongshi@scu.edu.cn (S. Shi).

the incidence of obesity and ensuing type 2 diabetes in develop-

ing countries is continuously growing. It is predicted that by 2035,

the global population of diabetes mellitus patients will surpass

600 million, significantly increasing the public burden [4]. There-

fore, effective preventative and therapeutic strategies are urgently

needed to cope with this serious issue.

Focusing on the histopathological process of DKD, accumulat-

ing evidence suggests that tubulointerstitial inflammation, espe-

cially in proximal tubular epithelial cells, plays a pivotal role in

renal fibrosis [5]. On the one hand, hyperglycemia can induce

hyper-reabsorption of glucose in proximal tubular epithelial cells,

significantly increasing mitochondria activities and excessive reac-

tive oxygen species (ROS) production, resulting in oxidative stress.

https://doi.org/10.1016/j.cclet.2024.110140
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Then high concentrations of intracellular ROS can act as a po-

tent pro-inflammatory factor to upregulate the expression of tu-

mor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and IL-6,

further contributing to tubulointerstitial inflammation and ensu-

ing fibrosis. On the other hand, many studies also support that

high glucose (HG) will activate the Wnt signal transduction path-

way, causing epithelial-mesenchymal transition (EMT) [2]. In DKD,

nearly 30% of fibroblasts or myofibroblasts originate from tubular

epithelial cells, exerting a dominant role in extracellular matrix

production and secretion [3,6]. Although pharmacotherapies via

renin-angiotensin-aldosterone system (RAAS) blockers and sodium-

glucose co-transporter 2 (SGLT2) inhibitors have been demon-

strated to alleviate the progression of renal fibrosis, the collateral

outcomes remain unsatisfactory, requiring other alternative solu-

tions [7].

With the rapid development of nanotechnology, various nanos-

tructures with excellent physical, chemical, and biological proper-

ties consecutively emerged, providing innovative biological detec-

tion, diagnosis, and treatment strategies to address current clin-

ical challenges [8-10]. Among these new-generation nanomateri-

als, tetrahedral framework nucleic acids (tFNAs), a novel three-

dimensional DNA nanomaterial initially proposed by Turberfield in

2004 [11], came out due to their prominent performance. Based on

the Waston-Crick base-pairing principle, the synthesis of tFNAs is

convenient and efficient meanwhile. The “one-pot” synthesis proto-

col enables four precisely designed isometric single-stranded DNA

(ssDNA) self-assemble into stable tetrahedrons, with up to 90%

high yields [12,13], laying a solid foundation for further construc-

tion of functional tFNAs complex [14-17]. In addition, tFNAs also

possess excellent biocompatibility, cellular endocytosis, tailorable

functionality, and particularly innate regulatory effects on cell be-

havior [18]. For example, abundant evidence has demonstrated that

tFNAs can effectively scavenge excessive ROS and regulate rele-

vant signaling pathways through multi-facet mechanisms, protect-

ing cells from oxidative stress and inflammatory damage [19-22].

Moreover, the antifibrotic advantages of tFNAs and derived func-

tional complexes have also been widely verified in previous stud-

ies, including scarless skin wound healing [23-25], attenuated liver

cirrhosis [26,27], as well as acute kidney injury (AKI) [28]. How-

ever, to the best of our knowledge, few reports have evaluated the

antifibrotic effects of simple tFNAs on the DKD HG microenviron-

ment. Given the aforementioned DKD pathological origin and tF-

NAs biochemical basis, we assumed that tFNAs could also exert

protective impacts on diabetic renal tubular epithelial cells. Ac-

cording to the study of Zhang et al. and Lu et al., 30mmol/L glucose

(HG) can induce adequate diabetic injury in human renal tubular

epithelial cells (HK-2) [29-31]. Therefore, in this study, we devel-

oped a HG-induced diabetic HK-2 cell model in vitro, and investi-

gated the antifibrotic capacity of tFNAs, hoping to provide evidence

for tFNAs as a potential alternative for future DKD treatment.

According to previous reports from our group, tFNAs were

synthesized through the self-assembly of four designed single-

stranded DNA (ssDNA) based on Watson-Crick base pairing prin-

ciples [12,13]. The synthesis scheme is shown in Fig. 1A, and se-

quences of the four ssDNA strands are listed in Table S1 (Support-

ing information). The molecular weight of tFNAs was verified by

polyacrylamide gel electrophoresis (PAGE) and high-performance

capillary electrophoresis (HPCE). Results in Figs. 1B and C showed

that the molecular weight of tFNAs reached around 200bp, and

therefore tFNAs moved slower than the other four single strands

and two half-assembled structures. Dynamic light scattering (DLS)

further confirmed that the size (Fig. 1D) and zeta potential (Fig. 1E)

of tFNAs are around 7.689nm and −8.97mV, respectively. Trans-

mission electron microscopy (TEM) and atomic force microscopy

(AFM) were employed to observe the morphologies of tFNAs, illus-

trating the triangle-shaped nanostructure of tFNAs (Figs. 1F and G).

Fig. 1. Fabrication and characterization of tFNAs. (A) Schematic illustration of the

synthesis process of tFNAs. (B) PAGE was applied to verify the successful synthe-

sis of tFNAs. (C) HPCE was applied to evaluate the molecular weight of S1–2, S1–3,

and tFNAs. (D) DLS was used to detect the hydrated size of tFNAs. (E) Zeta poten-

tial distribution of tFNAs. (F) TEM was employed to characterize the morphologies

of tFNAs. Scale bar: 100nm. (G) AFM images of tFNAs. Scale bar: 200nm. (H) Flu-

orescence images for cellular uptake of Cy5-tFNAs in the Ctrl and HG groups. Cy-

toskeleton: green; Cy5: red; 4′ ,6-diamidino-2-phenylindole (DAPI): blue. Scale bar:

50 μm. (I, J) Flow cytometric results for cellular uptake of Cy5-tFNAs in the Ctrl and

HG groups.

The aforementioned results suggested our successful fabrication of

tFNAs for subsequent studies.

Since effective internalization of tFNAs is the prerequisite for

conducting intracellular biological effects, exploring the HK-2 cel-

lular uptake characteristic of tFNAs in both normal and HG states is

important. Confocal fluorescence images observed the relationship

between Cy5-tFNAs and HK-2 cell structures in situ. As is shown

in Fig. 1H, there were similar endocytosis trends between the Ctrl

and HG groups. First, after 24h incubation, many Cy5-tFNAs suc-

cessfully entered and were distributed in the cytoplasm of HK-2

cells. As time passed, the intracellular Cy5 fluorescence intensity in

the two states both became even stronger after 48h, indicating the

stable and long-lasting internalization of tFNAs. Previous studies

have found that tFNAs can be autonomously and efficiently inter-

nalized without other delivery assistance, possibly via the caveolin-

dependent pathway and macropinocytosis-related protein sorting

nexin 5 (SNX5) [32-34]. Additionally, flow cytometry was applied

to quantify the cellular uptake proportion. Consistent with fluo-

rescence detection results, uptake of tFNAs in normal (Ctrl) and

diabetic (HG) HK-2 cells both achieved a relatively high level in

24h and slightly increased until 48h. The internalization in the

Ctrl group increased from 96.1% to 98.0%, while that of the HG

group was 96.2% and 98.2% (Figs. 1I and J). These results proved
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that tFNAs can successfully penetrate cell membranes and be well-

compatible with HK-2 cells. Moreover, we performed a cell count-

ing kit-8 (CCK-8) assay to determine an appropriate concentration

of tFNAs for further therapy. As illustrated in Fig. S1 (Support-

ing information), no obvious negative adverse effects on cell via-

bility were observed among the five concentration gradients, and

250nmol/L exhibited a slight advantage over other concentrations.

Referring to previous studies, 250nmol/L tFNAs generally exhibited

the optimal cytoprotective effects [35,36], and therefore were fi-

nally selected for subsequent studies.

HG concentrations can directly induce excessive production

of ROS and activate many pro-inflammatory signaling pathways,

exerting a synergistic role in exacerbating DKD renal fibrosis.

On the one hand, HG-induced mitochondria dysfunction leads to

ROS over-accumulation, which subsequently participates in the

nonenzymatic glycation reactions of reducing sugars like glucose

and promotes advanced glycation end products (AGE) formation

[37,38]. On the other hand, HG-derived AGEs as a potent pro-

inflammatory factor could activate various inflammatory signaling

pathways, aggravating intracellular oxidative stress in return [7].

Consequently, blocking the vicious circle via ROS-scavenging can

be a feasible access to prevent the further development of dia-

betic diseases [39]. Several previous studies have reported the an-

tioxidative properties of tFNAs in diabetic disease models, includ-

ing glucosamine (GlcN)-induced insulin resistance (IR) [40], AGEs-

induced angiogenesis deficiency [25,41,42] and diabetic osteoporo-

sis [43,44]. However, the ROS-scavenging ability of simple tFNAs

in HG renal tubular epithelial cells has not been investigated yet.

Hence, flow cytometry and fluorescence assays were performed via

the 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) fluores-

cent probe to compare the intracellular ROS changes among nor-

mal (Ctrl), diabetic (HG), and prevented (HG+ tFNAs) HK-2 cells.

ROS can oxidize nonfluorescent DCFH and become fluorescent DCF,

and the fluorescence intensity is in direct proportion to the in-

tracellular ROS concentrations. As the flow cytometrical analysis

showed in Fig. 2A, the intracellular ROS was kept at a moder-

ate level in normal states to guarantee necessary signal transduc-

tion and metabolic activities. However, stimulated by HG, ROS pro-

duction in the HG group was upregulated for about 13%, induc-

ing oxidative stress. In contrast, incubated with 250nmol/L tFNAs

for 48h prevention, the ROS level in the HG group was effec-

tively downregulated for around 7%, becoming closer to the normal

state. The same inhibitory effect was also observed in confocal flu-

orescence images, confirming the antioxidative advantage of tFNAs

(Fig. 2B).

Accumulating evidence indicates that the nuclear factor ery-

throid 2-related factor 2 (Nrf2) is an essential target of the an-

tioxidative activities of tFNAs [45,46]. Nrf2 is a pro-survival tran-

scription factor that extensively participates in antioxidation, anti-

inflammation, and anti-apoptosis processes, tightly interrelating

with the serine and threonine kinase (Akt) and heme oxygenase-

1 (HO-1) [47,48]. To further figure out the underlying antioxida-

tive mechanism of tFNAs, we established a chronic diabetic model

in vitro and evaluated the protein and mRNA expression level of

Akt/Nrf2/HO-1 signaling after coculture for 48–72h. The activa-

tion degree of Akt signaling is assessed by the ratios of phospho-

rylated Akt (p-Akt) and total Akt. Western blot (WB) results and

semi-quantification analysis showed that compared to normal cells,

Akt phosphorylation proportion in the HG group was evidently de-

creased to 0.56-fold, indicating the impairment of protective de-

fense. In contrast, pre-treatment by tFNAs effectively activated Akt

signaling, increasing the protein expression of p-Akt up to 0.73-

fold. In response to HG-induced oxidative stress, HK-2 cells natu-

rally upregulated the expression of Nrf2 and HO-1 protein, which

was further enhanced by tFNAs. The relative protein expression of

Nrf2 increased from 1.45-fold to 1.65-fold, while that of HO-1 in-

Fig. 2. tFNAs suppressed HG-induced oxidative stress via ROS-scavenging and

Akt/Nrf2/HO-1 pathway. (A) Flow cytometric results for intracellular ROS fluores-

cence detection. (B) Fluorescence images for intracellular ROS fluorescence detec-

tion. ROS: green; Hoechst: blue. Scale bar: 200μm (20×) and 50μm (60×). (C) WB

was used to evaluate the expression of Akt, p-Akt, Nrf2, and HO-1 proteins. (D) Sta-

tistical analysis of relative protein expression of antioxidative pathway. (E–H) Im-

munofluorescence staining and quantitative analysis of p-Akt, Nrf2, HO-1 protein.

Cytoskeleton: green; p-Akt/Nrf2/HO-1: red; DAPI: blue. Scale bar: 50 μm. Group set-

tings: 1-Ctrl, 2-HG, 3-HG+ tFNAs 48h, 4-HG+ tFNAs 72h. Data are presented as

mean ± standard deviation (SD) (n=3). #P<0.05, ##P<0.01, ###P<0.001 vs. the

control group; ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001 vs. the HG-treated group; @P<0.05,
@@P<0.01, @@@P<0.001 vs. the HG+ tFNAs 48h group.

creased from 1.39-fold to 1.53-fold (Figs. 2C and D). The results

of the immunofluorescence staining analysis and quantitative poly-

merase chain reaction (qPCR) showed similar trends in Figs. 2E–H

and Fig. S2 (Supporting information). Besides, it is also notable that

the expression levels of Akt/Nrf2/HO-1 pathway in HG+ tFNAs 48h

group were generally higher than that of HG+ tFNAs 72h group,

which can be associated with two reasons. First, the qPCR results

showed that the Kelch-like ECH-associated protein 1 (Keap1), an

inhibitive factor of antioxidative Nrf2, was downregulated upon

HG stimulation, and the degree was attenuated after 72h, there-

fore decreasing the expression of Nrf2/HO-1. Moreover, with the

treatment of tFNAs and disease recovery, downstream accumulated

high concentrations of HO-1 would possibly inhibit the continuous

activation of upstream p-Akt and Nrf2, thus maintaining intracel-

lular homeostasis via a negative feedback mechanism.

HG-induced oxidative stress is a pivotal factor mediating cel-

lular inflammatory reaction, gradually developing into a chronic

state and further stimulating fibrogenic translation. Extensive stud-

ies have revealed that HG can directly and indirectly increase the

pro-inflammatory activities of nuclear factor kappa-B (NF-κB) and

mitogen-activated protein kinase (MAPK) pathway through compli-

cated signaling networks, ultimately resulting in uncontrolled in-

flammation mediated by TNF-α, IL-1β and IL-6 [49-51]. However,
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Fig. 3. tFNAs inhibited the expression of pro-inflammatory factors induced by HG.

(A) WB results of TNF-α protein. (B) Immunofluorescence staining and 3D-thermal

images of TNF-α. Cytoskeleton: green; TNF-α: red; DAPI: blue. Scale bar: 50 μm.

(C) Statistical analysis of relative protein, mRNA, and fluorescence expression of

TNF-α. (D, E) Immunofluorescence staining and 3D-thermal images of IL-1β and

IL-6. Cytoskeleton: green; IL-1β/IL-6: red; DAPI: blue. Scale bar: 50 μm. (F) WB re-

sults of IL-1β protein. (G) Statistical analysis of relative protein, mRNA, and fluo-

rescence expression of IL-1β . (H) WB results of IL-6 protein. (I) Statistical analysis

of relative protein, mRNA, and fluorescence expression of IL-6. Group settings: 1-

Ctrl, 2-HG, 3-HG+ tFNAs 48h, 4-HG+ tFNAs 72h. Data are presented as mean ± SD

(n=3). #P<0.05, ##P<0.01, ###P<0.001 vs. the control group; ∗P<0.05, ∗∗P<0.01,
∗∗∗P<0.001 vs. the HG-treated group; @P<0.05, @@P<0.01, @@@P<0.001 vs. the

HG+ tFNAs 48h group.

previous studies have well-demonstrated that tFNAs are innately

endowed with the ability to regulate inflammatory pathways such

as phosphatidylinositide 3-kinases (PI3K)/Akt [41,52], NF-κB [53],

MAPK [19], becoming a promising anti-inflammatory strategy in

HG conditions. Herein, we monitored the expression level of three

dominant pro-inflammatory molecules in DKD, including TNF-α,

IL-1β , and IL-6, aiming to explore the chronic anti-inflammatory

capacity of tFNAs. As the WB and immunofluorescence staining re-

sults indicated in Figs. 3A and B, the relative protein production of

TNF-α was significantly increased after 72h HG coculture, reaching

approximately 1.54-fold (Fig. 3C). However, with the prevention of

tFNAs, not only the TNF-α protein concentrations were effectively

decreased to 1.27-fold after 48h and 1.05-fold after 72h, the mRNA

levels also declined from 4.75-fold to 1.58-fold and 1.34-fold (Fig.

3C). Likewise, generation of IL-1β and IL-6 was also detected, and

both of them were observed with apparent suppression in fluo-

rescence intensity due to the anti-inflammatory property of tFNAs

(Figs. 3D and E). After up to 72h pre-incubation, tFNAs inhibited

nearly 36% expression of IL-1β protein and 94% mRNA (Figs. 3F

and G), while that of IL-6 respectively account for 29% and 62%

(Figs. 3H and I). Based on the tight association between the renal

tubular epithelial cells fibrogenic translation and aforementioned

molecular mechanisms [54], it can be concluded from Fig. 3 that

tFNAs can well satisfy the anti-inflammation requirement for DKD

prevention, and the effect can continue until at least 72h in vitro.

Chronic inflammation constantly stimulates the profibrotic pro-

cess of renal tubular epithelial cells, resulting in excessive extra-

cellular matrix (ECM) deposition and renal tubulointerstitial fibro-

sis (TIF) [55]. The primary source of increased ECM is ascribed to

myofibroblast, a pathologically differentiated cell phenotype char-

acterized by elevated α-smooth muscle actin (α-SMA) expression

and collagen I secretion [56]. Many researchers have reported the

diverse and complicated constitution of the myofibroblast pool, in

which tubular epithelial cells are considered a significant contribu-

tor [57]. Under HG circumstances, renal tubular epithelial cells can

be injured by multiple factors, such as aforementioned oxidative

stress and chronic inflammation, thus involved in the EMT process

and translating into myofibroblasts [58-60]. Although the original

significance of EMT lies in self-defense and recovery promotion,

sustaining activation of EMT eventually reverses the outcome into

harmful and even irreversible renal fibrosis [57,61].

Consequently, to evaluate the extent of HG-mediated pro-

fibrosis and tFNAs-mediated antifibrosis, we detected and quanti-

fied the expression levels of collagen I and α-SMA in diabetic and

tFNAs-prevented HK-2 cells. Based on WB results presented in Figs.

4A and B, incubation with HG for 72h obviously upregulated the

protein expression of collagen I and α-SMA, which indicated that

HG successfully induced the EMT process and facilitated the fibro-

genesis activity of HK-2 cells. In contrast, tFNAs successfully down-

regulated these two fibrogenic indicators to a nearly normal state,

and the efficacy increased from 48h to 72h. Immunofluorescence

staining and semi-quantification analysis illustrated in Figs. 4C and

D showed that pre-incubation with HG HK-2 cells with 250nmol/L

tFNAs significantly decreased the relative fluorescence intensity of

collagen I from 1.30-fold to around 0.74-fold, with that of α-SMA

declined from 1.64-fold to 1.10-fold in 48h and 0.76-fold in 72h,

which is consistent with the WB results. Similar results were also

obtained by qPCR statistical analysis (Fig. 4D), confirming the effi-

cient EMT and fibrogenesis alleviation by tFNAs in pathological HG

circumstances.

In previous studies, tFNAs also exhibited both natural and func-

tionally enhanced antifibrotic advantages. For instance, simple tF-

NAs can already achieve scarless cutaneous wound healing via

the Akt pathway [23,41], in which healing peptides can further

strengthen to promote angiogenesis via the ERK1/2 pathway [25].

Multiple pathways are involved in fibrotic development, including

TGF-β , NF-κB, NOTCH, and the dominant Wnt/β-catenin pathway

in the diabetic EMT process [62]. During EMT progression, renal

tubular epithelial cells as the primary contributor of Wnt factor

upon various stimulations will upregulate the β-catenin concen-

trations in the cytoplasm. Over-activated β-catenin subsequently

translocates into the nucleus and combines with lymphoid en-

hancer factor-dependent gene (Lef1), forming a functional com-

plex to trigger downstream gene expression such as α-SMA, and

cyclin D1 [61,63]. α-SMA, the biomarker of myofibroblasts as we

mentioned before, characterizes the EMT progression. While cyclin

D1 participates in the premature senescence of renal tubular cells,

whose excessive increase results in chronic tubular injury and fi-

brosis [64]. In our study, in order to further elucidate the underly-

ing molecular mechanism of EMT inhibition and fibrogenesis atten-

uation by tFNAs, we assessed the expression level of the Wnt/β-

catenin pathway. According to the WB analysis results shown in

Figs. 4E and F, 72h incubation with HG obviously activated the

Wnt/β-catenin pathway, with protein expression of β-catenin in-

creased to 1.44-fold, Lef1 increased to 2.13-fold and cyclin D1 in-

creased to 2.27-fold, compared to the control group. In contrast,

pre-incubation with tFNAs helped to relieve Wnt-mediated EMT.

After 48–72h prevention, the expression level of β-catenin protein

declined to around 1.10-fold, with Lef1 and cyclin D1 respectively

4
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Fig. 4. tFNAs prevented the HG-mediated EMT process via down-regulating the

Wnt/β-catenin pathway. (A, B) WB and semi-quantification results of collagen I

and α-SMA protein expression. (C) Immunofluorescence staining and 3D-thermal

images of collagen I and α-SMA. Cytoskeleton: green; Collagen I/α-SMA: red; DAPI:

blue. Scale bar: 50 μm. (D) Statistical analysis of relative mRNA and fluorescence ex-

pression of Collagen I and α-SMA. (E, F) WB and semi-quantification results of the

expression of β-catenin, Lef1, and cyclin D1 protein. (G) Immunofluorescence stain-

ing and 3D-thermal images of β-catenin, Lef1, and cyclin D1. Cytoskeleton: green;

β-catenin/Lef1/cyclin D1: red; DAPI: blue. Scale bar: 50 μm. Group settings: 1-Ctrl,

2-HG, 3-HG+ tFNAs 48h, 4-HG+ tFNAs 72h. Data are presented as mean ± SD

(n=3). #P<0.05, ##P<0.01, ###P<0.001 vs. the control group; ∗P<0.05, ∗∗P<0.01,
∗∗∗P<0.001 vs. the HG-treated group; @P<0.05, @@P<0.01, @@@P<0.001 vs. the

HG+ tFNAs 48h group.

dropping to 0.65- and 1.47-fold. This trend was well matched with

the immunofluorescence staining results demonstrated in Fig. 4G.

In addition, we also examined the activation level of the Wnt/β-

catenin pathway in terms of gene expression, and statistics sug-

gested that tFNAs reduced nearly 38% β-catenin mRNA, 30% Lef1

mRNA and 29% cyclin D1 mRNA after 48h prevention (Fig. S3 in

Supporting information). However, all three indicators were picked

up in the 72h prevention group, possibly due to negative feed-

back inhibition from other regulatory factors [65]. As an essen-

tial regulator in embryonic development and adult tissue home-

ostasis, Wnt/β-catenin signaling extensively participates in various

diseases and exhibits different mediation functions [66]. Several

studies have explored regulations of tFNAs on the Wnt/β-catenin

pathway, and the consequences vary based on different pathologi-

cal backgrounds. In cutaneous wound healing and acute liver fail-

ure, tFNAs mainly contributed to promoting cell proliferation via

reversing the downregulated Wnt signaling [42,67], while in os-

teoarthritis, tFNAs helped chondrocytes survival via Wnt inhibi-

tion [21]. In our study, unbalanced activation of the Wnt/β-catenin

pathway in HG-induced tubular epithelial cells EMT was success-

fully rectified by tFNAs, providing more evidence for DKD manage-

ment through targeting the Wnt/β-catenin signaling pathway.

In conclusion, under long-term HG circumstances, renal tubu-

lar epithelial cells continuously underwent oxidative stress, inflam-

mation, and EMT process, which jointly result in pro-fibrogenic

phenotype translation and mass production of collagen, ultimately

manifesting as progressing renal fibrosis. However, the advent

of novel tFNA nanostructures brings the stable, biocompatible,

and tailorable antifibrotic strategy into reality. Extensive studies

have confirmed that self-assembled tFNAs can be not only fa-

cilitated to penetrate the cell membrane and regulate cell be-

havior but also highly open to composite functionalized systems

with miRNA, peptide, aptamers and so on, realizing targeted drug

delivery and responsive drug release [68-70]. In this study, tak-

ing advantage of the excellent biological properties of tFNAs, we

successfully achieved antioxidation and anti-inflammation therapy

through ROS-scavenging and modulations on the Akt/Nrf2/HO-1

pathway. Furthermore, tFNAs effectively prevented the fibrogene-

sis process in diabetic HK-2 cells by inhibiting the activation of

the EMT-related Wnt/β-catenin signaling pathway. Hitherto, phar-

macotherapy of renal fibrosis mainly relies on RAAS blockers and

some Chinese traditional medicine, but the effect remains unsat-

isfactory, partly due to short biological half-life and poor water

solubility. Our primary exploration of the naturally antifibrotic po-

tential of tFNAs provides a wide field for further development of

functionalized tFNAs-derived drug delivery platforms, which could

make up the drawbacks mentioned above to the maximum and

bring more secure, efficient as well as controllable strategy for DKD

management.
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