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Purpose: This study aimed to investigate the molecular mechanisms of isoliensinine, a kind of bibenzyl isoquinoline alkaloid which
isolated from a TCM named Lotus Plumule (Nelumbo nucifera Gaertn), in treating renal interstitial fibrosis (RIF) by using RNA
sequencing, KEGG analysis and in vivo experimental approaches.

Methods: Spontaneous hypertension rats (SHRs) were randomly assigned into five groups, consisting of SHR, SHR-+Isoliensinine-L
(2.5 mg/kg/day), SHR+Isoliensinine-M (5 mg/kg/day), SHR+Isoliensinine-H (10 mg/kg/day), and SHR+Valsartan (10 mg/kg/day) groups
(n = 6 for each group). A control group of Wistar Kyoto rats (n = 6) was also included. Rats were treated intragastrically with isoliensinine,
valsartan, or double-distilled water of equal volume for 10 weeks. To examine the therapeutic impact on hypertensive renal injury, fibrosis,
and its underlying mechanisms, multiple techniques were employed, including hematoxylin and eosin staining, Masson trichrome staining,
RNA sequencing, gene ontology (GO) function and pathway enrichment analysis and immunohistochemistry.

Results: Resultantly, the use of isoliensinine at different concentrations or valsartan showed significant improvement in renal
pathological injury in SHRs. RNA sequencing and KEGG analysis uncovered 583 differentially expressed transcripts and pathways
enriched in collagen formation and ECM-receptor interaction after treatment with isoliensinine. There was also a reduction in the
increase of collagen and upregulation of collagen I & III, TGF-B1, p-Smad2, and p-Smad3 in the renal tissue of SHRs. Thus,
isoliensinine ameliorated renal injury and collagen deposition in hypertensive rats, and inhibiting the activation of the TGF-1/Smad2/
3 pathway might be one of the underlying mechanisms.

Conclusion: This study showed that treatment with isoliensinine effectively reduced the renal injury and fibrosis in SHRs. In
addition, isoliensinine inhibited the TGF-B1/Smad2/3 signaling in-vivo. These findings provided strong evidence for the therapeutic
benefits of isoliensinine in combating renal injury and fibrosis.

Keywords: isoliensinine, RNA sequencing, hypertension, renal injury, TGF-$1/Smad2/3 pathway, collagen deposition

Introduction

Hypertension renal disease (HRD) is a kind of chronic kidney disease (CKD) in which the main etiology is primary
hypertension.' It affects a large number of people worldwide and has become a severe public healthcare problem.” As the
disease progresses, it will cause functional and structural damage to the kidney,® then develop into end-stage renal
disease (ERSD) and eventually lead to death® The renal injury caused by hypertensive nephropathy is characterized by
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renal tubular injury, renal interstitial fibrosis, and glomerulosclerosis.” Studies have shown that renal interstitial fibrosis
(RIF) is the main complication of hypertensive nephropathy.®® Therefore, prevention and treatment of renal interstitial
fibrosis is an important way to treat hypertensive nephropathy.’

The underlying mechanisms of renal fibrosis are complicated and are closely associated with the abnormal activation
of multiple signaling pathways.'®'®> Among them, the transforming growth factor beta (TGF-B1) pathway is crucial in
virtually all types of fibrosis.'* Previous studies have found that TGF-1 is up-regulated in the glomeruli and interstitium
of fibrotic kidneys, which in turn can further promote the development of fibrosis.'>'® Meanwhile, a study targeting
smad3 signaling downstream of TGF-Pl found that targeted deletion of smad3 alleviated fibrosis.'” ' Therefore,
targeting these signaling pathways is vital for treating renal fibrosis. Meanwhile, it is essential to find drugs that can
inhibit kidney fibrosis at present, most of the anti-fibrosis drugs used in clinical practice target the TGF-p1 pathway,?%*'
such as humanized neutralizing monoclonal antibody against TGF-B1 (LY2382770), small oral molecules, and oral
inhibitor of TGF-P type I receptor kinase.*> Although it has a specific therapeutic effect, it also has disadvantages such as
high price, complex preparation, difficult storage, and side effects.”*** Therefore, exploring more effective and more
convenient treatment methods is advisable.

There have been many reports on the promising use of Traditional Chinese Medicine (TCM) and its active
ingredients in the cure of hypertensive nephropathy.>> 2’ Lotus Plumule (Nelumbo nucifera Gaertn) is a TCM.*®

2931 1t has antioxidant,*?

Isoliensinine is a kind of bibenzyl isoquinoline alkaloid which isolated from it.
cardioprotective®® and anti-vascular proliferation.** A previous study indicated that isoliensinine is a naturally
occurring molecule with “Drug-Like” potential.>> Our unpublished data indicated that the treatment of isoliensinine
significantly lowers the elevation of blood pressure and improves the functional and pathological changes of the
abdominal aorta in SHRs, suggesting the antihypertension of isoliesinine. However, the pharmacological efficacy and
molecular mechanisms of isoliensinine in the therapy of hypertensive renal fibrosis have still remained unclear.
Therefore, this study endeavors to examine the pharmacodynamic effects of isoliensinine on renal injury and determine

its molecular mechanisms.
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Materials and Methods

Reagents

Isoliesinine with a purity > 95% was purchased from Key Pharmtech Co., Ltd (Shanghai, China). Hematoxylin (Cat. no.
G1140), eosin (Cat. no. G1100), and Masson staining kit (Cat no. G1340) were purchased from Solarbio Technology Co.,
Ltd (Beijing, China). Ultra Sensitive™ SP (Mouse/Rabbit) immunohistochemistry kit (Cat no. KIT-9720) and DAB kit
(Cat no. DAB-0031), antibodies against p-Smad2 (Cat no.13429), Smad2 (Cat no. 41442), p-Smad3 (Cat no.12838),
Smad3 (Cat no.41445) were purchased from SAB (College Park, Maryland, USA). Antibody against TGF-B1 (Cat no.
ABP52598) was obtained from Abbkine (Wuhan, Hubei, China). Antibodies against collagen I (Cat. no. 14695-1-AP),
and collagen III (Cat. no. 22734-1-AP) were obtained from Proteintech (Rosemont, IL, USA).

Animals and Experimental Protocols

A total of 30 spontaneously hypertensive rats (SHRs) and 6 Wistar Kyoto rats (WKY) were obtained from Beijing Vital
River Laboratory Animal Technology Co Ltd (Beijing, China). These rats (male, 4 weeks old, weighing 96 g + 9 g) were
housed under specific pathogen-free and controlled conditions with appropriate humidity (55% + 5%), temperature (24
°C+2 °C), Given a 12 hour alternating light/dark cycle and were given standard chow and water. The SHRs were
divided into five groups: SHR, SHR+Isoliensinine-2.5 (2.5mg/kg/day), SHR+Isoliensinine-5 (5mg/kg/day), SHR
+Isoliensinine-10 (10mg/kg/day), and SHR+Valsartan-10 (10mg/kg/day) group with 6 rats in each group. The WKY
rats were used as the control group (n = 6). The rats were acclimatized for a week before the start of the experiment and
the study was approved by the Ethics Committee of Fujian University of Traditional Chinese Medicine.

Hematoxylin-Eosin (H&E) Staining

The rats were sacrificed using 0.2% isoflurane, and kidneys were fixed in the pre-prepared 4% paraformaldehyde solution
after 48 hours of fixation, placed in 70% alcohol, and routinely embedded with paraffin. For subsequent experiments,
kidney tissues were sliced into 4-um thick slices. Paraffin sections underwent H&E staining, and the resulting images
were viewed through a 400x magnification light microscope (Leica DM6000B, Leica Microsystems, Wetzlar, Germany).

RNA Sequencing

The dichotomized renal tissues were stored in RNA later and total RNA was extracted using Trizol (Tiangen, Beijing,
China). RNA integrity (RIN) was assessed with the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA), and RNA concentration was determined using the Qubit RNA Assay Kit and Qubit Fluorometer (Invitrogen, CA,
USA). Samples with an RIN score of 7 or greater were selected for further experiments. RNA-seq was conducted by

Capital Bio Technology (Beijing, China) as described previously,*® with data processing methods outlined in reference.’’

Masson’s Trichrome Staining

The content of collagen fibers in the kidney was determined by Masson trichrome staining. The paprffinized kidney
sections were dewaxized and stained with lichun red stain, phosphomolybdic acid differential stain, and aniline blue
staining were performed according to the instructions. The sections were dyed and rinsed with running water and sealed
with gum. To quantify kidney interstitial fibrosis, the blue pixeled content of the images was captured. Image J software
was utilized to determine collagen content as the percent of positive area relative to the total area.

Immunohistochemistry of Renal Tissue

Detection of expression of related proteins by using immunohistochemical®® kit, paraffin sections of kidney tissues of
rats in each group were prepared, dewaxed gradient rehydration, microwave antigen repair was placed in citric acid
buffer (pH 6.0), naturally cooled to room temperature, endogenous peroxidase was incubated for 10 min, and 1x PBS was
washed for three times. Block solution was added for 60 min and then dried by rotation. Primary antibody was added and
incubated overnight in a wet box at 4 °C. On the second day, after room temperature was restored, PBS was washed 3
times, and the corresponding secondary antibody labeled with horseradish peroxidase was dropped. The reaction was
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incubated at room temperature for 60 min, followed by PBS washing 3 times, streptomycin was incubated for 60 min,
and DAB was performed for color rendering. The color developing time was controlled under microscope, and the
reaction was terminated by washing with distilled water. After the nucleus was restained with hematoxylin, the tablets
were washed and sealed with neutral gum, and the expression of positive marker area was calculated using Image J.

Statistical Analysis

The results were expressed as mean + standard deviation, and the statistical analysis was conducted using SPSS Social
Sciences (version 25.0, IBM, Armonk, NY, USA). To determine differences among three groups, one-way analysis of
variance was employed when the data conformed to a normal distribution, and the Kruskal-Wallis test was used for non-
normal distribution. Results were considered statistically significant with P-value < 0.05.

Results

Isoliensinie Alleviates Kidney Injury in Spontaneously Hypertensive Rats
Compared with the WKY group, obvious renal damage was found in SHR group, such as abnormal glomerular structure.
On the contrary, pathological condition was relieved after isoliensinine treatment (Figure 1).

Genome-Wide Gene Expression Profiling Analysis

To uncover the molecular mechanism behind isoliensinine treatment, we conducted RNA sequencing to analyze the kidney
gene expression profiles in each group. The results were depicted in cluster maps (Figure 2A) and volcano maps (Figure 2B).
We found that after 5 mg/kg/day doses of isoliensinine treatment, 1328 transcripts were upregulated and 1495 were down-
regulated, compared to the SHR group which showed 1945 transcripts upregulated and 2060 downregulated (Figures 2C). The
intersection analysis between the SHR vs WKY group and the SHR + Isoliensinine vs SHR group showed that 389 genes
upregulated by SHR were downregulated after isoliensinine treatment (top ranked genes: Tmlhe, Tgfbrapl, Usp45, Usp45,
Pacsin3) (Table 1), while 194 genes downregulated by SHR were upregulated after isoliensinine treatment (top ranked genes:
Rps27a, Ercl, Slc9a6, Tgtbrapl, Oxrl) (Table 2). Meanwhile, we have identified a number of genes associated with fibrosis,
such as P4hal,*®* Stra6,***' Fubp1,** Stat6,***** Myh9** (Table 3).

Annotationally Analysis of Gene Ontology and Kyoto Encyclopedia of Genes and

Genomes Pathways
To identify potential pathways, we conducted Gene Ontology (GO) and KEGG pathway analysis on related processes and
gene expression. The top 30 enriched GO terms were presented in Figures 3A and B. The results showed that the biological
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Figure | Isoliensinine effectively improved hypertensive renal injury in SHRs. (A) The structural formula of Isoliensinine from PubChem (nih.gov) (B) The examination of
pathological changes in renal tissue samples through H&E staining, with representative images taken at 400% magnification and a scale bar of 50 um. The number of samples
per group was n=6.
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Figure 2 Isoliensinine treatment’s effects on the transcript expression profile of kidney tissues were analyzed by conducting RNA sequencing to identify differential

transcripts (DETs) in each group. Comparing gene expression profiles using (A) hierarchical clustering plots and (B) volcano plots (|fold change| 2 2, P < 0.05). (C)
Identification of integrated transcripts between the two comparisons with integrative analysis.
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Table | Details of the Top Ranked Genes Up-Regulated in the SHR Group and Down-Regulated
in the Isoliensinine Groups

Gene ID | Fold Change | P-value Description

Tmlhe 13.4 0 Trimethyllysine hydroxylase epsilon

Tgfbrap | 6.5 0 Transforming growth factor beta receptor associated protein |
Usp45 6.2 0 Ubiquitin specific peptidase 45

Pars2 6.15 0 Prolyl-tRNA synthetase mitochondrial

Pacsin3 5.5 0 Protein kinase C and casein kinase substrate in neurons 3

Table 2 Details of the Top Ranked Genes Down-Regulated in the SHR Group and Up-Regulated in the
SHR + Isoliensinine Groups

Gene ID Fold Change | P-value Description

Rps27a 9.29 0 Ribosomal protein S27a

Ercl 8.59 0 ELKS/RAB6-interacting/ CAST family member |

Slc9ab 6.7 0 Solute carrier family 9 member A6

Tgfbrap | 6.4 0 Transforming growth factor beta receptor associated protein |
Oxrl 6.26 0 Oxidation resistance |

Table 3 Details of Some Genes Related to Fibrosis

Gene ID | Fold Change | P-value Description

Myh9 5.6 0 Myosin heavy chain 9

Straé 29 0 Stimulated by retinoic acid 6

P4hal 2.1 0 Prolyl 4-hydroxylase subunit alpha |

Fubpl 1.5 0 Far upstream element binding protein |
Staté 1.16 0 Signal transducer and activator of transcription 6

processes were mainly enriched for kidney development and the mRNA was mainly distributed in the cytoplasm, organelle,
and nucleus as shown in the cell component analysis. The molecular function was enriched for enzyme binding, transferase
activity, and molecular function regulation. Additionally, we performed KEGG pathway enrichment analysis on the DEGs
identified between the SHR vs WKY group and the SHR + Isoliensinine vs SHR group to further study the relevant pathways
in the mechanism of isoliensinine in hypertension treatment. The top 30 signaling pathways are depicted in Figures 4A and B.
Out of the enriched pathways between the two groups, there were 222 overlapping pathways (Figure 4C). Among these, we
focused on the ECM pathway and collagen formation.

Isoliensinine Ameliorates ECM Deposition

The Masson staining results indicated that the collagen fiber accumulation in the kidney of the SHR group was
significantly greater compared to the WKY control group (Figures 5A and B). To assess the impact of isoliensinine
on ECM and fibrosis markers, immunohistochemistry was performed on kidney tissue. The accumulation of ECM
components, such as collagen I and collagen III, is a key characteristic of renal interstitial fibrosis. The immuno-
histochemical analysis showed that the expression of collagen I and collagen III proteins was higher in the SHR
group compared to the WKY group, and every dose of isoliensinine significantly reversed this trend (Figure SC—F).
These results suggest that isoliensinine can prevent the expression of ECM components and reduce pathological

collagen expression.
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Figure 3 GO enrichment terms of renal tissues. GO Enrichment Analysis of DETs from (A) SHR vs WKY and (B) SHR+Isoliensinine vs SHR, presenting the top 30 enriched
items in cellular composition, biological processes, and molecular function. (C) Venn diagram shows the overlap of cell composition, biological processes, and molecular
functions between SHR and WKY groups and between SHR+ isoliensinine and WKY.

Isoliensinine Attenuates Renal Fibrosis in SHR by Inhibiting the TGF-f31/Smad2/3 Pathway
Due to TGF-B1/smad2/3 pathway activation and ECM overaccumulation has close relationship.*®*® Based on the RNA-
seq results, we detected the TGF-B1, p-Smad2, Smad2, p-Smad3, and Smad3 expression in kidney tissues. TGF-$1,
p-Smad2, and p-Smad3 were highly expressed in the SHR group and were relieved by isoliensinine intervention
(Figure 6). To sum up, it appears that the TGF-B1/Smad2/3 pathway was involved in the development of renal interstitial
fibrosis (RIF). Additionally, isoliensinine may have a therapeutic effect by suppressing renal fibrosis through the
inhibition of the TGF-B1/Smad2/3 pathway.

Discussion

RIF is a major complication of hypertensive nephropathy*’ and a common outcome of various chronic kidney diseases,
contributing significantly to ESRD in many countries.’ Despite the growing number of drugs for treating renal fibrosis,
their effectiveness remains inadequate, making it imperative to seek more potent pharmacological treatments in this field.
Isoliensinine is a bisbenzylisoquinoline alkaloid isolated from Lotus Plumule (Nelumbo nucifera Gaertn). It has
a cardiovascular protective effect. However, the protective effect of isoliensinine on the kidney has yet to be studied.
Therefore, it is necessary to investigate the renoprotective effects of isoliensinine and to explore the mechanisms by
which it regulates renal fibrosis.

Prior to exploring its mechanism of action, we evaluated the effect of isoliensinine on renal injury related to
hypertension, the significant reduction of renal pathological changes in SHR due to the use of isoliensinine suggesting
its efficacy in the alleviation of hypertension-induced renal injury. To determine the extent of renal fibrosis, we performed
an analysis by using Masson staining, which suggested that renal interstitial fibrosis was occurring and was improved by
isoliensinine intervention.
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Figure 4 KEGG enrichment analysis of renal tissues: examining the impact of Isoliensinine on enriched signaling pathways in (A) SHR vs WKY and (B) SHR+lIsoliensinine vs
SHR, (C) with integrated analysis of the top 30 enriched pathways between both comparisons.

It is noteworthy that in spontaneously hypertensive rats, the renin—angiotensin aldosterone system (RAAS) is

present,’’ a system that has been shown to be closely linked to fibrosis,’*>>

and the secretion of angiotensin II via the
RAAS system, a multifunctional effector molecule that acts systemically via G protein-coupled receptors,”* and the
binding of AnglI to its type 1 receptor (AT1R) activates Smads, leading to TGF-f1 synthesis and release, and generates
a positive feedback loop to amplify fibrotic TGF-B1 signalling.’>>® Thus, inhibition of TGF-B1 signaling may be one
way to treat renal fibrosis caused by hypertensive nephropathy. In the progression of renal interstitial fibrosis, another
hallmark of the disease is the over-accumulation of ECM proteins in both the glomerular and interstitial regions. This
results in the characteristic pathological changes seen in this condition. Thus, inhibiting ECM deposition is an important
way to treat renal fibrosis.”” Our in vivo results showed that isoliensinine treatment can reduce the expression of two
main components of ECM, collagen I and III in renal tissue of SHRs. This indicates that isoliensinine may treat renal
fibrosis by reducing the accumulation of ECM. It is well known that ECM proteins can be induced to be expressed by
TGF-B1, and also directly affects the synthesis of ECM, leading to its excessive accumulation.’®>® TGF-B1, which
contributes to fibrosis, plays a role in every stage of kidney fibrosis.° As the classical pathway of TGF-B1 mediated
fibrosis,”' The TGF-B1/smad2/3 pathway plays an important role. In the disease state, TGF-B1 can bind to its type II
receptor TPRII and recruit TPRI, which phosphorylates smad2 and smad3,%>%3 thereby promoting the development of
fibrosis.®* In our study, we found that the expression levels of p-Smad2, p-Smad3 were significantly increased in the
kidney tissues of SHR rats, and the expression levels of TGF-1, p-Smad2 and p-Smad3 were greatly reduced after
isoliensinine treatment. Renal fibrosis caused by hypertension involves multiple signaling pathways, including Nrf2
pathway,®> FOXO3 pathway,®® and Notch pathway,’”®® etc. However, the most classic pathway is TGF- B 1/Smad2/3
pathway.®"*? In this study, we focused on this pathway, which is not only the most widely studied pathway in fibrosis,
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Figure 5 Isoliensinine reduced fibrosis in the renal interstitium and the levels of fibrosis markers in the kidney tissues of SHRs. (A) The collagen content in the kidneys of
SHRs from each group was assessed using Masson trichrome staining. (B) The number of Masson trichrome-stained cells in the rats was calculated and IHC was performed
to determine the positive areas. (C—F) IHC analysis was used to determine the protein expression of Collagen | and lll. The number of collagen | and lll-stained cells in the
renal tissues was calculated and IHC was performed to detect the expressions of positive area. All micrographs were taken at 400x magnification with a scale bar of 50 um.
Results were presented as means * standard deviations and statistical comparisons were made to the WKY (*P < 0.05 vs WKY) and SHR (*P < 0.05 vs SHR) groups.
Representative images were depicted on left side and statistical graphs were shown on the right hand.

but also based on previous studies that reported that isoliensinine can pass through TGF-  1/Smad2/3 pathway treats
Pulmonary fibrosis.”

Concurrently, we utilized RNA sequencing to examine gene transcript variances. The intersection analysis of DEGs
between SHR vs WKY and SHR + Isoliensinine vs SHR demonstrated that 389 genes, which were elevated by SHR,
were decreased after isoliensinine treatment. Among them, many genes are closely related to fibrosis, such as P4hal,**-°
Stra6,***! Fubp1,*? Stat6,*>** Myh9,*> These genes have been reported in liver fibrosis and renal fibrosis, respectively.
Meanwhile, we found through sequencing results that isoliensinine could significantly alter the expression of these genes,
but the specific regulatory mechanism of isoliensinine on these genes has not been reported. We will continue to conduct
in-depth research in the future.
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Figure 6 Inhibitory effect of Isoliensinie on TGF-B1/Smad2/3 signaling in-vivo using immunohistochemistry (IHC). (A and B) IHC was used to measure TGF-B1 protein
expression in renal tissues and calculate the number of TGF-B|-positive cells. (C—F) IHC was also used to determine the expression of p-Smad2/Smad2 and p-Smad3/Smad3
and the proportion of positive regions in rat renal tissues. Micrographs were taken at 400% magnification with 50 pm scale bar and all results were presented as mean * SD
(n = 6 for each group). Significant differences were noted with *P < 0.05 vs WKY and #P < 0.05 vs SHR groups.
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Limitation

Our study confirmed the TGF-B1/Smad2/3 pathway in-vivo and revealed that isoliensinine decreased its expression.
Furthermore, isoliensinine either blocked the release of TGF-B1 or the expression of its downstream proteins (phos-
phorylated proteins). Further investigation into the mechanism of isoliensinine in regulating renal interstitial fibrosis is
planned in in-vitro studies in the future.

Conclusions

This study revealed that treatment with Isoliensinine effectively reduced the renal injury and fibrosis in SHRs. In
addition, we have revealed by immunohistochemistry that Isoliensinine inhibits the TGF-f1/Smad2/3 signaling in-vivo.
These findings provided strong evidence for the therapeutic benefits of isoliensinine in combating renal injury and
fibrosis.
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