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Abstract

Objective: This study aims to establish an experimental model involving animal subjects and a
microfluidic nephron chip to investigate the effects of titanium dioxide nanoparticles (TiO2 NPs) exposure
and water extract of Cistanche tubulosa (CTE) intervention. Specifically, we seek to determine whether
CTE can mitigate nephrotoxicity induced by TiO2, NPs and to elucidate the underlying molecular
mechanisms. The findings are intended to provide a theoretical foundation for drug development and
disease prevention.

Methods: 1. The water extraction method was employed to isolate the active components of Cistanche
tubulosa root, while UPLC-Q-TOF-MS/MS was utilized to identify these components. Network
pharmacology was applied to screen for the core active components, targets, and pathways. Molecular
docking assessed the binding affinity of the core active components to key targets, and molecular dynamics
simulation was conducted to verify the binding stability of the core complex.

2. Fifty Sprague-Dawley rats, aged 6 to 8 weeks and evenly divided by sex, were randomly assigned to
five groups: a control group receiving an equal volume of double-distilled water, a TiO>» NPs group
administered 100 mg/kg body weight (BW), and three CTE intervention groups exposed to TiO2 NPs at a
dose of 100 mg/kg BW, with CTE divided into three dosage groups of 200, 400, and 800 mg/kg BW based
on the crude drug equivalent. Each group of rats received continuous oral administration for 8 weeks,
during which their body weight, dietary intake, and water intake were measured weekly. Following the
experiment, the rats were euthanized, and the weights of their kidneys were recorded to calculate organ
coefficients. Kidney tissue, urine, and serum samples were collected for the measurement of the following
indicators: renal function indices, including urinary protein, serum creatinine (SCr), uric acid (UA), and
blood urea nitrogen (BUN), were assessed using commercial kits. Pathological changes in renal tissue were
examined through hematoxylin and eosin (HE) staining and periodic acid-Schiff (PAS) staining. The
expression level of apoptosis and Caspase-3, as predicted by network pharmacology, were evaluated using
TUNEL staining and Western blot (WB) analysis, respectively. Additionally, the protein expression levels
of the phosphatidylinositol 3-kinase/Protein Kinase B (PI3K/AKT) signaling pathway, also predicted by
network pharmacology, were assessed using immunohistochemistry and WB.

3. An in vitro microfluidic nephron chip was constructed, incorporating culture chambers for human
umbilical vein endothelial cells (HUVECSs), renal podocytes (MPC-5), and renal tubular epithelial cells
(HK-2). Perfusion culture was conducted at a flow rate of 100 pL/h. Glomerular filtration function was

assessed at 0, 24, 48, and 72 hours through the measurement of fluorescein isothiocyanate-conjugated



bovine serum albumin (FITC-BSA) leakage, while renal tubular reabsorption function was evaluated by
determining the glucose reabsorption rate. Cells were divided into a control group, a TiO2 NPs group (75
pug/mL), and intervention groups consisting of TiO2 NPs exposed to CTE at drug equivalent concentrations
of 150 and 300 pg/mL. Cell viability was detected using a cell counting kit, and the protein expression
levels of the PI3K/AKT pathway were determined by WB. In addition, an intervention model was
established by adding 20 uM PI3K inhibitor LY294002 to the treatment regimen combining TiO> NPs with
CTE. The expression levels of PI3K/AKT pathway proteins were again evaluated by WB, and apoptosis
levels were assessed using TUNEL staining. Additionally, the expression levels of platelet endothelial cell
adhesion molecule-1 (CD31) and wilms tumor gene 1 (WTI1) were determined through
immunofluorescence, while FITC-BSA leakage was measured to evaluate cell phenotype and glomerular
filtration function. The enzyme-linked immunosorbent assay (ELISA) was employed to quantify the
concentration of kidney injury molecule-1 (KIM-1) as an indicator of renal tubular injury. Additionally, a
reagent kit was utilized to assess the glucose reabsorption rate, thereby evaluating the function of renal
tubular reabsorption.

Results: 1. A total of 68 chemical components were identified in the extract of CTE, including
phenylethanoid glycosides, cyclic terpenoids, flavonoids, fatty acids, and organic acids. The combined
content of verbascoside and echinacoside (expressed as medicinal equivalent) reached 1.65%, aligning
with the standards set forth in the "Pharmacopoeia of the People's Republic of China". The primary active
components responsible for preventing nephrotoxicity include dauricine, arachidonate, suchilactone and
genistein. The principal targets comprise key proteins such as AKT1 and PIK3CA, which are
predominantly enriched in the PI3K/AKT signaling pathway and are involved in the negative regulation of
apoptosis. Molecular docking analyses revealed that AKT1 exhibited the lowest binding energy with the
four active ingredients, with the binding energies of dauricine and suchilactone with AKT1 being lower
than —10 kcal/mol. Furthermore, molecular dynamics simulation confirmed the stability of the
dauricine-AKT]1 and suchilactone-AKT1 complexes.

2. The results of the animal experiments indicated no statistically significant differences in the weight, diet,
or water intake of rats across the weeks, nor were there significant differences in the renal organ
coefficients among the groups. Exposure to TiO» NPs significantly elevated levels of urinary protein,
serum creatinine (SCr), uric acid (UA), and blood urea nitrogen (BUN) in rats. This exposure also led to
glomerular atrophy and shedding of tubular epithelial cells in renal tissue, increased apoptosis, and
enhanced expression of Caspase-3. Additionally, there was a notable reduction in the expression levels of
PI3K and p-AKT/AKT. In comparison to the TiO2 NPs group, the levels of BUN and SCr decreased in a
dose-dependent manner following intervention with CTE. Specifically, BUN and SCr began to show a

statistically significant difference at the 200 mg/kg BW group (P < 0.05; P < 0.01). The levels of urinary



protein and UA were significantly reduced beginning at the 400 mg/kg BW group (P < 0.01). Furthermore,
the level of apoptosis and expression of Caspase-3 were significantly decreased in the 800 mg/kg BW
group (P < 0.05). After intervention with CTE, the expression of PI3K was significantly increased in the
800 mg/kg BW group (P < 0.05), and p-AKT/AKT levels increased in a dose-dependent manner, with a
statistically significant difference observed from the 400 mg/kg BW group (P < 0.01).

3. The engineered nephron chip supports the normal growth of HUVECs, MPC-5, and HK-2 cells within
their designated chambers. It also sustains the expression of specific markers while exhibiting both
glomerular filtration and tubular reabsorption functions. Cell viability significantly decreased in the 75
pg/mL TiO: NPs treated group compared to the control group. Conversely, cell viability significantly
increased in the 300 ug/mL group after treatment with CTE (P < 0.01). The expression levels of PI3K and
p-AKT/AKT proteins were significantly reduced in the TiO2 NPs group compared to the control group (P <
0.05). However, intervention with CTE significantly increased the levels of PI3K and p-AKT/AKT
compared to the TiO2 NPs group, with statistical significance observed in the 300 pg/mL group (P < 0.05).
4. The validation results of PI3K inhibitor LY294002 intervention show that the TiO> NPs group exhibited
decreased expression levels of PI3K and p-AKT/AKT, increased apoptosis, reduced fluorescence intensity
of WTI, heightened leakage of FITC-BSA, diminished glucose reabsorption rates, and elevated
concentrations of KIM-1 compared to the control group. In contrast, following the intervention with CTE,
the TiO2 NPs group showed increased expression of PI3K and p-AKT/AKT, decreased apoptosis, restored
fluorescence intensity of WT1, reduced leakage of FITC-BSA, enhanced glucose reabsorption rates, and
decreased concentrations of KIM-1. Furthermore, compared to the TiO2 NPs + CTE group, the TiO2 NPs +
CTE + LY294002 group demonstrated decreased expression of PI3K and p-AKT/AKT, increased apoptosis,
reduced fluorescence intensity of WT1, heightened leakage of FITC-BSA, diminished glucose reabsorption
rates, and elevated concentrations of KIM-1.

Conclusion: CTE can mitigate the abnormal renal function indices in rats induced by TiO> NPs, reduce
renal histopathological damage, and restore glomerular filtration and renal tubular reabsorption functions.
The underlying molecular mechanism is associated with the reversal of the inhibitory effects of TiO2 NPs
on the PI3K/AKT signaling pathway, thereby decreasing renal cell apoptosis.

Key words: Titanium dioxide nanoparticles; Water extract of Cistanche tubulosa; Nephrotoxicity;

PI3K/AKT signaling pathway; Nephron organ-on-a-chip
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