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Background: Renal fibrosis is the common pathway in chronic kidney diseases progression 
to end-stage renal disease, but to date, no clinical drug for its treatment is approved. It has 
been demonstrated that the inhibitor of proto-oncogene Ras, farnesylthiosalicylic acid (FTS), 
shows therapeutic potential for renal fibrosis, but its application was hindered by the water- 
insolubility and low bioavailability. Hence, in this study, we improved these properties of 
FTS by encapsulating it into bovine serum albumin nanoparticles (AN-FTS) and tested its 
therapeutic effect in renal fibrosis.
Methods: AN-FTS was developed using a classic emulsification-solvent ultrasonication. 
The pharmacokinetics of DiD-loaded albumin nanoparticle were investigated in SD rats. The 
biodistribution and therapeutic efficacy of AN-FTS was assessed in a mouse model of renal 
fibrosis induced by unilateral ureteral obstruction (UUO).
Results: AN-FTS showed a uniform spherical shape with the size of 100.6 ± 1.12 nm and PDI < 
0.25. In vitro, AN-FTS displayed stronger inhibitory effects on the activation of renal fibroblasts 
cells NRK-49F than free FTS. In vivo, AN-FTS showed significantly higher peak concentration 
and area under the concentration-time curve. After intravenous administration to UUO-induced 
renal fibrosis mice, AN-FTS accumulated preferentially in the fibrotic kidney, and alleviated 
renal fibrosis and inflammation significantly more than the free drug. Mechanistically, the 
improved anti-fibrosis effect of AN-FTS was associated with greater inhibition in renal epithe-
lial-to-mesenchymal transformation process via Ras/Raf1/p38 signaling pathway.
Conclusion: The study reveals that AN-FTS is capable of delivering FTS to fibrotic kidney 
and showed superior therapeutic efficacy for renal fibrosis.
Keywords: albumin nanoparticle, epithelial–mesenchymal transition, farnesylthiosalicylic 
acid, Ras, renal fibrosis

Introduction
Chronic kidney disease (CKD) is a serious problem and challenge to human health 
with a 10% global prevalence.1 Almost all forms of CKDs often lead to renal 
fibrosis, which is characterized by numerous inflammatory cells infiltration, myofi-
broblast activation and excessive extracellular matrix accumulation.2 Without treat-
ments, renal fibrosis may further develop into end-stage renal diseases and 
eventually require dialysis or kidney transplantation.3 To date, few drugs have 
been approved for clinic treatment of renal fibrosis. Thus, it is urgently needed to 
develop effective anti-renal fibrotic drugs and appropriate drug delivery systems for 
renal fibrosis treatment.
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The pathogenesis of renal fibrosis is very complicated, 
among which epithelial mesenchymal transition (EMT) 
plays an important role in its occurrence and progression.4 

During the EMT process, mesenchymal markers such as 
vimentin and snail gradually substitute epithelial markers 
such as E-cadherin and occludins.5 As an essential pro- 
fibrotic cytokine, transforming growth factor-β (TGF-β) is 
a key regulator in the renal EMT process.6 Interestingly, the 
proto-oncogene Ras is crucial for the TGF-β1-induced EMT 
in renal fibrosis.7 Ras has three major isoforms: H-Ras, 
K-Ras, and N-Ras, and they share a high degree of sequence 
homology.8 Accumulating evidence has demonstrated that 
Ras family plays an important role in renal fibrosis.9 In 
animal models, RAS was significantly up-regulated in renal 
tubulointerstitial fibrosis caused by unilateral ureteral 
obstruction (UUO).9,10 Knockdown of K-Ras by antisense 
oligonucleotide prevented renal fibrosis in folate-induced 
CKD mice.11 In H-Ras knockout mice, UUO induced lower 
EMT and renal interstitial fibrosis.10 EMT in the progression 
of renal fibrosis can be suppressed by inhibiting the transmis-
sion of Ras/Raf1/p38 MAPK signaling pathway.7,12 Thus, 
pharmacological inhibition of Ras may have promise for the 
treatment of renal fibrosis.

S-trans, trans-farnesylthiosalicylic acid (FTS) is 
a specific inhibitor of proto-oncogene Ras.13 The structure 
of FTS is similar to the carboxy-terminal structure of Ras 
protein, and it can be used as a part of the recognition unit to 
inhibit the activity of Ras protein.14 FTS has been reported to 
inhibit the growth of H-Ras and K-Ras transformed fibro-
blasts in vitro.10,11 FTS has also been shown to alleviate 
inflammation and fibrosis in chemically induced liver fibrosis 
in rats.15,16 FTS could suppress TGF-β1 induced renal fibro-
blasts NRK-49F activation by inhibiting the EMT process. 
Furthermore, FTS reduced glomerular cellular proliferation 
and macrophage infiltration in rat Thy-1 nephritis.17 These 
studies suggest that FTS may have therapeutic potential in 
treating renal fibrosis. However, several unfavorable features 
of FTS, such as water-insolubility and low bioavailability, 
have greatly hindered its clinical application.

Numerous studies show that nanoparticles have been 
widely used in drug delivery because they can solve the 
problems of therapeutic agents including poor solubility, 
low bioavailability and lack of target ability.18 Albumin, 
a multifunctional protein carrier, has been shown to be 
nontoxic, non-immunogenic, biocompatible and 
biodegradable.19 Thus, it is an ideal material to prepare 
nanoparticles for drug delivery. Since the albumin-bound 
paclitaxel nanoparticle was approved by US Food and 

Drug Administration in 2005,20 albumin nanoparticles 
have drawn considerable attention due to their high bind-
ing capacity with various drugs and well tolerated with-
out any serious side-effects.21 Recently, Guo et al have 
shown that albumin nanoparticles with a particle size of 
70–130 nm can passively target the kidney.22 Therefore, 
to tackle the poor water solubility and low bioavailability 
of FTS, we select albumin nanoparticles (AN) with 
defined sizes to deliver FTS selectively to the kidney.

Using a classic emulsification-solvent ultrasonication 
method, we prepared FTS-loaded albumin nanoparticles (AN- 
FTS) with the size of about 100 nm.22 Our results showed that 
encapsulating FTS into albumin nanoparticles greatly 
improved its pharmacokinetic properties and selectively deliv-
ery to fibrotic kidney. After administration to UUO-induced 
renal fibrosis mice intravenously, AN-FTS alleviated renal 
injury and fibrosis significantly than free drug via inhibition 
of Ras/Raf1/p38 MAPK signaling pathway.

Materials and Methods
Materials
S-trans, trans-farnesylthiosalicylic acid (FTS) and soy-
bean oil was obtained from Aladdin (Shanghai, China). 
Bovine serum albumin (BSA) was purchased from Biofrox 
GmbH (Hamburg, Germany). 1,1′-dioctadecyl-3,3,3′,3′- 
tetramethylindodicarbo-cyanine (DiD) was provided by 
Biotium (Hayward, USA). All other chemical reagents 
and solvents were purchased from Sigma-Aldrich 
(St. Louis, USA) and are analytically pure or greater.

Animals
Male C57BL/6J mice (8–10 weeks of age, 18–25 g) and 
male SD rats (180–220 g) were purchased from Beijing 
HFK bioscience Co., Ltd (China) and kept in a specific 
pathogen-free animal house in West China Hospital of 
Sichuan University. All animal procedures were performed 
under ethical approval by the Institutional Animal Care 
and Use Committee of Sichuan University, Chengdu, 
China, and conform to the Guide for the Care and Use of 
Laboratory Animals published by the United States 
National Institutes of Health.

Preparation of FTS-Loaded Albumin 
Nanoparticles
FTS-loaded albumin nanoparticles (AN-FTS) were prepared 
using an emulsification-solvent ultrasonication method as 
previously described.22 Briefly, 4 mg of FTS and 25 mg of 
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soybean oil were dissolved in a 0.5 mL ethyl acetate and 
dichloromethane (2:1, v/v) mixture solvent to obtain the 
organic phase. Then, 5 mL of 2% (w/v) BSA in distilled 
water was added to the organic phase. The mixture was 
intermittently ultrasonicated at 330 W for 8 min in an ice 
water bath. The organic solvent was removed by vacuum 
rotary evaporation under 35°C, and then the nanoparticles 
were concentrated using an ultrafiltration tube with a retained 
molecular weight of 30 kDa. The concentrated nanoparticles 
were diluted by 5% glucose solution to 1 mL to obtain the 
final AN-FTS. DiD-loaded albumin nanoparticles (AN-DiD) 
were prepared using the same method with the exception that 
FTS was substituted by DiD.

Characterization of AN-FTS
The particle size and zeta potential of AN-FTS were 
determined by dynamic light scattering and electrophoretic 
light-scattering technology, respectively (Zetasizer Nano 
ZS90 instrument, Malvern, UK). After being stained with 
2% phosphotungstic acid, AN-FTS samples were placed 
on copper grids with films for transmission electron micro-
scopy (H-600, Hitachi, Japan).

The encapsulation efficiency (EE%) and drug loading 
capacity (DLC%) of AN-FTS were determined using an 
ultrafiltration method.22 Briefly, free FTS was removed by 
ultrafiltration, then the concentration of encapsulated FTS 
was measured by high-performance liquid chromatography 
(HPLC) on an Agilent 1260 system (Agilent, USA) with 
a C18 column (5 μm, 15X4.6 mm) at 262 nm.23 The mobile 
phase was methanol/water (90/10, v/v) containing 0.1% gla-
cial acetic acid, which was used at a flow rate of 1.0 mL/min. 
Then EE% and DLC% were calculated using the following 
equations: EE% = (weight of the drug in nanoparticles/ 
weight of the drug added) × 100%, DLC% = (weight of the 
drug in nanoparticles /total weight of nanoparticles) × 100%.

In vitro Release of FTS from AN-FTS
The in vitro release profile of FTS from AN-FTS was 
determined using the dynamic dialysis method.24 Briefly, 
1 mL of free FTS or AN-FTS (FTS concentration = 1 mg/ 
mL of) was added into a dialysis bag with a retained 
molecular weight of 8000–14,000 Da, which was then 
immersed into 4 mL of PBS (pH 7.4) containing 0.2% 
Tween 80 and shaken in a horizontal shaker (37 °C, 
70 rpm). After that, at predetermined time points, the 
dialysates were withdrawn and replaced with 4 mL of 
fresh medium at fixed time points. The samples were 

diluted with methanol followed by FTS quantification 
with HPLC method as described above.

Cell Culture and Treatments
Normal rat renal fibroblasts NRK-49F cells, obtained from 
American Type Culture Collection (ATCC, Maryland, 
USA), were cultured in Dulbecco’s modified Eagle’s med-
ium (Gibco, USA) containing 10% fetal bovine serum 
(Hyclone, USA), 100 μg/mL streptomycin and 100 U/mL 
penicillin. To test the effect of AN-FTS on TGF-β1-induced 
activation of NRK-49F, the cells were exposed to free FTS 
or AN-FTS (20 uM of FTS) containing 2 ng/mL of TGF-β1 
(Peprotech, USA) for 48 h, then harvested for analysis.

Pharmacokinetic Study of AN-DiD in 
Rats
Pharmacokinetic study of AN-FTS was performed in SD rats 
as previously described.25 Briefly, SD rats were randomly 
divided into two groups and injected intravenously with free 
DiD or AN-DiD (200 μg/kg DiD). At predetermined time 
points, blood was collected from fundus veins and diluted 
with acetone, and then determined by a multifunctional micro-
plate reader (Thermo Fisher Scientific, USA). The pharmaco-
kinetics parameters were analyzed with software DAS 2.0.

Unilateral Ureteral Obstruction
Unilateral ureteral obstruction (UUO) was performed in 
C57BL/6J mice to simulate the pathologic status of clinical 
patients with ureteral obstruction.26,27 Briefly, animals were 
anesthetized with inhaled isoflurane, and the right kidney 
was exposed by surgical scissors. The right ureter was care-
fully separated and blocked by two-point ligations with 5–0 
silk sutures. The abdominal incision was closed with 0–4 
silk sutures. Sham-operated mice were performed all the 
same operations, except their right ureter was not ligated.

Biodistribution of AN-DiD in 
UUO-Induced Mice
UUO mice were randomly divided into two groups, one 
group received free DiD dissolved in 5% DMSO and 
another group received AN-DiD via the tail vein (200 μg 
DiD/kg). After 4 h, the mice were euthanized, the major 
organs were collected and visualized with an in vivo ima-
ging system (Quick View 3000, Bio-Real, Austria). The 
mean fluorescence intensity in kidney was determined 
based on the semi-quantitative analysis of the ex vivo 
fluorescent images.
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Therapeutic Efficacy of AN-FTS in 
UUO-Induced Renal Fibrosis Mice
C57BL/6J mice were conducted UUO surgery as described 
above. On the second day of surgery, mice were treated 
with blank solvent (vehicle), blank albumin nanoparticles 
(blank AN), free FTS or AN-FTS every day via the tail 
vein at a dosage of 20 mg per kg. On day 8 after UUO, 
mice were sacrificed, and serum and tissues were collected 
for further determination.

Serum creatinine, urea nitrogen, and renal hydroxyproline 
content were assayed using commercial kits ((Nan Jing Jian 
Cheng Biochemical Institute, Nanjing, China) according to the 
manufacturer’s instructions. For histology, kidney tissues were 
sectioned into 4 μm thick, followed by hematoxylin and eosin 
(H&E), periodic acid-Schiff (PAS), and Masson’s trichrome 
staining. The results were observed with an optical microscope 
(Nikon, Tokyo, Japan) and the images were captured.

Immunohistochemistry
Kidney tissues were fixed in 10% formalin, embedded in 
paraffin, sectioned into 4 μm per piece. Antigen recovery 
were performed in EDTA buffer (pH 8.0) at 98 °C for 30 
min. After natural cooling, endogenous peroxidase was 
blocked with 3% H2O2 in methanol. The sections were 
incubated with rabbit antibodies against α-SMA (HuaBio, 
China) or Ras (Boster, China) overnight at 4 °C, then with 
horseradish peroxidase-conjugated secondary antibody 
(Jackson ImmunoResearch, USA) for 1 h at room tem-
perature. Nuclei were stained with hematoxylin.

Real-Time PCR Analysis
Total RNA was extracted from kidney tissues or NRK-49F 
cells using Trizol (ApplyGen, Beijing, China) and reverse- 
transcribed into complementary DNA using a commercial 
kit (TaKaRa, Japan). Real-time RT-PCR was performed as 
previously described.25 The primers are listed in 
Supplementary Table 1.

Western Blot Analysis
Total protein was extracted from kidney tissues or NRK- 
49F cells. Western blot analysis was conducted as 
described in previous study.25 The antibodies are listed in 
Supplementary Table 2.

Statistical Analysis
All data are presented as mean ± SEM. Statistical signifi-
cance was determined by Student’s unpaired two-tailed 

t-test or one-way ANOVA for multiple comparison tests. 
P values <0.05 and <0.01 were considered indications of 
significant difference and extremely significant difference, 
respectively.

Result
Preparation and Characterization of 
AN-FTS
AN-FTS was prepared by an emulsification-solvent ultra-
sonication method as previously described.22 Dynamic 
light scattering (DLS) indicated the average size of blank 
AN and AN-FTS was about 100 nm with polydispersity 
index (PDI) below 0.25, confirming size homogeneity 
(Figure 1A). Transmission electron microscopy exhibited 
albumin nanoparticles had uniform spherical morphology, 
and the size of AN-FTS was consistent with DLS data 
(Figure 1A). Based on the HPLC assay, AN-FTS had an 
EE % of 98.6 ± 1.2% and DLC% of 2.31 ± 0.15% for the 
drug (Table 1). Additionally, no significant size or PDI 
changes were found when leaving the albumin nanoparti-
cles at 4 °C for 14 days, indicating the intrinsic stability of 
AN-FTS (Figure 1B).

The release profiles of free FTS and AN-FTS was 
investigated in PBS (pH 7.4) using the dialysis method. 
In contrast to the rapid release of free FTS, AN-FTS 
showed sustained release of FTS. In particular, approxi-
mately 35% of the entrapped drug in AN-FTS was 
released from dialysis bags, compared to over 80% of 
the free FTS within 12 h (Figure 1C).

AN-FTS Inhibits NRK-49F Activation via 
Suppressing Ras Expression
The activation of myofibroblast is the central link for renal 
fibrosis.28 To test the anti-fibrosis efficacy of AN-FTS 
in vitro, normal rat renal fibroblast NRK-49F cells were 
stimulated with TGF-β1, the most important inducer for 
myofibroblast activation.29 As expected, TGF-β-treated 
NRK-49F cells showed significantly enhanced mRNA 
expression of fibrotic genes including α-SMA, Collagen, 
Pai-1, and fibronectin (Figure 2A). This upregulation was 
slightly decreased by free FTS. In contrast, AN-FTS sub-
stantially inhibited the expression of fibrotic genes induced 
by TGF-β1 at the same concentration of free FTS. 
Consistently, treating NRK-49F cells with AN-FTS reduced 
the protein levels of α-SMA, Col1a1, and fibronectin signifi-
cantly than free FTS (Figure 2B). Neither vehicle nor blank 
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AN treatment had influence on the activation of NRK-49F 
cells (Figure 2A and B).

Since FTS is an antagonist of Ras, we also examine 
whether AN-FTS could enhance the ability to inhibit Ras. 
TGF-β1 upregulated the expression of Ras, confirming that 
the process of myofibroblast activation is accompanied 
with the activation of Ras. This upregulation was remark-
ably inhibited by AN-FTS, whereas the same concentra-
tion of free FTS only slightly inhibited the activation of 
Ras (Figure 2C). Thus, the enhanced anti-fibrosis efficacy 
of AN-FTS may attribute to the greater inhibition of Ras.

Pharmacokinetics and Biodistribution of 
AN-DiD in Rats
To investigate whether the albumin nanoparticle can 
improve the bioavailability of drug and target delivery to 
the kidney, we perform the pharmacokinetics and biodis-
tribution study using fluorescent dye DiD loaded albumin 

nanoparticle (AN-DiD).25 Plasma concentrations of DiD 
overtime in rats injected with free DiD or AN-DiD were 
shown in Figure 3A. Levels of AN-DiD were significantly 
higher than those of free DiD at all time points. Compared 
with free DiD, AN-DiD showed greatly higher peak con-
centration (Cmax) and area under the curve (AUC0-t) (both 
P < 0.001), as well as slightly longer half-life (t1/2) 
(Figure 3B).

The biodistribution studies of AN-DiD were conducted 
in UUO-induced renal fibrosis mice. After intravenous 
injection, the fluorescence intensity of AN-DiD was sig-
nificantly higher than free DiD in UUO-induced obstruc-
tion kidney, while the fluorescence intensity of AN-DiD 
was only slightly higher, yet also statistically significant, 
than of free DiD in the contralateral normal kidney 
(Figure 3C and D). These encouraging results suggest 
that albumin nanoparticles may increase the therapeutic 
efficacy of the entrapped drug.

Figure 1 Characterization of FTS-loaded albumin nanoparticles (AN-FTS) in vitro. (A) Dynamic light scattering data and transmission electron microscope images for blank 
AN and AN-FTS. The scale bar is 100 nm. (B) The variations in particle size and PDI of blank AN and AN-FTS at 4 °C for 14 days. All values are represented as mean ± SEM 
(n = 3). (C) Cumulative release of free FTS and AN-FTS at 37 °C in PBS (pH 7.4) containing tween-80 (0.2%, w/w). Data are shown as mean ± SEM (n = 3).

Table 1 Characteristics of Blank AN and AN-FTS (n = 3, Mean ± SEM)

Size (nm) PDI Zeta Potential (mV) EE (%) DLC (%)

AN 99.12 ± 0.87 0.17 ± 0.07 17.17 ± 0.39 – –

AN-FTS 100.60 ± 1.12 0.24 ± 0.02 18.99 ± 0.41 98.60 ± 1.21 2.31 ± 0.15
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Figure 2 AN-FTS inhibited TGF-β1-induced activation of NRK-49F cells. NRK-49F cells were treated with free FTS and AN-FTS (20 μM of FTS) in the presence of 2 ng/mL 
TGF-β1 for 48 h. (A) Relative mRNA expression of α-SMA, collagen, Pai-1 and Fn in NRK-49F cells treated with free FTS and AN-FTS. (B) Protein expression of α-SMA, 
Col1a1 and Fn in NRK-49F cells treated with free FTS and AN-FTS. (C) Relative mRNA expression of H-Ras, K-Ras and N-Ras. Data are mean ± SEM (n = 3). ##P < 0.01 
compared with control (ctrl) group, *P < 0.05 and **P < 0.01 compared with AN-FTS group.
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AN-FTS Alleviates UUO-Induced Renal 
Injury and Inflammation
To assess the anti-fibrosis potential of AN-FTS in vivo, the 
UUO mouse model was used to generate kidney fibrosis. On 
the 2nd day post UUO surgery, mice were intravenously 
injected with different formulations of FTS. UUO operation 
leads to tubular injury and hydronephrosis, resulting in 
obstructed weight gain, which AN-FTS showed a reverse 
effect (Figure 4A). AN-FTS improved the renal function to 
a much greater extent than free FTS, based on serum creati-
nine and urea nitrogen levels (Figure 4B and C). 
Hematoxylin-eosin staining indicated severe inflammatory 
cell infiltrations and glomerular atrophy in UUO mice. Free 
FTS treatment moderately improved this pathologic condi-
tion, but AN-FTS treatment showed substantial improvement 
(Figure 4D). AN-FTS treatment also reduced UUO-induced 
tubular dilatation and tubule brush border disruption more 
effectively than free FTS, based on periodic acid Schiff 
staining (Figure 4D).

Consistent with these histology results, AN-FTS 
obviously inhibited the mRNA expression of the inflamma-
tory cytokines such as MCP-1, TNF-α, F4/80 and IL1-β 
(Figure 4E). It has been reported that the numbers of CD3+ 

and CD68+ cells in the kidney were significantly induced by 
UUO surgery, indicating the immune system in kidney was 
activated.30 Therefore, we also detected the CD3 and CD68 

expression in the obstructed kidney. Our results showed that 
FTS treatments could significantly inhibit the expression of 
CD3 and CD68 at the mRNA level, and the inhibitory effect 
of AN-FTS was much stronger than that of free drugs 
(Figure 4E). Neither vehicle nor blank AN showed thera-
peutic potential for UUO-induced renal injury and inflam-
mation (Figure 4A–E). Taken together, these results 
demonstrated that AN-FTS could effectively alleviate 
UUO-induced renal injury and inflammation.

AN-FTS Alleviates UUO-Induced Renal 
Fibrosis
Next, we evaluated the therapeutic efficacy of AN-FTS for 
UUO-induced renal fibrosis. Masson staining, which is 
stained positive for collagen to assess tissue fibrosis, of 
UUO mice kidney showed moderate improvement after 
free FTS treatment but substantial improvement after AN- 
FTS treatment (Figure 5A). Consistently, AN-FTS alle-
viated UUO-induced elevated hydroxyproline content 
greater than free FTS (Figure 5B).

In UUO mice, the mRNA expression of α-SMA, col-
lagen, Fn, Timp-1, and Pai-1 was remarkably upregulated. 
After being treated with FTS, the AN-FTS group showed 
much stronger inhibitory effects on these fibrotic genes 
than the free drug group (Figure 5C and D). Consistent 
with the mRNA results, AN-FTS significantly inhibited 

Figure 3 Pharmacokinetic profiles and in vivo distribution of AN-DiD. (A) Plasma concentration-time curve of free DiD and AN-DiD after i.v. administration in rats. (B) 
Pharmacokinetic parameters of free DiD and AN-DiD. AUC, area under the concentration-time curve; t1/2, half-life. Values are presented as mean ± SEM (n = 6), **P < 0.01. 
(C) Ex vivo images of kidneys tripped from UUO mice at 4 h after injection of free DiD and AN-DiD. (D) Semi-quantitative fluorescence intensity of kidneys. Data are mean 
± SEM (n =4), **P < 0.01.
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Figure 4 AN-FTS reduced renal injury and inflammation in UUO mice. (A) Weight ratio of kidney (weight of obstructed kidney/body weight). (B) Blood urea nitrogen 
(BUN) levels. (C) Serum creatinine (SCR) levels. (D) H&E and periodic acid-Schiff (PAS) staining of kidney sections. Scale bar is 100 μm. The arrows indicated the damaged 
areas. (E) The relative mRNA levels of MCP1, TNF-α, F4/80, IL-1β, CD3 and CD68 in kidney of sham and UUO mice. Data are mean ± SEM (n = 6–7). ##P < 0.01 compared 
with sham group, *P < 0.05 and **P < 0.01 compared with AN-FTS group.
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Figure 5 AN-FTS attenuated renal fibrosis in UUO mice. (A) Masson staining of kidney sections. Scale bar is 100 μm. (B) Hydroxyproline content in kidney of mice. (C and 
D) Renal mRNA expression of α-SMA and Col1a1 (C), and Fn, Timp-1 and Pai-1 (D). (E) Protein expression of α-SMA, Col1a1 and Fn in kidney tissues of mice. (F) 
Immunohistochemistry staining of α-SMA in kidney sections. Scale bar is 100 μm. Data are mean ± SEM (n = 6–7). ##P < 0.01 compared with Sham group, *P < 0.05 and **P < 
0.01 compared with AN-FTS group.
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the UUO-induced protein expression of α-SMA, Col1a1 
and Fn (Figure 5E and Supplementary Figure 1). 
Additionally, α-SMA immunohistochemistry staining 
further confirmed that AN-FTS inhibited UUO-induced 
renal fibrosis more effectively than free drug (Figure 5F). 
Neither vehicle nor blank AN showed therapeutic potential 
for UUO-induced renal fibrosis. Taken together, these 
results suggested that AN-FTS could effectively amelio-
rate renal fibrosis in UUO mice.

AN-FTS Alleviates Renal Fibrosis by 
Inhibiting Ras/Ras1/p38 MAPK Pathway in 
UUO Mice
As FTS is a synthetic small molecule antagonist of Ras 
gene, we first examined whether AN-FTS could inhibit the 
Ras gene expression in vivo. UUO upregulated the mRNA 
expression of K-Ras and N-Ras, and these were moder-
ately improved by free FTS, but substantially reversed by 
AN-FTS (Figure 6A). Consistent with the mRNA results, 
immunohistochemistry staining of Ras further confirmed 
that AN-FTS showed more pronounced inhibitory effects 
on UUO-induced Ras activation than the free drug in the 
kidney (Figure 6B).

Epithelial mesenchymal transition (EMT) plays an 
important role in the occurrence and progression of renal 
fibrosis.4 Thus, we examined the efficacy of AN-FTS in 
renal EMT process. UUO upregulated the mRNA expres-
sion of vimentin and snail, and downregulated the mRNA 
expression of E-cadherin, suggesting UUO successfully 
induced renal EMT. Compared to free FTS, AN-FTS 

treatment significantly reduced the expression of vimentin 
and snail, and elevated the expression of E-cadherin 
(Figure 7A). Consistent with these mRNA results, AN- 
FTS remarkably decreased the UUO-induced vimentin and 
snail protein expression, and increased the E-cadherin 
protein expression (Figure 7B and Supplementary 
Figure 2). These results suggested that AN-FTS can inhibit 
UUO-induced EMT process in mouse kidney.

It is reported that EMT process in the fibrotic kidney 
can be inhibited via the Ras/Raf1/p38 MAPK signaling 
pathway.7,12 Therefore, we explored whether AN-FTS 
could inhibit renal EMT process via Ras/Raf1/p38 
MAPK signaling pathway. Results of Western blot showed 
that UUO significantly induced phosphorylation of Raf1 
and p38. AN-FTS inhibited UUO-induced Raf1 and p38 
phosphorylation more effectively than the free drug 
(Figure 7C and D). The immunofluorescence staining of 
p-Raf1 and p-p38 also confirmed this result (Figure 7E). 
Taken together, these results demonstrated the anti-fibrosis 
effects of AN-FTS was associated with inhibition in renal 
EMT process via Ras/Raf1/p38 signaling pathway.

Discussion
In the present study, we loaded Ras antagonist FTS into 
bovine serum albumin nanoparticle (AN-FTS) with size of 
100 nm to improve its poor water solubility and low 
bioavailability. In vitro, AN-FTS showed stronger inhibi-
tory efficacy on NRK-49F cells activation than free FTS. 
In vivo, AN-FTS significantly improved the bioavailability 
of FTS and preferentially accumulated in fibrotic kidney. 
After systemic administration, AN-FTS alleviated renal 

Figure 6 AN-FTS inhibited UUO-induced Ras expression in kidney of mice. (A) The relative expression of H-Ras, K-Ras and N-Ras in kidney tissues of mice. (B) 
Immunohistochemistry staining of Ras in kidney sections. Data are mean ± SEM (n = 6–7). ##P < 0.01 compared with Sham group, *P < 0.05 and **P < 0.01 compared with 
AN-FTS group.
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injury, inflammation and fibrosis more effectively than the 
free drug. Mechanistically, the anti-fibrosis effects of AN- 
FTS were associated with greater inhibition effects in renal 
EMT process via the Ras/Raf1/p38 signaling pathway.

FTS, a specific inhibitor of proto-oncogene Ras, has 
shown therapeutic potential for renal fibrosis. However, 
FTS is insoluble in water and has low selectivity in the 
body.23,24 It is widely distributed in the body and easy to 

Figure 7 AN-FTS suppressed EMT process by inhibiting Raf/P38 signaling pathway in kidney of UUO mice. (A) Renal mRNA expression of snail, vimentin and E-cadherin in 
indicated groups. Data are mean ± SEM (n = 6–7). (B) Protein expression of E-cadherin, vimentin and snail in kidney tissues of sham and UUO mice. (C) Protein expression 
of phospho-Raf1 and phospho-P38 in kidney tissues of sham and UUO mice. (D) Quantification of Western blot analysis in (C). (E) Immunohistochemistry staining of p-Raf1 
and p-P38 in kidney sections. Data are mean ± SEM (n = 3). ##P < 0.01 compared with sham group, *P < 0.05 and **P < 0.01 compared with AN-FTS group.
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be discharged through the glomerular filtration and 
excreted in urine, which limit its clinical application. In 
the past decades, it is well documented that nanoparticles 
have been used as a promising drug delivery system for 
a wide range of therapeutic agents.31 Here, we selected 
AN as the nanocarrier system for FTS mainly due to 
following reasons. AN were made from bovine serum 
albumin, with the characters being biodegradable, non- 
toxic and non-immunogenic, which can facilitate rapid 
translation into the clinic. As a hydrophobic drug, FTS 
can be easily encapsulated into AN due to the high- 
binding affinity to albumin.18–21 Besides, the preparation 
process of albumin nanoparticles is simple and easy to 
scale up production. Therefore, we encapsulated FTS 
into bovine serum albumin nanoparticles to increase the 
water-solubility and improve the bioavailability.

Nanoparticle size is an important determinant of circu-
lation time and tissue deposition after administration. The 
mesangial space is clearly accessible through the glomer-
ular vascular fenestrations, which specifically have 
a relatively wide width of 70 to 130 nm.22 Based on the 
special physiological structure of the kidney, several pre-
clinical research studies described nanocarriers appeared 
to selectively target kidneys. Gold nanoparticles with 
a defined size of ~75 ± 25 nm were shown to specifically 
accumulate in mesangial cells in mice.32–34 Recently, Guo 
et al showed that albumin nanoparticles with a particle size 
of 70–130 nm can be passively targeted to the kidney. 
Particularly, AN with a particle size of 95 nm achieved 
the highest accumulation in the kidney.22 In the present 
study, through optimization of preparation, we success-
fully prepared AN-FTS with a size of 100 nm. 
Biodistribution study confirmed that our AN-FTS could 
specifically accumulate in UUO-induced fibrotic kidney.

Our results showed that AN-FTS presented greater 
anti-fibrosis activity than free FTS both in vitro and 
in vivo. AN-FTS was superior to free drug in inhibiting 
renal fibroblast cells NRK-49F activation, as well as pro-
tecting UUO-induced renal fibrosis mouse model against 
renal injury, inflammation, and fibrosis. The enhanced 
therapeutic efficacy of AN-FTS may involve multiple 
mechanisms. After being entrapped in AN, FTS showed 
slowly release profiles as shown in in vitro release assays, 
resulting in longer retention time in the body. The ability 
of albumin nanoparticles to solubilize FTS translated to 
greater bioavailability, as evidenced by pharmacokinetic 
studies, which showed significantly higher Cmax and 
AUC0-t of AN-FTS. Furthermore, the passive target ability 

of AN-FTS in fibrotic kidney significantly increased the 
drug concentration in diseased kidney tissues, thus enhan-
cing the therapeutic effects.

The pathogenesis of renal fibrosis is very complex, 
among which EMT plays an important role in its occur-
rence and progression.4 Previous studies have reported that 
the proto-oncogene Ras is crucial for the UUO-induced 
EMT in renal fibrosis.35 Moreover, the EMT progression 
in renal fibrosis can be suppressed by inhibiting the activa-
tion of Ras/Raf1/p38 MAPK signaling pathway.7 Our 
results showed that AN-FTS could inhibit the EMT pro-
cess in kidney. Inhibition of Ras/Raf1/p38 pathway by 
AN-FTS administration seemed to be the underlying 
mechanism in suppressing the renal EMT, and thus leading 
to alleviate renal fibrosis. More in-depth molecular 
mechanisms explorations will be focused on this part in 
our future study.

In conclusion, encapsulating the water-insoluble drug 
FTS into albumin nanoparticles remarkably improved its 
solubility and pharmacokinetic properties. FTS-loaded 
albumin nanoparticles exhibited a stronger anti-fibrosis 
effect than free FTS both in vitro and in vivo, by inhibiting 
renal EMT process via Ras/Raf1/P38 MAPK signaling 
pathway. These results manifested that the AN-FTS nano-
particle system is effective in delivering FTS to fibrotic 
kidney and showed superior therapeutic efficacy for renal 
fibrosis.
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