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Abstract: Chronic glomerulonephritis frequently develops into renal failure that cannot be completely cured. Based 
on the success of anti-inflammatory Chinese herbs in treating chronic nephritis, our goal was to investigate the 
therapeutic effects and mechanism of action of loquat leaf polysaccharides (LLPS) on chronic anti-Thy-1 nephritis. 
A rat model of glomerulonephritis was used to study the effects of 8 weeks of enalapril or LLPS treatment. Twenty-
four-hour rat urinary protein excretions were measured every week for 8 weeks. Then, all animals were sacrificed, 
renal-related biochemical parameters were analyzed, and histology and electron microscopy examinations of renal 
tissue samples were conducted. Renal cortex tissue was used to detect markers of renal fibrosis. RNA sequencing 
(RNA-seq) and in vitro experiments explored the signaling pathway involved in LLPS treatment effects. Compared 
with the disease control group, LLPS treatment significantly decreased the levels of serum creatinine and blood 
urea nitrogen, reduced urinary protein excretion, glomerular mesangial cell proliferation, and extracellular matrix 
hyperplasia, and attenuated the expression of proteins associated with podocyte injury and renal fibrosis. RNA-
seq results showed that peroxisome proliferator-activated receptor (PPAR) is a potential signaling pathway involved 
in LLPS treatment of chronic glomerulonephritis. Increases in PPARα and plasminogen activator inhibitor-1 (PAI-
1) caused by glomerulonephritis were inhibited by LLPS in vitro. Furthermore, when an agonist of PPARα (BMS-
687453) was used to stimulate PPARα activity, LLPS treatment suppressed the expression of fibrosis factor PAI-1 
partially via PPARα inhibition. These findings demonstrate that LLPS improved glomerular injury in rats with anti-Thy 
1 nephritis via the PPARα pathway.
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Introduction

Chronic kidney disease (CKD) is a worldwide 
health problem [1] that is characterized by pro-
gressive destruction of renal parenchyma and 
loss of functional nephrons, which ultimately 
lead to end-stage renal failure [2-4]. CKD is sec-
ondary to renal fibrogenesis, which is charac-
terized by abnormal deposition of extracellular 
matrix (ECM), collagen, and elastic fibers [5-7]. 
Glomerular fibrosis, which causes glomerulo-
sclerosis [8], and tubulointerstitial fibrosis, whi- 
ch leads to the decline of renal filtration func-
tion [9], eventually result in the rapid progres-
sion of chronic nephropathy [10]. Podocyte in- 

jury is crucial in the pathogenesis of glomeru- 
lar disease, with proteinuria leading to CKD [11-
13]. Clinical evidence has proven that angioten-
sin-converting enzyme inhibitors and angioten-
sin receptor blockers can lower blood pressure, 
decrease proteinuria, and retard CKD progres-
sion. However, not every CKD patient has a 
good outcome, especially non-dialysis patients 
with stage 5 CKD or patients with hyperkalemia 
or acute kidney injury [2, 14].

Several Chinese medicines, such as Shen-Kang 
and Rhubarb, have been proven to be effective 
in treating chronic nephritis [15, 16]. Various 
traditional Chinese medicine extracts, including 
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general acteoside of rehmanniae leaves and 
multi-glycoside of Tripterygium wilfordii Hook. 
f., are also prescribed for chronic nephritis 
patients [17-19]. Dihydroartemisinin has also 
been applied to treat glomerular disease with 
mesangial cell proliferation [20]. Nonetheless, 
there is little literature on the treatment of poly-
saccharides in chronic nephritis. Compelling 
evidence has indicated that loquat leaf exerts 
potent inhibitory effects on inflammatory medi-
ators, including nitric oxide, inducible nitrous 
oxide synthase, cyclooxygenase-2, tumor ne- 
crosis factor-α, and interleukin-6, via attenua-
tion of the nuclear factor kappa-light-chain en- 
hancer of activated B cells (NF-κB) transloca-
tion to the nucleus [21]. It has also been report-
ed that the extract of loquat leaf possesses the 
ability to inhibit the activation of many inflam-
mation-related genes and inflammatory media-
tors [22] and may be used as an anti-inflamma-
tory and analgesic agent for treating pain and 
inflammatory diseases [23]. Polysaccharides, 
such as astragalus polysaccharide [24] and 
polysaccharides from Irpex lacteus (Fr.) Fr.  
[25], have attracted attention as a treatment 
for glomerulonephritis that acts by inhibiting 
the NF-κB pathway or exhibiting anti-inflamma- 
tory action. However, the therapeutic effect of 
loquat leaf polysaccharides (LLPS) on chronic 
glomerulonephritis has not been investigated. 

In this study, we used anti-Thy 1 rats, a well-es- 
tablished rodent model of nephritis, to evalu- 
ate the effect of LLPS on experimental glomer-
ulonephritis and to explore the potential signal-
ing pathway. 

Materials and methods

Reagents

The LLPS (provided by Prof. Ju) were extracted 
from loquat leaf by water extraction and alco- 
hol precipitation, and proteins were removed  
by the Sevag method [26-29]. Loquat leaf (500 
g) was extracted with 5 L of water two times  
for 1.5 h and a third time for 1 h. The water 
extracts (approximately 16 L) were combined, 
filtered, and evaporated to 500 mL by rotary 
evaporation under vacuum. Then, 95% ethanol 
was slowly added into the concentrated solu-
tion with constant stirring to achieve an etha- 
nol concentration of 80%. After the solution 
was allowed to stand for 12 h, the supernatant 
was removed and the lower layer precipitate 

was centrifuged at 4500 rpm for 15 min. The 
precipitate was washed three times with abso-
lute ethanol and dried under vacuum. In total, 
43 g of crude polysaccharide was obtained and 
then dissolved in distilled water to yield a solu-
tion with a final volume of 1 L. Trichloroacetic 
acid (10%) was added to the solution in a 3:1 
ratio of polysaccharide to trichloroacetic acid. 
After 6 h at rest, the mixture was centrifuged at 
4500 rpm for 15 min to remove proteins, and 
the pH of supernatant was adjusted to 7. After 
the supernatant was concentrated to 600 mL, 
95% ethanol was added with constant stirring 
to keep the ethanol concentration at 80%. After 
standing for 12 h, the lower layer precipitate 
was centrifuged at 4500 r/min for 15 min, wa- 
shed three times with absolute ethanol, and 
dried under vacuum at 75°C. After grinding, 25 
g of deproteinized LLPS was obtained (Drug 
material: Jingui loquat leaf; Place of origin: 
Sichuan; Production date: July 7, 2015).

Enalapril was obtained from SZYY Group Phar- 
maceutical Limited (Jiangsu, China). All other 
materials and chemicals, unless otherwise in- 
dicated, were obtained from Sigma Chemical 
Co. (St. Louis, MO, USA).

Animals

Male Sprague-Dawley rats (200±20 g) were 
purchased from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. All animal proce-
dures were in accordance with government-
published recommendations for the Care and 
Use of Laboratory Animals. The animal study 
was approved by the Institutional Ethics Re- 
view Boards of Nanjing University of Chinese 
Medicine (Ethics number ACU-14 (20151123)). 

Experimental groups

Twenty-eight male Sprague-Dawley rats were 
randomly assigned to four groups: normal con-
trol group (NC), disease control group (DC), 
enalapril (Ena) group (positive group, which is 
widely used to cure chronic kidney failure [30]), 
and LLPS group. The rat anti-Thy 1 nephritis 
model was established by tail vein injection of 
rabbit anti-rat thymocyte serum (1.75 mg/kg 
body weight). NC animals were injected with 
equal volumes of phosphate-buffered saline 
only. After 1 week, the rats were treated with  
an oral gavage of Ena or LLPS once daily for  
8 weeks, while rats in NC group and DC group 
were given equal volumes of water.
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Measurement of renal function parameters

Urine samples were collected from rats housed 
in metabolic cages for 24 h once a week after 
injecting anti-Thy1 serum (ATS). After 8 weeks 
of treatment, the rats were anesthetized, and 
blood was immediately collected from the ab- 
dominal aorta. Blood urea nitrogen (BUN), cre-
atinine (Cr) levels, and calculated creatinine 
clearance ratio (Ccr) serve as markers of renal 
function. The urinary protein excretion was me- 
asured using a PierceTM BCA Protein Assay Kit 
(Thermo Fisher Scientific, Waltham, MA, USA). 
Urine Cr was measured using a QuantiCh- 
romTM Creatinine Assay Kit (Bio Assay System, 
Hayward, CA, USA) for the calculation of Ccr. 
Plasma BUN and Cr levels were determined by 
standard laboratory procedures. The Ccr [31] 
was calculated using the following formula: 
(Urine Cr levels/plasma Cr levels) • 24 • Urine 
volume (mL)/(24 h × 60 min).

Cell culture

Murine mesangial cells (MMCs) were provided 
free by Nanjing Key Laboratory of Pediatrics. 
The MMCs were cultured at 37°C in a humidi-
fied 5% CO2 atmosphere and passaged every 
2-3 days in 100-mm dishes containing DMEM 
with low glucose supplemented with 10% fetal 
bovine serum, 100 U/mL penicillin, and 100 
µg/mL streptomycin. After several days of ad- 
aptive culture, the MMCs were divided into 
groups cultured with low-glucose medium (5.6 
mM) and high-glucose medium (25 mM) [32]. 
High-glucose culture promotes proliferation of 
mesangial cells, inflammatory factor, and col-
lagen accumulation [33-35]. The high-glucose 
medium group was randomly divided into the 
high-glucose group, the LLPS group, the BMS-
687453 group, and the LLPS+BMS-687453 
group. After intervention for 48 h, the total pro-
tein was extracted for western blot analysis.

Histological analyses

Electron microscopy: Kidney tissue was remo- 
ved from the abdominal cavity of the rats and 
divided into several parts. The renal cortex was 
fixed with 2.5% glutaraldehyde and sliced into 
ultrathin sections for electron microscopy anal-
ysis. The images were captured using a trans-
mission electron microscope (Tecnai G2 Spirit 
Bio TWIN). Ultrastructural changes of glomeru-
lar basement membrane and glomerular podo-
cytes were observed by electron microscopy.

Periodic Acid-Schiff (PAS) staining: Renal cor-
tex tissues were fixed in 10% neutral formalin 
for 24 h and then embedded in paraffin. The 
embedded tissues were cut into 3-µm-thick 
sections for morphological analysis by PAS 
staining. Glomerular mesangial expansion was 
determined in 20 glomeruli per slide in a blind-
ed manner. The images of random glomeruli 
were captured using an Axio VertA 1 digital 
camera, and the area of PAS-positive glomeruli 
was quantified using a computer-assisted color 
image analysis system (Image J). The extent of 
glomerular matrix expansion was assessed in a 
relative value according to area of positive 
staining field. Scores were calculated on a 0-4 
scale (0: 0%, 1: 1-25%, 2: 26-50%, 3: 51-75%, 
and 4: 76-100%).

Western blot analysis

Renal tissues stored at -80°C or cell precipita-
tions were lysed in RIPA lysis buffer with prote-
ase inhibitor cocktail, and protein concentra-
tion was detected using a BCA Protein Assay kit 
(Thermo Fisher, New York, NY, USA). Total tis-
sue or cell lysate mixed with sample buffer and 
β-mercaptoethanol (equal to 20 µg of protein) 
was fractionated by SDS-PAGE on a 10% poly-
acrylamide gel and transferred to polyvinyli-
dene fluoride (PVDF) membranes. After being 
blocked with 5% non-fat milk, membranes were 
incubated overnight with primary antibody 
(diluted 1:1,000) at 4°C. The following primary 
antibodies were used: rabbit polyclonal WT1 
antibody (sc-192, diluted 1:1,000; Santa Cruz 
Biotechnology), rabbit polyclonal plasminogen 
activator inhibitor-1 (PAI-1) antibody (ab66705, 
diluted 1:1,000; Abcam), rabbit polyclonal per-
oxisome proliferator-activated receptor alpha 
(PPARα) antibody (15540-1-AP, diluted 1:1,000; 
Proteintech). The rabbit polyclonal β-actin anti-
body (#4967, diluted 1:1,000; Cell Signaling 
Technology) served as loading controls. After 
being washed with TBST (mixture of tris-buff-
ered saline and Tween 20), the blots were incu-
bated in goat anti-rabbit horse radish peroxi-
dase (HRP)-conjugate antibody (sc-2004, dilut-
ed 1:10,000; Santa Cruz Biotechnology) for 1 h 
at room temperature [36]. Proteins were visual-
ized with the TannonTM High-sig ECL Western 
Blotting Substrate (Tannon, Shanghai, China).

Transcriptiomic RNA sequencing 

The RNA-seq and sample analysis were per-
formed by Xinyinzi Bio-tech (Shanghai, China). 
Briefly, mRNA was extracted from the total RNA 
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of cortex tissues after removing the rRNA. This 
project used Rattus_norvegicus ref RNA-seq 
data sequencing and an analysis technology 
service. After constructing an RNA sequencing 
library, Hi Seq X-Ten was utilized for PE150 
sequencing. Data were analyzed using strict 
data quality control, and differentially expressed 
genes were found.

Statistical analysis

Results are shown as mean ± standard devia-
tion (SD). Significant differences among groups 
were analyzed by one-way ANOVA or paired 
t-test using SPSS 22.0 software. A P value of 
<0.05 was considered significant.

Results

LLPS improved the renal function of rats with 
anti-Thy 1 nephritis 

The levels of plasma BUN and Cr were signifi-
cantly increased in the rats with disease indu- 
ced by the administration of ATS, and the Ccr 
levels were decreased in the DC group com-

pared to the NC group. Plasma BUN of LLPS-
treated rats was reduced by 28%, which was 
significantly lower than that in disease animals. 
The Cr levels in the LLPS treatment group were 
elevated, but did not reach statistical signifi-
cance (Table 1). The 24 h proteinuria in the  
DC group rats was significantly increased after 
ATS injection and continued to rise during the 
following 8 weeks. LLPS treatment resulted in 
obvious reduction of 24-h proteinuria by 76% 
compared to that in DC group (Figure 1).

LLPS ameliorated glomerular damage ob-
served by electron microscope

The glomerular structures, including the po- 
docytes, were well maintained in the control 
samples. Compared with the NC group, the DC 
group showed typical signs of mesangial cells 
proliferation, mesangial matrix hyperplasia, ir- 
regular basement membrane thickening, and 
fusion of foot processes, all of which indicated 
glomerular damage. Both groups of rats treat-
ed with LLPS or Ena presented with reduction 
of mesangial cell proliferation, improvement of 
glomerular basement membrane thickening 
and decrease of foot process fusion (Figure 
2A). As summarized in Figure 2B and 2C, the 
glomerular basement membrane thickness 
and foot processes width showed significant 
decreases (P<0.05) in rats treated with either 
Ena or LLPS compared to DC animals (Figure 
2B and 2C). The expression of a nucleoprotein 
Wilms’ tumor 1 (WT1), recognized as a podo-
cyte-related biomarker [37, 38] specific to adult 
renal foot cells and parietal glomerular epithe-
lial cells, was markedly reduced in the DC gro- 
up. Similar to the Ena group, LLPS treatment 
also reversed the decreased WT1 expression 
(Figure 2D).

LLPS attenuated renal fibrosis in rats with anti-
Thy 1 nephritis 

In the nephritis model group, hyperplasia of 
mesangial cells was aggravated, followed by 

Table 1. Renal function of experimental rats
Renal Function NC DC Ena LLPS
Plasma BUN (mmol/L) 5.31±0.16 8.53±1.67* 6.01±0.74# 6.10±0.21#
Plasma Cr (μmol/L) 29.5±0.93 37.33±2.07* 35.83±4.31 36.17±4.22*
Ccr (mL/min) 2.38±0.93 1.32±0.57* 2.04±0.94 1.99±0.93
NC: normal control; DC: disease control; Ena: enalapril (10 mg/kg/d); LLPS: Loquat leaf polysaccharides (100 mg/kg/d); 
*P<0.05 vs NC; #P<0.05 vs DC.

Figure 1. Twenty-four-hour urinary protein excretion 
in rats with anti-Thy 1 nephritis. Significant differenc-
es among groups are shown in detail with P values.
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Figure 2. Effects of LLPS on improving podocyte injury in experimental ani-
mals. A. Pathological changes of renal cortex observed by electron micros-
copy (6800 ×). B. Scores of renal glomerular basement membrane thick-

ness. C. Scores of foot processes 
width. D. Level of WT1 protein 
expression analyzed by western 
blot. Key: (*) P<0.05 vs NC; (#) 
P<0.05 vs DC.

stenosis or even occlusion of 
capillary cavities. Focal seg-
mental scleroses were found 
in some glomeruli, presenting 
as increments of glomerular 
mesangial matrices and thi- 
ckening of the renal capsule 
wall. Representative glomeru-
li of PAS staining are shown  
in Figure 3A. The glomeruli in 
the DC group showed remark-
able accumulation of ECM co- 
mpared to normal glomeruli. 
Both LLPS and Ena caused 
progressive reduction in glo-
merular matrix accumulation. 
As shown in Figure 3B, a sig-
nificant decrease in PAS sta- 
ining was seen in rats treated 
with either LLPS or Ena com-
pared to DC rats (P<0.05). 
PAI-1, which is thought to de- 
crease the reversal of the pa- 
thological ECM and is associ-
ated with renal fibrosis [39], 
was significantly up-regulated 
in the DC group. Conversely, 
LLPS treatment attenuated 
the expression of PAI-1 pro-
tein (Figure 3C).

Taken together, these data 
indicate that LLPS treatment 
could protect kidney funct- 
ion, inhibit ECM accumula-
tion, and ameliorate glome- 
rular damage in experimental 
anti-Thy1 nephritis.

RNA-seq analyses revealed 
the potential signaling path-
way involved in LLPS treat-
ment in chronic glomerulone-
phritis 

We also sought to determine 
the mechanism of the LLPS 
protective effect on kidney 
function in anti-Thy1 nephri-
tis. An RNA-seq analysis was 
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performed to detect differential expression  
profiles in the renal cortex of NC, DC, and LLPS 
groups. In total, 504 up-regulated genes and 
297 down-regulated genes were significantly 
differentially expressed between the LLPS and 
DC groups (|FoldChange| ≥2, P value ≤0.05 
(Figure 4A)). The Venn diagram in Figure 4B 
shows that 20 differentially expressed genes 

superfamily [40]. Consistent with results of the 
gene expression profile, PPARα was easily de- 
tected by western blot in the cortex tissues of 
DC rats. In contrast, PPARα expression was  
evidently decreased in rats treated with LLPS 
(Figure 5A). To further confirm the role of the 
PPARα signaling pathway in the treatment of 
LLPS, cellular experiments were carried out. As 

Figure 3. Effects of LLPS on improving renal fibrosis in experimental animals. 
A. Glomeruli of kidney stained with periodic acid-Schiff stain (PAS) (400 ×). B. 
The score of the glomerular extracellular matrix. C. The level of PAI-1 protein 
expression analyzed by western blot. Key: (*) P<0.05 vs NC; (#) P<0.05 vs 
DC.

were significantly altered in all 
three sample types; namely, 
Atp5me, Prodh1, Acacb, Mid- 
1ip1, Cyp7a1, Nampt, Gadd- 
45g, Rps14, Hacl1, Hes6, 
Arrdc3, Mup, Hspa1a, G6pc, 
AC123346.1, Pemt, AABR0- 
7066188.1, Igfbp1, Gck, and 
a novel gene. Representative 
gene ontology (GO) Biological 
Process terms and KEGG pa- 
thways selected from the mo- 
st enriched charts are shown 
in Figure 4C and 4D. Predict- 
ed genes were categorized in- 
to three ontologies: biological 
process (BP), cellular compo-
nent (CC), and molecular func-
tion (MF). The significantly en- 
riched GO terms with more 
numbers of genes for BP, CC, 
and MF (Figure 4C) were re- 
lated to organelle and cata-
lytic activity metabolic proce- 
sses, respectively. Correspon- 
ding pathways were analyzed 
by KEGG analysis. Only the 
top 20 most significantly en- 
riched pathways are shown  
in Figure 4D. Based on the 
identified mRNA regulations, 
the PPAR signaling pathway 
was found to be one of the 
most significantly enriched pa- 
thways.

PPARα signaling pathway 
was validated by the in vitro 
experiment 

PPAR was selected as a po- 
tential signaling pathway bas- 
ed on the gene expression 
profile. PPARα is a member of 
PPARs, which are ligand-acti-
vated transcription factors of 
a nuclear hormone receptor 
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shown in Figure 5B, LLPS reversed the up-regu-
lation of PPARα induced by a high-glucose  
culture medium. Moreover, LLPS reversed the 
elevated PAI-1 expression in high-glucose cul-
ture medium (Figure 5C). Furthermore, we used 
BMS-687453, an agonist of PPARα, to check 
whether regulation of PPARα was associated 
with PAI-1 expression. We found that the levels 
of PAI-1 protein were down-regulated by LLPS 
treatment but de-suppressed by combining 
LLPS with PPARα agonist BMS-687453, there-
by confirming that PPARα activity could directly 
affect PAI-1 expression (Figure 5D). 

In summary, these results demonstrate that 
the PPARα signaling pathway was activated in 
anti-Thy 1 nephritis, which could be inhibited by 
LLPS treatment.

Discussion

Loquat leaf is a type of Chinese medicine th- 
at has many pharmacological activities, such 
as suppressing coughs, lowering blood sugar, 
anti-inflammation, anti-tumor etc. [23, 41]. The 
main active components of loquat leaf inclu- 
de volatile oil, flavonoids, terpenoids, organic 

acids, etc., which have been proven to have 
anti-inflammatory, hypoglycemic, and anti-can-
cer effects by a large number of studies. In  
contrast, the effects of loquat leaf compon- 
ents on nephritis have not been reported. Po- 
lysaccharide extracts from Chinese medicine, 
such as astragalus polysaccharide, have been 
shown to improve chronic glomerulonephritis. 
One study shows that decocted loquat leaf  
had a clinically favorable curative effect in 80 
cases of acute glomerulonephritis in children. 
However, it is not clear whether LLPS are ac- 
tive components in the treatment for protect- 
ing kidney function. We know that astragalus 
polysaccharide can improve C-BSA-induced 
glomerulonephritis in rats by suppressing NF- 
κB activation and NF-κB-regulated cytokine 
expressions [24]. Furthermore, Wang and co-
workers illustrated that polysaccharide from 
Irpex lacteus (Fr.) Fr. efficiently inhibits mem-
branous glomerulonephritis, possibly by target-
ing inflammation and NF-κB [25]. Therefore, we 
speculated that LLPS may be an effective com-
ponent in the treatment of nephritis. Because 
there are few studies on the pharmacological 
effects of LLPS at present, our aim was to 

Figure 4. Large scale gene expression profiles. A. The volcano plot was used to enable visualization of the relation-
ship between fold change and statistical significance. The red point in the plot represents up-regulated mRNA (fold 
change >2, P<0.05), the green point indicates down-regulated mRNA (fold change <2, P<0.05), and the blue point 
shows mRNA with no statistical difference (fold change <2, P>0.05). B. Venn diagram of differential expressed 
genes detected in the four different groups. The overlap represents 20 differentially expressed genes common to 
the three different groups. C. Gene ontology (GO) classification of target genes. The 30 most significantly enriched 
GO terms for the whole kidney. The x-axis represents the numbers of genes and the y-axis represents the diverse 
biological functions of target genes according to the three GO categories, including biological process, cellular com-
ponent, and molecular function. D. The 20 most significant down-regulated pathways (LLPS vs DC). KEGG (Kyoto 
Encyclopedia of Genes and Genomes) pathway classification of target genes. Scatter diagram of enriched KEGG 
pathways of 20 differentially expressed genes. The Y-axis represents the name of pathway and the X-axis represents 
the Rich factor. The point size indicates the number of differentially expressed genes in one pathway, and the color 
of the point corresponds to the range of the Q value. NC: normal control group: DC: disease control group; LLPS: 
loquat leaf polysaccharide group.

Figure 5. PPARα analyzed by western blot. A. Expression of PPARα in renal cortex. B-D. The expression of PPARα and 
PAI-1 in MMCs. LG: low glucose, HG: high glucose, LLPS 1: loquat leaf polysaccharide (50 μg/mL), LLPS 2: loquat 
leaf polysaccharide (100 μg/mL), BMS: BMS-687453 (426 nM).
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explore the therapeutic effects of LLPS on 
chronic nephritis and decipher the potential 
mechanism. 

We took advantage of a rat model of Thy-1 
nephritis induced by the injection of anti-rat 
thymocyte serum to evaluate the function of 
LLPS [42]. Some common pathological phe-
nomena have been observed in experimental 
glomerulonephritis, including massive protein-
uria, increased expression of TGF-β, mesangial 
cell proliferation, and mesangial matrix expan-
sion [43]. The rats in our model group showed 
significant elevated level of Cr and BUN and 
marked decreased level of Ccr compared with 
the NC group. LLPS-treated rats had a demon-
strable reduction in BUN/Cr and an obvious 
increase in Ccr compared with untreated rats 
(Table 1; Figure 1). Although this trend of an 
increase in Ccr after LLPS treatment did not 
reach statistical significance, it suggests that 
the mechanism involved in LLPS for renopro-
tection is not completely dependent on its he- 
modynamic effects (Figure 1). In addition, the 
urinary protein excretion of the DC group con-
tinued to rise during the following 8 weeks, 
whereas LLPS treatment retarded the progres-
sive increases of proteinuria in rats. Podocyte 
injury, the major cause of proteinuria in glomer-
ular diseases, is characterized by capillary wall 
thickening and mesangial expansion due to 
increased matrix deposition and hypercellul- 
arity [44]. In this regard, we observed that the 
DC group showed mesangial cells proliferation, 
mesangial matrix hyperplasia, irregular base-
ment membrane thickening, and foot process 
fusion compared to the NC group (P<0.05). Ins- 
piringly, these changes were substantially ame-
liorated by treatment with LLPS. WT1, a nucleo-
protein specific to adult renal foot cells and 
parietal glomerular epithelial cells, was dramat-
ically decreased in disease rats. Conversely, 
LLPS treatment effectively restored WT1 ex- 
pression (Figure 2A-D). In addition to reducing 
podocyte injury, LLPS also influenced renal 
fibrosis. Results of PAS staining showed that 
the glomeruli in the DC group had a remark- 
able accumulation of ECM compared to normal 
glomeruli. LLPS treatment improved the patho-
logical changes of glomeruli, which was reflect-
ed in the scores of ECM in glomeruli. PAI-1 is 
closely associated with renal fibrosis and its 
elevation leads to reduced ECM degradation. 
As expected, the expression of PAI-1 in DC rats 
was significantly higher than that in normal 

rats. Interestingly, LLPS treatment also rever- 
sed the expression of PAI-1 (Figure 3A-C). Thus, 
we demonstrated that LLPS protects podocy- 
tes and inhibits renal fibrosis in rats with anti-
Thy 1 nephritis.

Comparison of the protective effect of LLPS  
on nephritis with that of Ena (for which the 
active metabolite is an angiotensin-converting-
enzyme inhibitor that could cause less vaso-
constriction and decreased blood pressure 
[45]), shows that LLPS had a comparable cure 
effect for decreasing urinary protein (Figure 1) 
and improving podocyte injury (Figure 2A-D) 
and renal fibrosis (Figure 3A-C). In detail, LLPS 
treatment reduced plasma BUN by 28% and 
24-h proteinuria by 76% after 8 weeks. Furth- 
ermore, LLPS treatment improved podocyte 
injury by reducing glomerular basement mem-
brane thickness by 28% and foot processes 
width by 35%, and improved renal fibrosis by 
decreasing glomerular matrix expansion by 
45%. Therefore, LLPS treatment might be a 
promising protective therapy for chronic glo-
merulonephritis with few side effects.

To reveal the potential mechanism of LLPS 
treatment, we applied RNA-seq to expand our 
investigation. The RNA-seq analysis showed 
that 504 up-regulated genes and 297 down-
regulated genes were significantly differentially 
expressed between LLPS and DC groups. Pa- 
thway enrichment analysis indicated that the 
most significant pathways involving these dif-
ferential genes include the PPAR signaling pa- 
thway, which is evidently up-regulated in the  
DC group compared to the LLPS group. PPARs 
belong to the steroid hormone receptor super-
family, and there are three PPAR subtypes; 
namely, PPARα, PPARβ/δ, and PPARγ. Of these 
subtypes, PPARα is closely related to nephritis 
in many studies [46-49]. Therefore, we tested 
the PPARα pathway of LLPS treatment in mes- 
angial cell fibrosis in vitro. Consist with the 
results in vivo, the data collected from cell 
experiments demonstrate that LLPS suppre- 
ssed PPARα signaling pathway in vitro. To vali-
date the finding that PPARα activation stimu-
lated PAI-1 expression, we used an agonist of 
PPARα (BMS-687453) to stimulate PPARα ac- 
tivity, and then examined the expression of 
PAI-1 by western blotting. We found that the 
down-regulated PAI-1 effect by LLPS treatment 
could be de-suppressed by combining LLPS 
with PPARα agonist BMS-687453, thus con-
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firming that PPARα could directly affect PAI-1 
expression. In light of these findings, we sug-
gest that LLPS treatment suppresses the ex- 
pression of fibrosis factor PAI-1 partially via 
PPARα inhibition. It is of interest that PPAR has 
been reported to display important roles of 
reducing pain and inflammation, inducing oxi-
dative stress and lipidomic remodeling, and 
enhancing inflammation in gout arthritis [50], 
liver enlargement [51], and endometritis, res- 
pectively [52]. Also, Koji Hashimoto and co-
workers suggest that PPARα-related medicin- 
es might act as a treatment option for CKD 
[48]. In our study, we confirmed that inhibition 
of PPARα by LLPS treatment improved podo-
cyte injury and inhibited glomerular fibrosis in 
rats with anti-Thy 1 nephritis.

Conclusions

Our results show that LLPS could protect kid-
ney function by inhibiting ECM accumulation 
and ameliorating glomerular damage in experi-
mental anti-Thy1-induced glomerulonephritis. 
The mechanism of these effects may involve 
suppression of the PPARα signaling pathway. 
Our findings have the potential of leading to 
development of a new strategy of protection 
therapy for chronic glomerulonephritis. 
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