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ABSTRACT: Acute kidney injury (AKI) is not only a worldwide problem with
a cruel hospital mortality rate but also an independent risk factor for chronic
kidney disease and a promoting factor for its progression. Despite supportive
therapeutic measures, there is no effective treatment for AKI. This study
employs tetrahedral framework nucleic acid (tFNA) as a vehicle and combines
typhaneoside (Typ) to develop the tFNA-Typ complex (TTC) for treating AKI.
With the precise targeting ability on mitochondria and renal tubule, increased
antiapoptotic and antioxidative effect, and promoted mitochondria and kidney
function restoration, the TTC represents a promising nanomedicine for AKI
treatment. Overall, this study has developed a dual-targeted nanoparticle with
enhanced therapeutic effects on AKI and could have critical clinical
applications in the future.
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cute kidney injury (AKI), a series of syndromes, has or untreated AKI by 2025.”'* However, at present, the primary
Asimilar clinical manifestations but various pathogenic clinical treatment for AKI is still supportive therapy; there is

causes, including sepsis, trauma, cardiac surgery, neither non-nephrotoxic treatment available to cure early phase
nephrotoxic drugs, etc.’” AKI is identified by the increased AKI nor effective management to improve disease outcomes,
risk of renal injury, failure, or loss of kidney function and end- which are in urgent need."’
stage kidney disease (ESRD) in RIFLE.’ According to the AKI arises from various causes and frequently evolves into a
Acute Kidney Injury Network (AKIN) criteria, AKI is seconc;;ﬁy léinjury known as ischemia-reperfusion (I/R)
diagnosed with one of the following criteria: (i) serum injury.” """ Second only to the brain, the kidney owns the
creatinine (Scr) increasing by 0.3 mg/dL in 48 h; (ii) 1.5 times most abundant mitochondria, especially in proximal tubule
of baseline in 7 days; (iii) urine volume <0.5 mL/kg/h for 6 h." cells, which undertake approximately 70% of glomerular

filtration and solute reabsorption.14 The I/R injury causes
renal mitochondrial dysfunction, metabolism disorder, and
subsequent impaired renal function.'”'® The inner mitochon-
drial membrane (IMM) of mitochondria contains complex
I~1V, also known as the electron transport chain (ETC),
which drives adenosine triphosphate (ATP) production.'® In
physiological conditions, ETC (mostly complexes I and III)

AKI is a severe global problem across regions,* occurring in
20% of the hospitalized patients and almost half of the patients
in the intensive-care unit (ICU).””” Patients with AKI have a
higher mortality rate, typically 10% 20% in hospitalized
patients and 44.7%~53% in ICU patients.z’é’7 Even a minor
issue in kidney function could cause an adverse prognosis and
affect AKI long-term outcomes,” and approximately 6% of
patients identified with AKI developed into ESRD within 2

years.” Furthermore, AKI patients with pre-CKD had 28 times Received:  March 6, 2023
more risk of progressing to stage 4 CKD than patients without Accepted:  April 12, 2023
AKJ," indicating that AKI is a risk factor for dependent CKD Published: April 14, 2023

and a promoter factor for its progression.'”'' In 2013, the
International Society of Nephrology (ISN) announced a
worldwide object, “Oby25”-no patient dies from preventable
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Figure 1. Characterization and biocompatibility of TTC. (A) Schematic diagram of the production of tFNAs and TTCs. (B) tFNA and TTC
pictures on PAGE. (C) Fluorescence emission spectra of Gel-Red (Aex = 312 nm) in the presence of tFNAs (250 nM) or TTC (tFNA-Typ:
250 nM—50 pM). Statistical analysis: ****p < 0.0001 vs Gel-Red, ####p < 0.0001 vs tFNAs (n = §). (D) Sizes of Typ, tFNAs, and TTC are
2.4170 + 0.1417, 11.77 + 1.909, and 16.93 + 3.727 nm, respectively. {-potentials are —0.338 + 2.28, —2.51 + 3.7, and —9.74 + 3.71 mV.
(F) Absorption peaks of TTC (tFNAs ~ 262 nm, Typ ~378 nm). (G) AFM images of TTC. (H) TEM images of TTC. (I) The uptake of
TTC by HK-2 after 6 h. red, TTC; blue, nuclei; green, cytoskeleton. (J) Flow cytometry to see the uptake of tFNAs and TTC by HK-2 after 4

and 6 h. Blue, tFNAs; orange, TTC.

generates adequate reactive oxygen species (ROS)'

participate in the signal channel and is managed by
superoxidase dismutase (SOD).'®*° However, under I/R
injury conditions, redundant ROS formation exceeds the
oxidative capacity of mitochondria. Accumulated ROS
increases the penetrability of the outer mitochondrial
membrane (OMM), and the free pro-apoptotic factor
cytochrome ¢ (Cyto C) is released from mitochondria to the
cytoplasm and activates Caspase, leading to cell apoptosis.
Furthermore, mitochondrial fragmentation resulting from a
fission and fusion imbalance is also a potential source of
ROS."” Eventually, proximal tubule epithelial cell apoptosis
combined with metabolic disorder and ATP depletion lead to
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tubular failure and urine—blood barrier damage and eventually
result in the declined glomerular filtration rate (GFR) and
renal dysfunction. Moreover, constant incomplete recovery of
mitochondrial and renal function leads to CKD."**!

In traditional Chinese medicine, the pollen of the genus
Typha angustifolia L. (Typhaceae), known as “Pu Huang,” is an
aquatic plant with widespread distributions.”> Typhaceae, as a
major active herb of the formula,” has an active effect on early
phase renal injuries, including AKI, of which the flavonoid
ingredient typhaneoside (Typ), (isorhamnetin-3-O-[2G-a-L-
rhamnopyranosyl] o-L- rhamnopyranosyl [1—6]-p-p-glucopyra-
noside),”* is the primary extract.”>™>* Typ possesses a sound
biological and antioxidative effect.”””® However, the under-
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Figure 2. TTC decreased cell apoptosis after I/R Injury. (A) Schematic graph of I/R injured tubular cells. (B) Cell viability of tFNAs, Typ,
and TTC on healthy and I/R HK-2 cells analyzed by CCK-8 assay (n = 3). (C) Cell apoptosis in five groups: the control group, I/R group, I/
R+tFNAs group, I/R+Typ group, and the I/R+TTC group using flow cytometry. (D) Quantification of (C), including early and late
apoptosis rate of cells. (E) Expression of Cyto C in HK-2 after tFNAs, Typ, and TTC treatment using confocal microscope and Western blot.
Quantification of related proteins calculated by ImageJ (n = 3). (F) Expression of Caspase-3 in HK-2 after tFNAs, Typ, and TTC treatment
using confocal microscopy and Western blot. Quantification of related proteins calculated by ImageJ (n = 3). The statistics are presented as

mean + standard deviation. Statistical analysis: *p < 0.05, **p < 0.01,

lying potential pharmacological mechanisms of Typ in AKI are
rarely studied. Similar to most traditional Chinese medicine
monomers,”””" Typ is of limited therapeutic use because of its
instant degradation, poor water-solubility, and meager systemic
bioavailability.”*~** Therefore, optimized properties of Typ in

AKI therapy are in great necessity.
8769

#*%p < 0.001 (Groups: *, control; #, I/R; @, tFNAs; &, Typ).

DNA nanostructures, characterized by their natural bio-
compatibility, stable structure, and high bioavailability, have
recently become a heated research topic.”>’® Among them,
tetrahedral framework nucleic acids (tFNAs), which are
formed by four single-strand DNAs (ssDNAs) via one-pot
annealing,’” are easily prepared and highly stable for extensive
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Figure 3. TTC recovered mitochondrial function after I/R Injury. (A) Colocalization of mitochondria and TTC was observed by confocal
microscopy. Red, TTC; blue, nuclei; green, cytoskeleton. (B) Colocalization analysis of (A), the Rcoloc is 0.801. (C) Mitochondrial ROS
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MitoSOX; blue, nuclei; green, cytoskeleton. (D) Quantification of (C): relative fluorescence intensity of MitoSOX (n =

5). (E)

Mitochondrial morphology in five groups and the fragmentation of mitochondria is circled by purple ellipses. (F) Quantification of (E):
relative fluorescence intensity in regions circled (n = §). (G) MMP in five groups. Red fluorescence, JC-1 aggregates; green fluorescence, JC-
1 monomers. (H) Quantification of (G): the intensity ratio of red/green fluorescence in five groups (n = $). (I) Schematic graph of TTC
effect on I/R injured tubular cells. Data are presented as mean + SD. Statistical analysis: *p < 0.05, *¥p < 0.01, **¥p < 0.001 (Groups: *,

control; #, I/R; @, tFNAs; &, Typ).

applications.”®*” TENAs can also be used as a delivery system,
and the drug loading mechanisms include electrostatic
interaction, hybridization,*”*' and groove docking.42 It has
been illustrated that tFNAs can load traditional Chinese
medicine monomers such as curcumin by encapsulating small-
molecule drugs onto duplex DNA structures.>*”” Furthermore,
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based on a negative surface charge on the tetrahedral frame,
tFNAs exhibit smooth endocytosis via the caveolin-mediated
pathway*** to facilitate the intracellular accumulation of
drugs carried by tFNAs.*> Moreover, a previous study has
demonstrated that tFNAs have low nephrotoxicity and

enhanced antioxidative efficacy through scavenging reactive
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oxygen species (ROS).** This study employed tFNAs and Typ
to develop a tFNA-Typ complex (TTC), which could desirably
optimize the bioavailability and stability of Typ to alleviate
mitochondrial oxidative stress and achieve mitochondrial
function recovery. As a result, a decrease in cell apoptosis is
expected to alleviate kidney injury and improve AKI outcomes.

RESULTS

Characterization and Biocompatibility of TTC. Pre-
vious studies have confirmed that small molecules could bind
to tENAs via a groove docking mechanism.”” In this study,
tFNAs, designed as the transport vehicle, were assembled by
four ssDNA first (Table S1). Next, the Typ was encapsulated
into tFNAs to form a stable complex (TTC) (Figure 1A). The
polyacrylamide gel electrophoresis (PAGE) results (Figure 1B)
showed the molecular position of tFNAs, owing to the heavier
molecular weight of TTC, the position of TTC in the PAGE
images was slightly higher than that of tFNAs, indicating the
successful synthesis. Typ is embedded onto the double helix
groove regions of DNA, similar to nucleic acid detector
molecule GelRed.*” We, respectively, stained tFNAs and TTC
with GelRed and measured the fluorescence spectra. The
fluorescence intensity of the TTC was lower than that of
tFNAs (Figure 1C) and GelRed alone, further verifying the
successful interaction between tFNAs and Typ. Then, the size
and {-potential were detected with dynamic light scattering
(DLS). Typ, tFNAs, and TTC hydrodynamic sizes were
24170 + 0.1417, 11.77 + 1.909, and 1693 + 3.727 nm,
respectively (Figure 2D). The {-potentials of all nanoparticles
were —0.338 + 2.28, —2.51 + 3.7, and —9.74 + 3.71 mV,
respectively (Figure 2E). Moreover, the UV—vis absorption of
TTC (Figure 1F) contained the characteristic absorption peak
of tFNAs (~260 nm) and the characteristic absorption peak of
Typ (~378 nm). Atomic force microscopy (AFM) and
transmission electron microscopy (TEM) were operated to
characterize nanoparticles. AFM and TEM images showed that
TTC occupied nearly 20 nm (Figure 1G,H). These results
confirm the successful synthesis of TTC, showing that tFNAs
could embed Typ into helix structures and the tFNAs might be
a potential carrier system for traditional Chinese medicines and
similar bioactive molecules.

Besides, we detected the encapsulation efficiency (EE) and
loading efficiency (LE) of Typ into tFNAs in different w/w
ratios (Figure S1). As encapsulation efficiency declined, the
loading efficiency raised. The point of intersection is the most
appropriate, where the concentration of Typ is S0 uM, the EE
reached ~#50% and the LE of the nanosystem was ~34%. In
subsequent experiments, the corresponding ratio (250 nM
tFNAs/S0 uM Typ) was employed.

Previous studies”*” have confirmed that tFNAs could
protect loaded molecules from the degradation of the enzymes
to enhance the stability of small bioactive particles. To further
confirm the drug stability, tFNAs and TTC were incubated
with 10% fetal bovine serum (FBS) at 37° and detected by
PAGE. As illustrated in Figure S2, approximately 80% tFNAs
and TTC still existed after 4 h and 40% lasted to 12 h,
demonstrating the quality stability of tFNAs and TTC.

To verify the cellular uptake of tFNAs and TTC, the human
kidney-2 (HK-2) cells were incubated with cyanine dye S
(CyS)-loaded ssDNA, CyS-loaded tFNAs, or CyS-loaded TTC
for 4 or 6 h and then measured with a confocal microscope and
flow cytometer (Figure 1L]J). According to the confocal image
result (Figure 11), many tFNAs and TTC could penetrate the
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cell membrane at 4 and 6 h, in agreement with the flow
cytometry results (Figure 1J). Both results demonstrated that
Typ did not interfere with the internalization of tFNAs.

TTC Decreased Cell Apoptosis after I/R Injury. The
schematic graph of the process of apoptosis in I/R injured
tubular cells is shown in Figure 2A. I/R is the most common
secondary event in AKI, and the proximal tubule is most
sensitive to I/R. Therefore, HK-2 cells were selected to build
an I/R injury model in vitro. To assess the modeling time and
conditions, a Cell Counting Kit-8 (CCKS8) assay was adopted.
We selected 6 h of hypoxia followed by 24 h of reoxygenation
to achieve a 50% decrease in cell viability in the modeling
group, which was also the model adopted in subsequent
experiments. Then, we assessed the cell viability of tFNAs,
Typ, or TTC at different concentrations. In the tFNAs group,
250 nM tFNAs has the steadiest promoting effect on cell
viability (Figure S3A). In the TTC group, the tFNAs/Typ
ratio of 250 nM/50 uM (the drug/carrier ratio was utilized in
the following experiments if not specified) had the soundest
effect on promoting the cell viability, which was consistent
with the results of EE and LE (Figure S1). Finally, we
compared the effects of TFNAs (250 nM), Typ (50 uM), or
TTC (250 nM/50 #M) on the proliferation of healthy and I/R
injury cells (Figure 2B), which showed that none of tFNAs,
Typ, nor TTC had cytotoxicity in healthy cells, and the I/R
injury cell viability in the TTC group was significantly higher
compared to that in the tFNAs and Typ groups.

To detect the antiapoptotic effect of TTC, we evaluated cell
apoptosis in five groups: the control group, I/R group, I/R
+tFNAs, I/R+Typ, and I/R+TTC groups using flow
cytometry. As shown in Figure 2C,D, TTC reduced the early
and late apoptosis ratio. These results signified that TTC could
prevent I/R-treated cells from apoptosis, confirming the
curative effect of TTC on AKI in the cell model. Next, to
validate the underlying pathway, we identified the protein
expression of Cyto C and Caspase-3, and the results (Figure
2E,F) demonstrated that TTC significantly inhibited the
protein expression of Cyto C and Caspase-3, which implies
that the escaped Cyto C might activate Caspase-3, contributing
to cell apoptosis.

TTC Recovered Mitochondrial Function after I/R
Injury. We hypothesized that the underlying mechanism of
TTC in cell regulation was related to its action on
mitochondria. To verify this hypothesis, the mitochondrial
targeting ability of TTC was first investigated. We incubated
CyS-loaded tFNAs and CyS5-loaded TTC with HK-2 cells and
stained mitochondria with a Mito-Tracker Green probe. As
shown in Figure 3A, red fluorescence (tFNAs/TTC) mostly
overlapped with green fluorescence (Mito-Tracker). The
scatterplot analysis of fluorescence colocalization shows that
almost all the data points fell on a straight diagonal line, and
the rcoloc meaning is 0.801, which means there is a strong
correlation between TTC and mitochondria (Figure 3B).
These results suggested that tFNAs and TTC both own
mitochondrial targeting ability, which is the basis for the
following effects on mitochondria.

Excessive ROS could release pro-apoptotic factor Cyto C
from the IMM,*® and it was shown in the above results that
Cyto C was the underlying promoter for cell apoptosis. The
capability of tFNAs, Typ, and TTC to depress mitochondrial
ROS (mtROS) generation in model HK-2 cells was probed
through a mtROS sensor (MitoSOX). The relative fluores-
cence intensity of mtROS in confocal laser microscopy images

https://doi.org/10.1021/acsnano.3c02102
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Figure 4. TTC reduced mitochondrial oxidative stress through Keap1/SOD2 signaling and fibrotic progress after I/R injury. (A) IF confocal
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Quantification of related proteins calculated by ImageJ (n = 3). Data are presented as mean + SD. Statistical analysis: *p < 0.05, **p < 0.01,

*k¥p < 0.001 (Groups: *, control; #, I/R; @, tFNAs; &, Typ).

extensively increased after I/R injury (Figure 3C,D); however,
TTC markedly decreased the mtROS level compared with
tFNAs and Typ. The result implied that TTC could hinder
mtROS production.

Imbalance in mitochondrial dynamics has harmful effects on
mitochondrial homeostasis,"®>" which is a potential source of
ROS. Fission and fusion processes constantly take place to
maintain mitochondrial morphology and meet cellular energy
requirements.21 In the case of fission, mitochondria split into
two or more to acquire more ATP,** whereas fusion combines
two or more mitochondria that can complement fission.'®
Under oxidative conditions, fusion decreases while fission
increases to defend against damaged metabolites; as a result,
the imbalance between fission and fusion contributes to
mitochondrial fragmentation. We used the Mito-Tracker
Green probe to stain mitochondria to observe mitochondrial
morphology in the five groups. The images (Figure 3E) and
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quantification (Figure 3F) showed that the fragmentation of
mitochondria (circled by purple ellipses) was less after TTC
treatment, which proved the function of TTC in recovering the
dynamics of mitochondria.

The mitochondrial membrane potential (MMP) is in-
timately correlated with mitochondrial dynamics.'"*>® The
fluorescent probe 5,5,6,6'-tetrachloro-1,1',3,3’-tetraethyl-imi-
dacarbocyanine iodide (JC-1) was applied to evaluate MMP.
With the increasing MMP, JC-1 accumulates in the
mitochondrial matrix, producing red fluorescence. In contrast,
the JC-I monomer could not accumulate in low MMP,
producing green fluorescence. Thus, the red/green fluores-
cence intensity rate indicates MMP and the degree of
mitochondrial polarization. Results shown in Figure 3GH
indicated that the red/green fluorescence intensity ratio was
enhanced by TTC, validating that TTC could stabilize the
MMP and diminish mitochondrial polarization. The above
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+saline; @, AKI+tFNAs; &, AKI+Typ).

data suggested that TTC could precisely target mitochondria,
maintain mitochondrial morphology, recover mitochondrial
dynamics, and reduce mitochondrial ROS, which might be the
underlying mechanism of TTC, and the schematic graph of the

TTC effect is shown in Figure 3L

TTC Reduced Mitochondrial ROS through Keap1/
SOD2 Signaling and Inhibited Fibrotic Progress. The
effect of drugs on ROS was calculated by evaluating protein
expression levels of important antioxidant enzymes SOD2 in

the mitochondrial inner membrane and adverse regulatory
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factor Kelch-like ECH-associated protein 1 (Keapl)
Western blotting and immunofluorescence staining. As
expected, the expression of Keapl was increased after I/R
injury and significantly decreased after TTC treatment (Figure
4AF,G). Keapl is an oxidative stress sensor; when it is
depleted, ROS falls sharply.”® SOD2 expression was upregu-
lated after treatment with TTC (Figure 4B,C,F,G), suggesting
that TTC could activate the Keapl depletion and SOD2
augmentation to act as an antioxidant.”'
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Previous studies have reported that mitochondrial dysfunc-
tion and ATP reduction are intently relevant to CKD
development and progression.'”''*»>%>> Incomplete recov-
ery after AKI results in renal fibrosis, the pathological
accumulation of extracellular matrix (ECM) proteins, mainly
collagens in the kidney.””*” We then explored the protein
levels of a-smooth muscle actin (a-SMA) and collagen I (Col
I) by Western blotting and immunofluorescence staining
(Figure 4D,E,F,G). The expression levels of a-SMA and Col I
were greatly increased after I/R injury but were significantly
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decreased after I/R injured cells were incubated with tFNAs,
Typ, and TTC. The expression levels of a-SMA and Col I in
TTC-treated cells were substantially lower than those in other
groups, which demonstrated that TTC owned strong
antifibrotic potential and suggested that TTC might inhibit
the progression of AKI to CKD.

Treatment of AKI. An I/R injured AKI animal model was
established to study the therapeutic efficiency of TTC in vivo.
We selected 6—8 weeks male C57 mice, separated both
kidneys, and clamped the bilateral kidney pedicle for 30 min to
induce ischemia. Saline, tFNAs, Typ, or TTC was administered
intravenously after reperfusion, and kidneys were harvested
after 24 h (Figure SA).

Kidney targeting ability is the basis for AKI treatment. Cy5-
labeled TTC was injected intravenously and detected by the in
vivo imaging system (IVIS) Spectrum (PerkinElmer) to access
the biodistribution of TTC in healthy and AKI mice.
Fluorescence distribution was mainly in the liver and kidneys
in the AKI group, and fluorescence was significantly increased
and sustained compared to the healthy group, shown in Figure
5B, indicating that TTC was rapidly eliminated by the healthy
kidney but preserved in the AKI kidney. Harvested AKI
kidneys showed that the fluorescence of TTC peaked at 2 h
after TTC administration and still emerged after 4 h (Figure
SB and Figure S4). To observe the biodistribution of TTC at
the cellular level, renal tubules on the renal sections were
labeled by Lotus-tetragonolobus Lectin (LTL) and TTC with
CyS. The fluorescence of CyS and LTL highly overlapped
(Figure SC), proving the renal tubular targeting capability of
TTC. The renal tubular damage induces tubular dysfunction
and GFR decline, compromising renal functions. Thus, the
accurate biodistribution in renal tubules indicates that TTC
could be a precise solution for AKI. We also detected the
plasma pharmacokinetics of tFNAs and TTC, which showed
that the tFNAs and TTC accumulated in the blood for around
2 h after administration. Afterward, we speculated that tFNAs
and TTC were distributed into kidneys until kidney clearance
(Figure S4).

To access the therapeutic effect of TTC, I/R injured AKI
model mice were divided into four groups and, respectively,
injected with saline, tFNAs, Typ, and TTC. After 24 h, blood
serum was collected, and kidneys were harvested. AKI
histopathological damage was evaluated by staining with
periodic acid Schiff (PAS) and hematoxylin and eosin
(H&E) (Figure SD,E). The Sham group showed normal
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renal structure; however, the renal tubular injury was detected
in the AKI group by loss of brush borders, hyaline casts
formation, and sloughed cells. The focal injury was marked in
both tFNAs- and Typ-treated groups, whereas TTC declined
tubular damage considerably, with brush borders well-
preserved. To quantify tubular injury, 10 randomly selected
fields were evaluated on H&E or PAS staining, and a
semiquantitatively grading system was then employed, with
0—4 scores depending on the percentage of injured tubules.
Results were calculated for each mouse (Figure SG). The
average tubular injury score rose after I/R injured AKI. After
treatment with tFNAs, Typ, and TTC, the scores for the above
three groups descended significantly. The most obvious score
declination was in the TTC-treated group. Blood serum was
detected with clinical indexes, serum creatinine (Scr), and
blood urea nitrogen (BUN) (Figure SF), which were elevated
after AKI and significantly decreased in TTC group, showing
that TTC could restore kidney function.

The injured tubules were further studied by staining with
anti—kidney injury molecular-1 (KIM-1) antibody (Figure
6A), which is characteristically expressed in injured renal
tubules; the fluorescence and the quantification of relative
fluorescence intensity (Figure 6D) were low in the Sham and
TTC-treated groups, consistent with the tubular injury score.
Besides, the protein expression of KIM-1 also verified that
TTC could reduce tubular injury to the greatest extent
compared with other groups (Figure 6E).

Cell apoptosis is caused by oxidative stress brought by I/R in
AKI. The terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling (TUNEL) assay
was used to identify the apoptotic cells in the kidney tissue
slices. According to the staining results and quantitative
analysis, apoptotic cells in the AKI group largely accumulated
compared with the Sham group. Yet, the TTC group had the
relatively lowest percentage of apoptotic cells compared with
other treatment groups (Figure 6B,C), demonstrating TTC’s
antiapoptotic effectiveness in vivo.

Transmission electron microscopy (TEM) was applied to
observe mitochondrial morphology in renal sections of five
groups. As seen in TEM images, I/R injured AKI produced
extensive mitochondrial damage in proximal tubular cells,
confirmed by mitochondrial swelling, matrix brightening,
disorganized and fragmented cristae, mitochondrial membrane
disruption, and matrix substance that was released into the
cytoplasm (Figure 7). After being treated with tFNAs, Typ,
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Figure 8. TTC regulated Keapl/SOD2 signaling in vivo. (A and B) Keapl and SOD2 expression in immunohistochemistry analysis. Brown,
Keap1/SOD2; blue, nuclei. (C) Quantification of (A and B): IHC score of Keapl and SOD2 expression (n = §). (D) Protein expression of
Western blot analysis of Keapl and SOD2. (E) Quantification of related proteins calculated by ImageJ (n = 3). Data are presented as mean +
SD. Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001 (Groups: *, Sham; #, AKI+saline; @, AKI+tFNAs; &, AKI+Typ).

and TTC, the number of damaged mitochondria significantly
reduced. In contrast, samples from AKI animals treated with
TTC revealed fewer damaged mitochondria and a greater
proportion of elongated mitochondria with preserved cristae
structure.

In agreement with the in vitro findings, TTC significantly
SOD2 expression and abrogated the expression levels of Keapl
in the injured kidney (Figure 8A—F) in immunohistochemistry
analysis and Western blotting analysis, further confirming that
TTC could decrease cell apoptosis through antioxidative effect.

The main organs were harvested after drug administration.
Heart, spleen, lung, and liver were stained with H&E, but no
significant morphological alterations or tissue damage were
visible in any groups (Figure SS).

DISCUSSION

In this study, we developed a therapeutic system (tFNA-Typ
complex, TTC) for AKI. TTC was found to display excellent
endocytosis and precise mitochondrial target ability to recover
mitochondria morphology function. Consequently, cell apop-
tosis was detected to decline both in vitro and in vivo; besides,

8776

the renal injury was decreased and kidney function was
restored in ischemia-reperfusion (I/R) injured AKI, verifying
the role of TTC in mitochondrial recovery in AKI treatment.

Acute kidney injury is a syndrome with multiple etiologies,
including infection,”®*” ischemia-reperfusion,”~°" nephrotoxic
drugs,62_64 immune system disorders,é5 and other triggering
factors.’® IRI-induced dysfunctional conditions include kidney
transplantation, circulatory arrest,’”°" hypovolaemic shock,®’
and severe blood loss.’® In fact, regardless of the cause, AKI
often tends to induce a secondary ischemia-reperfusion (I/R)
injury due to hemodynamic changes in the kidney.”'*™'¢
Paradoxically, it is reperfusion, the basic therapeutic
intervention for ischemia, that drives the histopathological
changes.”” The early stage of reperfusion is very important; the
changes in tissues will lead to long-term tissue damage and
dysfunction.”” Renal tubular cells that perform most of the
glomerular filtration and solute reabsorption are most sensitive
to I/R. The consequent apoptosis of renal tubule cells results
in tubular failure, obstruction of blood flow structures, and
further inhibits glomerular filtration."”> Our study found that
tFNAs own tubular targeting ability, which is consistent with
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our previous related research.** tFNAs have a tetrahedral
framework structure, which makes it easy to enter cells.
Moreover, based on the double-stranded structure and
chemical properties of DNA, tFNAs can carry various drugs.
Our study confirmed that Typ could be embedded in the
tFNAs double-stranded structure and transported into cells.
Previous studies have shown that Typ has the effect of treating
ischemia-reperfusion injury. In addition, tFNAs have also been
confirmed to be effective in acute kidney injury. Our approach
to building the tFNA-Typ complex has the following
advantages: (i) tFNAs could desirably optimize the bioavail-
ability and stability of Typ and (ii) the complex can play a dual
effect of tFNAs and Typ on treating the disease.

Previous studies have shown that the first injury after
reperfusion is the impairment of mitochondrial structure and
function.”"””” Renal tubules are one of the most metabolically
active epitheliums in the human body; therefore, the main site
of mitochondrial destruction is in the proximal tubule.'”
Mitochondrial dysfunction leads to metabolic disorder, ROS
accumulation, cellular oxidative damage, and subsequent cell
apoptosis. Renal tubule cell apoptosis gives rise to irreversible
tubular injury and disability of the entire nephron. The
nephrons are replaced by fibrous tissue, resulting in permanent
impairment of kidney function.”” Therefore, it is crucial to
restore mitochondrial function at an early stage. Our previous
preliminary study showed that tFNAs have a therapeutic effect
on mitochondrial damage, and we also hypothesized that the
targeting effect of tFNAs on renal tubular cells is derived from
the targeting of mitochondria. In our study, we confirmed this
hypothesis and proved that TTC complexes could repair
mitochondria and prevent cell apoptosis by reducing oxidative
damage.

In a physiological state, ROS are produced by mitochondria
ETC, as a normal metabolic byproduct of oxygen and one that
takes an essential part in cell signaling and homeostasis.
However, under I/R injury conditions, redundant ROS
formation can make the OMM more permeable and release
Cyto C, a pro-apoptotic substance produced from mitochon-
dria and activates Caspase to cause excessive cell death.'* In
the mitochondria, SOD2 mainly maintains the homeostasis of
redox reactions and controls oxidative stress, which converts
ROS to hydrogen peroxide (H,0,) and oxygen (0O,)."* Keap1l
is the cellular receptor for oxidative stress; inhibition of Keap1-
dependent ubiquitination of Nrf2 correlates with antioxidant
reaction.”*”> In this study, we demonstrated that TTC could
downregulate KEAP1 expression and promote the production
of SOD2 to regulate ROS in mitochondria and to release
mitochondrial damage

Limitations of the Study. In our study, the unexpected
outcome of AKI to a great extent contributes to the promotion
of CKD. This study explored the expression alteration of the
main protein Col I and a-SMA but still lacked long-term
observation and proof in vivo. Hence it is essential to
determine the progress from AKI to CKD and its key points,
which could be the therapy target.

Another limitation of our study is that there are other
possible mitochondrial signaling pathways and oxidant-
neutralizing enzymes that need to be explored, such as the
peroxisome proliferator-activated receptor-y coactivator la
(PGCla), the main regulator of mitochondrial biogenesis, and
nicotinamide adenine dinucleotide (NAD"), an important
regulator for mitochondrial function.'” Future research should
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thus investigate whether our findings may be used to develop a
successful treatment.

CONCLUSIONS

Our results show that, embedded in the helix structure of
tFNAs, Typ could improve its bioavailability and precisely
target mitochondria in renal tubular cells in the kidney. TTC
exhibited non-nephrotoxicity and an extraordinary capability in
mitochondrial repair and cell apoptosis prevention both in vitro
and in vivo, so as to inhibit renal injury and restore kidney
function. Overall, TTC would be a promising treatment for
clinical AKI, as well as other mitochondria-related diseases, and
provide a DNA-based therapy for AKI.

METHODS

Synthesis of TTC. Four designed assembled ssDNA were added
into the TM buffer (50 mM MgCl, and 10 mM Tris-HC], pH 8.0) at
an equal ratio to formulate tFNAs. Typ (Macklin, Shanghai, China)
was dissolved in dimethyl sulfoxide (DMSO) and added to tFNAs to
reach the ultimate concentration of Typ (S0 M) and tFNAs (250
nM). Based on previous research, the TTC was combined based on
previous research by shaking the mixture for 6 h. The EE and the LE
were calculated by measuring the concentration of unloaded Typ,
acquired through diafiltration by an 30 Kda ultracentrifuge tube. Typ
concentration was confirmed via spectral detection at a wavelength of
376 nm using an ultramicrospectrophotometer and the establishment
of a standard curve. The specific formulas of the EE and the LE are as
follows:

encapsulation efficiency of Typ (%)
initial mass of Typ — residual mass of Typ

X 100%

initial mass of Typ

loading efficiency of Typ (%)

initial mass of Typ — residual mass of Typ

X 100%

total mass of nanoparticles

Characterization of tFNAs and TTC. We used GelRed
(Varioskan LUX microplate reader, Thermo Scientific), polyacryla-
mide gel electrophoresis (PAGE), { potential and size (Nano ZS,
Malvern), TEM (JEM-2100F, JEOL) and AFM (SPM-9700 instru-
ment, Shimadzu, Kyoto, Japan) to verify the successful synthesis of
tFNAs and TTC.

Cell Treatment. HK-2 cells were cultured in high glucose
Dulbecco’s modified eagle medium (DEME) (Corning, NY)
containing 10% fetal bovine serum (FBS) (Wisent, Nanjing, China)
and 1% penicillin—streptomycin (Hyclone). The I/R group cells were
cultured under hypoxia conditions (94% N,, 5% CO,, and 1% O,) in
a nutrient-free medium (glucose-free, FBS-free, Gibco) for 6 h,
followed by 24 h of reoxygenation in regular medium. The control
group cells were incubated in a complete medium in 5% CO, and
95% air. Typ, tENAs, and TTC group cells were incubated with Typ,
tFNAs, or TTC after reoxygenation for 24 h

Cell Viability Measurement. The cells seeded in 96-well plates
were classified into five groups: the control groups, I/R group, I/R
+tFNAs, I/R+Typ, and I/R+TTC group. The Typ, tFNAs, or TTC
was added to HK-2 cells to determine the optimal dosage, and the cell
viability was detected using a CCK-8 after 24 h of incubation.

Cellular Uptake of TTC. After adherent growth in 6-well plates,
the cells were I/R treated, and subsequently, cells were coincubated
with CyS-loaded tFNAs (CyS-tFNAs, 250 nM) or CyS-loaded TTC
(CyS-Typ-tFNAs, S0 uM—250 nM) respectively for 6 h. The cells
were immobilized in 4% paraformaldehyde after washing with PBS
and dyed with 4',6-diamidino-2-phenylindole (DAPI) and fluorescein
isothiocyanate (FITC)-labeled phalloidin. To assess the cellular
uptake of tFNAs and TTC, the results were acquired by confocal
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microscopy (FV3000, Olympus) and flow cytometer (Attune NxT,
Thermo Fisher).

Flow Cytometry. HK-2 cells were plated onto 6-well plates in
order to identify cell apoptosis. Following treatment, trypsin digestion
and two PBS washes were performed on the cells. A flow cytometer
was used to identify cell death after staining the cells with propidium
iodide (PI) and Annexin V.

Measurement of Mitochondrial Function. Mitochondrial
morphology and mitochondrial targeting were detected using
MitoTracker Green (C1048, Beyotime Biotechnology, Shanghai,
China). Briefly, HK-2 cells were incubated with MitoTracker staining
working solution at 37 °C for 15 min, and the nuclei were stained
with Hoechst. Images were acquired by confocal laser microscopy
(FV3000, Olympus).

MitoSOX was utilized to detect mitochondrial ROS production in
HK-2 cells (M36008, Thermo Fisher). Briefly, MitoSOX (1 mL of S
#M) was applied to cover cells adhering to the glass-bottom dish at 37
°C for 10 min, and the nuclei were dyed with Hoechst. Images were
taken by confocal laser microscopy (FV3000, Olympus).

MMP in HK-2 cells was determined by the JC-1 probe (C2006,
Beyotime Biotechnology, Shanghai, China). Briefly,] mL of JC-1
staining working solution was applied (10 min, 37 °C), and then, cells
were rinsed with JC-1 staining buffer. The nuclei were stained with
Hoechst, and images were acquired by confocal laser microscopy
(FV3000, Olympus). The relative MMP was detected on excitation
wavelength of 585/514 nm showing red/green fluorescence.

Animal Model and Treatments. Male C57BL/6 mice (6—8
weeks old) were anesthetized with isoflurane. Mice were randomly
divided into five groups: the Sham group, AKI+saline group, AKI
+tFNAs group, AKI+Typ group, and the AKI+TTC group. In the
AKI mice, the bilateral renal pedicles were clamped to induce renal
ischemia until the kidneys” color changed from red to purple. Surgery
but without clamps was applied to the Sham group. The mice were
kept at a constant body temperature of 37 °C during the entirety of
the surgical procedure. Both clamps were unloaded for the kidneys’
reperfusion after 30 min. AKI-injured mice were separated into four
groups and given intravenously administered saline (100 L), tFNAs
(100 uL, 1 uM), Typ (100 uL, 1.2 mM), or tFNAs-Typ (100 uL, 1
UM—1.2 mM) respectively. After 24 h of treatment, mice in the five
groups were euthanized and organs were harvested. And, blood was
collected and placed for 30 min at ambient temperature and then
centrifuged at 3000 rpm for 15 min to obtain the plasma, detecting
BUN and Scr via a biochemical automatic analyzer (Vitalab Selectra

Bio Distribution of TTC. To assess in vivo biodistribution of
TTC, CyS-labeled TTC was injected intravenously into healthy mice
and AKI mice. Fluorescence was detected using an IVIS Spectrum
(PerkinElmer) every 15 min for 3 h. AKI injured kidneys were
separated and imaged every 0.5 h. The plasma was acquired from tail
vein every 0.5 h. And, the kidneys with peaked fluorescence were fixed
in an OCT embedding medium and frozen, and sections of tissues
were incubated with DAPI and LTL staining. Fluorescence images
were scanned by a slide scanner (VS200, Olympus).

Kidney Histology and Quantification. The harvested kidneys
were fixed with 4% formaldehyde, embedded in paraffin, and
sectioned to a thickness of 4 um. Renal sections were routinely
stained with PAS staining and H&E staining reagents, and images
were captured using a slide scanner (3DHISTECH, Hungary). Ten
random views on H&E or PAS staining were evaluated to count
tubular injury scores. The level of tubule impairment was semi-
quantitatively evaluated on a 0—4 scale: 0, no lesion; 1, < 25%; 2, 25
to ~50%; 3, 50 to ~75%; 4, > 75%, based on the proportion of
tubular necrosis shown by brush border loss, hyaline casts, cell
sloughing, and tubular dilatation.

TUNEL Assay. Paraffinized renal tissue sections were first dewaxed
and then rehydrated. The deparaffinized slices were treated with
proteinase K in succession (20 min, room temperature). Afterward,
the nuclei were stained with DAPI after being washed three times.
The obtained sections were scanned by a slide scanner (3DHIS-
TECH). The relative fluorescence density was measured by Image].
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Western Blot. After different treatments, the total protein of HK-2
cells and the kidney tissues in all groups was extracted by lysis buffer.
A loading buffer was added to each sample after protein quantification
using a NanoPhotometer N60 (Implen). After being boiled for 15
min, samples were isolated on sodium dodecyl sulfate (SDS)-
polyacrylamide gels. Next, divided proteins were transferred onto
poly(vinylidene fluoride) (PVDF) membranes. After being blocked
with QuickBlock blocking buffer (P0252, Beyotime Biotechnology,
Shanghai, China), the membranes were immersed in the primary
antibodies against Keapl (ab227828, 1:2000, Abcam), SOD2
(ab68155, 1:1000, Abcam), Caspase-3 (9662, 1:1000, CST), Cyto
C (ab133504, 1:5000), a-SMA (ab124964, 1:1000, Abcam), Col I
(EPR7785, 1:1000, Abcam), KIM-1 (ab78494, 1:1000,abcam),
GAPDH (2118, 1:1000, CST), and f3-Actin (4970, 1:1000, CST) at
4 °C overnight. After treatment with secondary antibodies,
membranes were exposed by the ChemiDoc Touch imaging system
(Bio-Rad).

Transmission Electron Microscopy. Renal tissues were fixed in
2.5% glutaraldehyde, followed by 1% osmium tetroxide fixation,
dehydration in a series of alcohols, and embedded in epoxy resin.
TEM examination of ultrathin slices stained using uranyl acetate and
lead citrate (JEM-1400plus).

Immunohistochemistry Staining. The harvested kidney tissues
were fixed and then embedded. Sliced kidney tissue was treated with
primary antibodies against SOD2 (ab68155, Abcam) and Keapl
(ab227828, Abcam) and subsequently added with the secondary
antibody. Images were scanned using a slide scanner (3DHISTECH),
and IHC scores were analyzed using Image]J with plugin IHC profiler.
The formula used to count scores is as below:

(number of pixels in a zone ) X (score of the zone)

score = —— -
total number of pixels in the image

Immunofluorescence Staining. Immunofluorescence staining
was applied to obtain the mechanism at the protein level. After
treatment as described above, the cells were fixed with 4% cold
paraformaldehyde, permeabilized with 0.5% Triton X-100, and
blocked with 5% goat serum. After PBS washing, the samples were
incubated with primary antibodies against Keapl (ab227828, 1:500,
Abcam), SOD2 (ab110300, 1:300, Abcam), Caspase-3 (ab32351,
1:500, Abcam), Cyto C (ab133504, 1:100), a-SMA (ab124964,
1:500, Abcam), and Col I (EPR778S, 1:300, Abcam) overnight at 4
°C. After rewashing them on the second day, cells were added with
the secondary antibody (1:500) and stained with phalloidin and
DAPI. Immunofluorescence images were obtained by confocal laser
microscopy (FV3000, Olympus). Slices of kidney tissue were
incubated with primary antibodies against KIM-1(ab78494, Abcam)
and then with secondary antibodies. Stained samples were scanned by
a slide scanner (3DHISTECH).

Safety Assay. In the heart, liver, spleen, and lung tissue sections,
histological manifestations were displayed by H&E staining.

Statistical Analysis. Statistical analyses were accomplished with
GraphPad Prism 9.4. Unpaired t test was used for comparison among
groups and simple linear regression for linear correlation. Statistical
analysis: P-value <0.0S was considered to be statistically significant.
*#/@/& P < 0.05, */#/@@/&& P < 0.01, ***/###/@@@
/&&& P < 0.001 (*, control/Sham; #, I/R injury/AKl+saline; @,
tFNAs/AKI+ tFNAs; &, Typ/AKI+Typ).
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