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Abstract: Neointimal hyperplasia is a common pathological characteristic in diverse vascular remodeling diseases. 
The inflammatory response that follows vascular injury plays an important role in intimal hyperplasia. Tongxinluo 
(TXL), a traditional Chinese medicine, can ameliorate neointimal formation via suppressing vascular inflamma-
tory response induced by vascular injury. However, the mechanisms underlying anti-inflammatory and anti-intimal 
hyperplasia of TXL are still not fully understood. The aim of present study was to examine whether the expression 
and post-translational modification of KLF5 were involved in the vasoprotective effects of TXL. In vivo, TXL inhibited 
neointimal formation induced by carotid artery injury. In vitro, TNF-α treatment of macrophages resulted in the in-
creased proliferation and migration, but the effects of TNF-α on macrophages were blocked by TXL treatment. Next, 
KLF5 expression was up-regulated by carotid artery injury in vivo, as well as by exposure of macrophages to TNF-α 
in vitro, whereas TXL treatment abrogated the up-regulation of KLF5 by TNF-α or vascular injury. Intimal hyperplasia 
was strongly reduced in macrophage-specific KLF5 knockout (KLF5ly-/-) mice, indicating that TXL inhibits intimal 
hyperplasia by suppression of KLF5 expression. Furthermore, besides down-regulating KLF5 expression in macro-
phages, TXL also regulated KLF5 stability by ubiquitination and sumoylation of KLF5. Finally, TNF-α induced KLF5 
sumoylation via PI3K/Akt signaling, whereas TXL inhibited Akt phosphorylation induced by TNF-α. We conclude that 
the multiple ingredients in TXL may act on different targets, which in turn generates a range of actions that manifest 
as a comprehensively vasoprotective effect.
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The inflammatory response requires the activa-
tion of a complex transcriptional program 
whereby the expression of hundreds of genes 
are dynamically regulated in a cell-type- and 
stimulus-specific manner [4]. Several lines of 
data have suggested that KLF5 is an important 
transcription factor that regulates the expres-
sion of multiple genes and participates in vas-
cular remodeling [5]. Besides its pro-prolifera-
tive role, KLF5 is involved in vascular response 
to injury, as well as in the activation of inflam-
matory processes after exposure to inflamma-
tory stimuli [6, 7]. It has been known that KLF5 
activities are regulated by its posttranslational 
modifications, including ubiquitination, sumoy- 
lation, acetylation, and phosphorylation, thus 
affecting its downstream cellular functions [8]. 
For example, the sumoylation of KLF5 regulates 
its nuclear localization [9]. Phosphorylation of 
KLF5 by PKC enhances the transcriptional 

Introduction

Inflammatory response plays an important role 
in the development and progression of vascular 
remodeling diseases, such as atherosclerosis 
and restenosis after percutaneous coronary 
interventions [1]. Vascular injury, including 
denuding endothelial injury or non-denuding 
endothelial functional injury in response to low 
shear stress induced by carotid artery ligation, 
represents a critical initiating step in vascular 
remodeling diseases. In response to vascular 
injury, the injured endothelium produces the 
multiple cytokines and chemokines, which in 
turn promotes the adhesion and activation of 
monocytes/macrophages in the injured endo-
thelium, and triggers the migration and infiltra-
tion of macrophages into the vasculature [2, 3], 
subsequently leading to exacerbated inflamma-
tory response.
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activities of KLF5 by promoting its interaction 
with CREB binding protein [10]. In addition, E3 
ubiquitin ligase FBW7, a tumor suppressor, 
interacts with KLF5 for ubiquitination and deg-
radation [11, 12]. Despite understanding of 
KLF5’s role and its activity regulation in cardio-
vascular remodeling, the function of KLF5 in 
macrophage infiltration during neointimal for-
mation remains largely unknown.

Tongxinluo (TXL), a traditional Chinese medi-
cine, is extracted and standardized from a mix-
ture of 12 herbal medicines, such as Radix gin-
seng, Buthus martensi, Hirudo, Eupolyphaga 
seu steleophaga, Scolopendra subspinipes, 
Periostracum cicadae, Radix paeoniae rubra, 
Semen ziziphi spinosae, Lignum dalbergiae 
odoriferae, Lignum santali albi, and Borneolum 
syntheticum. It was registered in the State Food 
and Drug Administration of China in 1996 and 
has been used clinically for 20 years to treat 
cardiovascular and cerebrovascular diseases 
[13, 14]. The previous studies have demon-
strated that TXL can protect the vascular endo-
thelial function [15], lower serum lipid levels 
[16], inhibit inflammation and apoptosis [17, 
18], suppress neointimal hyperplasia [17], pro-
tect against blood-brain barrier (BBB) disrup-
tion [14], and promote angiogenesis [19]. 
Despite the therapeutic efficacy of TXL in the 
treatment of cardiovascular and cerebrovascu-
lar diseases and the obvious upregulation of 
KLF5 in vascular remodeling diseases, it 
remains unclear whether TXL-suppressed neo-
intimal hyperplasia is responsible for its inhibi-
tory effects on the endothelial injury-induced 
KLF5 expression and infiltration of macro-
phages into the vasculature.

In this study, we investigated the effects of TXL 
on KLF5 expression and macrophage infiltra-
tion, and explored the molecular mechanisms 
of action of TXL both in vivo and in vitro.

Material and methods

Components and preparation of TXL

TXL ultrafine powder was provided by Shijia- 
zhuang Yiling Pharmaceutical Co., Ltd., (Hebei, 
China). TXL contains 12 medicinal components, 
its formulation and components have been 
reported in detail [20]. These herbal medicines 
were ground to a superfine powder (<10 μm) 

using micronization technology after they were 
authenticated and standardized to marker 
compounds according to the 2010 Chinese 
Pharmacopoeia (National Pharmacopoeia Com- 
mittee, 2010). The TXL ultrafine powder was 
dissolved in normal saline and detailed prepa-
ration methods were described elsewhere [13].

For cell experiments, TXL powder was weighed 
and dissolved in the phosphate-buffered saline. 
The ultrasound technology was used to pro-
mote the melting of TXL. The drug was then 
centrifuged at 1000×g for 10 min, and the 
supernatant was put into the microfilter (0.22 
μm) to eliminate bacteria, which was then ali-
quoted and stored at -20°C before use.

Animals

Macrophage-specific KLF5 knockout (KLF5ly-/-) 
mice (C57BL/6J background) and wild-type 
mice (WT, C57BL/6J), 8-10 weeks of age, were 
purchased from the Jackson Laboratory (Bar 
Harbor, ME, USA). Mouse model of carotid inti-
mal hyperplasia was established by left com-
mon carotid artery ligation near the carotid 
bifurcation, as described previously [21]. TXL 
power was administered by intragastric admin-
istration at a dose of 0.75 g·kg-1·day-1 (six mice 
in each group) beginning 3 days before ligation 
injury and continuing for 14 days thereafter. 
Ligated animal without TXL treatment received 
vehicle (water) at an equivalent amount. All ani-
mals were anesthetized with 2% isoflurane gas 
for surgery and harvesting carotid arteries to 
perform morphology and histological analysis.

All the mice were housed in a specific pathogen 
free animal laboratory and maintained on a 
controlled light cycle schedule of 12:12 hour (h, 
light/dark) at 25°C with food and water ad libi-
tum. Before experiments, animal health was 
monitored in experimental animal Laboratory 
according to the NIH guide for care and use of 
laboratory animals. After operation, the ani-
mals were kept warm and observed every half 
an hour, until they woke up and received water. 
Euthanize was used at the end of experimental 
process. 

All animal studies were approved by the Ethics 
Committee of Hebei Medical University. Animal 
care and procedures conformed with the NIH 
Guide for the Care and Use of Laboratory 
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Animals, and all efforts were made to minimize 
suffering.

Morphology analysis

Carotid arteries were perfusion-fixed in situ 
with 4% formaldehyde solution, and then har-
vested and embedded in paraffin. Four-micro- 
meter cross-sections were prepared for hema-
toxylin and eosin staining, covering the area 3 
mm proximal to the ligation site. The neointimal 
area and intima-to-media ratio were calculated 
using Image-Pro Plus Analyzer (version 5.1) 
software (Media Cybernetics, Silver Spring, 
MD) in a blinded manner. For each section, six 
random noncontiguous microscopic fields were 
examined.

Cell culture

The murine RAW 264.7 macrophages were pur-
chased from ATCC, cultured in DMEM contain-
ing 10% fetal bovine serum (HyClone, Logan, 
UT, USA) and maintained in 5% CO2 at 37°C in a 
humidified atmosphere. The cells used in all 
studies were from passages 3 to 6. The cells 
were pretreated for 2 h with 400 μg/ml of TXL, 
the PI3K/Akt inhibitor LY294002 (Promega, 
Madison, WI, USA), or the NF-κB inhibitor 
CAY10512 (Promega, Madison, WI, USA) before 
application of TNF-α (10 ng/ml), then cells were 
harvested and lysed in lysis buffer (1% NP-40, 
150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 10% 
glycerin, 1 mM Na3VO4, 1 mM PMSF and 1 mM 
DTT) for Western blotting analysis and co-
immunoprecipitation assays.

Adenovirus infection

Adenoviruses encoding KLF5 (pAd-KLF5) and 
GFP control (pAd-null) were entrusted to 
Invitrogen. RAW 264.7 macrophages grown to 
70-80% confluence were infected by pAd-KLF5 
or pAd-null at a titer of 50 plaque-forming units/
cell. For animal experiments, WT and KLF5ly-/- 
mice received a single intravenous (tail) injec-
tion (109 plaque-forming units) of pAd-KLF5 or 
pAd-null every 4 days beginning 1 day before 
ligation injury until 14 days.

MTS assay

After appropriate treatment, viability of macro-
phages cultured in 96-well plates was mea-
sured using the MTS assay, as previously 

described [22]. In brief, the medium of cultured 
RAW264.7 cells was replaced with 100 μl 
serum-free DMEM containing 10 μl of CellTiter 
96 AQueous One Solution (Promega, G3582), 
and incubated at 37°C for 4 h. Then, 60 μl of 
medium from each well was transferred to a 
new 96-well plate, and the absorbance at 490 
nm was measured using a Multiskan spectrum 
(Thermo). 

Wound healing assay

Macrophages were seeded in a 6-well culture 
plate. After cells were grown to 80-90% conflu-
ence, the center of the cell monolayers was 
scraped with a sterile micropipet tip to create a 
denuded zone (gap) of constant width. Cellular 
debris was washed with PBS, and cells were 
exposed to 400 μg/ml of TXL, TNF-α (10 ng/
ml), or TXL plus TNF-α. Wound closure was 
monitored and photographed at 0 and 24 h. 
Wound area was measured by tracing the 
wound margin and calculated using an image 
analysis program (NIH Image). The percentage 
of wound closure was calculated as: (area of 
original wound-area of actual wound)/area of 
original wound ×100.

Immunofluorescence staining

Immunofluorescence staining was performed 
with 5 μm paraffin cross-sections from the 
carotid artery. After deparaffinized with xylene 
and rehydrated, the slides were preincubated 
with 10% normal goat serum (710027, KPL, 
USA) and then incubated with primary antibod-
ies anti-KLF5 (GTX103289, GeneTex), and anti-
MAC2 (60207-1, Proteintech). Secondary anti-
bodies were fluorescein-labeled antibody 
against rabbit IgG (021516, KPL, USA) and 
rhodamine-labeled antibody against mouse IgG 
(031806, KPL, USA). In each experiment, DAPI 
(157574, MB biomedical) was used for nuclear 
counter staining. Images were captured by con-
focal microscopy (DM6000 CFS, Leica) and 
processed by LAS AF software.

Co-immunoprecipitation assay

Co-immunoprecipitation was performed as 
described previously [23]. In brief, the cell 
lysates were immunoprecipitated with anti-
KLF5 (GTX103289, GeneTex) for 1 h at 4°C, fol-
lowed by incubation with protein A-agarose 
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overnight at 4°C. Protein A-agarose-antigen-
antibody complexes were collected by centrifu-
gation at 12,000 g for 1 min at 4°C. The pellets 
were washed 5 times with 1.0 ml immunopre-
cipitation-HAT buffer [50 mM Tris-HCl (pH 8.0), 
150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 
and 0.1 mM PMSF] for 20 min each time at 
4°C. Bound proteins were resolved by sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), followed by Western blotting 
with antibodies against Fbxw7 and KLF5.

Western blot analysis

The cell lysates were separated by SDS-PAGE, 
and transferred onto polyvinylidene difluoride 
membrane (Millipore). Membranes were block- 
ed with 5% milk in Tris-HCl tween buffer solu-
tion for 2 h at 37°C and incubated overnight at 
4°C with specific KLF5 (1:1000, GTX103289, 
GeneTex), PCNA (1:10000, ab92552, Abcam), 
Fbxw7 (1:1000, ab192328, Abcam), Akt1 
(1:500, Cell Signaling Technology), phospho-
Akt (1:500, Cell Signaling Technology), NF-κB 
p65 (1:500, NBP1-96139, NOVUS Biologicals), 
phospho-NF-κB (1:400, AF2006, Affinity Bio- 
tech) and β-actin (1:1,000, Santa Cruz Biotech- 
nology) antibodies. After incubation with appro-
priate secondary antibody, the membranes 
were developed with the Chemiluminescence 
Plus Western blot analysis kit (Millipore). For 
ubiquitination and sumoylation analysis of 
KLF5, KLF5 was immunoprecipitated from the 
lysates with rabbit anti-KLF5 (GTX103289, 
GeneTex), followed by Western blotting with 
mouse anti-SUMO-1 (Abcam, Cambridge, UK) 
or mouse anti-ubiquitin (Abcam, Cambridge, 
UK).

Statistical analysis

Data are presented as bar graphs (means ± 
SD) of at least three independent experiments. 
For relative gene expression, the mean value of 
the vehicle control group is defined as 1. 
Student’s t test and ANOVAs were used for sta-
tistical evaluation of the data. SPSS 17.0 was 
used for data analysis. As some sample sizes 
per group were relatively small, the results were 
further verified by the Wilcoxon rank sum (two 
samples) or the Kruskal Wallis test (multiple 
samples). The results were considered statisti-
cally significant at P<0.05.

Results

TXL inhibits neointimal hyperplasia induced 
by carotid artery ligation via reducing macro-
phage proliferation and migration

At 14 days after carotid artery ligation, the ligat-
ed animals showed abundant neointimal hyper-
plasia, the neointimal area of the ligated group 
accounted for 70% of the carotid arterial wall 
thickness (Figure 1A). Compared with the ligat-
ed group, carotid arterial wall thickness was 
significantly decreased in the TXL-treated 
group, and the intima-to-media ratio (I/M ratio) 
was lower than in the ligated group. The unin-
jured arteries revealed no significant neointi-
mal hyperplasia. Because it is well known that 
low shear stress induced by carotid artery liga-
tion promoted TNF-α and IL-1β expression and 
neointimal hyperplasia [24], and that macro-
phage proliferation and migration are impor-
tant for inflammation and neointimal hyperpla-
sia, we investigated whether TNF-α could affect 
proliferation and migration of macrophages. As 
shown in Figure 1B, migration activities were 
significantly increased when macrophages 
were stimulated by TNF-α, the wounded area 
recovered by cells at TNF-α-treated groups was 
5-fold greater than that of the control group. 
TXL treatment significantly suppressed macro-
phage migration induced by TNF-α, with the 
wounded area recovered by cells returning to 
control level. MTS assay showed that TNF-α 
increased macrophage proliferation 4-fold over 
that of control group, whereas cell proliferation 
decreased to control levels after TXL treatment 
(Figure 1C). These results suggest that TXL 
inhibits neointimal formation induced by carot-
id artery ligation, partly through suppressing 
macrophage proliferation and migration.

TXL inhibits macrophage infiltration to the 
arterial wall through suppressing KLF5 exptes-
sion

Because KLF5 can be induced by proinflamma-
tory factors and is an essential regulator of car-
diovascular remodeling, we tested the relation-
ship between KLf5 and macrophage infiltration 
during neointimal formation. As shown by 
immunofluorescence staining with anti-Mac2 
antibody of macrophages, macrophages infil-
trated into the neointima of ligated arteries 
were readily detectable at 14 days after carotid 
artery ligation (Note: Elastic fibers and collagen 
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fibers in the arterial wall produce autofluores-
cence in direct immunofluorescence analysis), 
whereas they were barely observed in the neo-
intima in TXL-treated group, similar to unligated 
carotid arteries (control) (Figure 2A). Similarly, 
KLF5 expression was significantly increased in 
the neointima compared with unligated arter-
ies, but TXL treatment inhibited carotid artery 
ligation-induced upregulation of KLF5 (Figure 
2A). Co-immunostaining with anti-KLF5 and 
anti-Mac2 antibodies showed that besides 
smooth muscle cells (SMCs), macrophages 
also expressed KLF5. To further investigate the 
effect of TXL on the expression of KLF5 induced 
by TNF-α in vitro, the cultured RAW264.7 cells 
were treated with TNF-α alone or in conjunction 
with TXL. Western blotting showed that TXL 
treatment significantly suppressed TNF-α-

induced KLF5 expression and cell proliferation, 
as evidenced by the decreased PCNA expres-
sion (Figure 2B). These results indicate that 
KLF5 is implicated in macrophage proliferation 
and migration induced by carotid ligation and 
TNF-α stimulation.

TXL inhibits neointimal hyperplasia by down-
regulating KLF5 expression

To further examine whether the inhibitory effect 
of TXL on neointimal hyperplasia and macro-
phage infiltration is related to its regulation of 
KLF5, in vivo experiments on the gain and loss 
of KLF5 were carried out. We overexpressed 
KLF5 using adenovirus (Ad)-mediated gene 
transfer; pAd-KLF5 was administered intralumi-
nally after carotid artery ligation. As shown in 

Figure 1. TXL inhibits neointimal hyperplasia via reducing macro-
phage proliferation and migration. (A) Hematoxylin and eosin stain-
ing showing the degree of intimal hyperplasia of unligated, ligated, 
and ligated plus TXL-treated carotid arteries 14 days after carotid 
ligation. Magnification, ×200 (Left panel). Morphometric quantifi-
cation of the I/M ratio (Right panel), *P<0.01 vs. unligated group; 
#P<0.01 vs. ligated group. (B) Wound healing assay for macrophage 
migration. The cells were pretreated for 2 h with 400 μg/ml of TXL 
before application of TNF-α (10 ng/ml) and photographed at 0 and 
24 h. Bars represent the means ± SD from three independent ex-
periments. *P<0.05 vs. Con group; #P<0. 01 vs. TNF-α group. (C) 
The proliferation of macrophages was determined by MTS assay. 
Bars represent the means ± SD from three independent experi-
ments. *P<0.05 vs. Con group; #P<0.01 vs. TNF-α group.



Tongxinluo regulates KLF5 post-translational modification

4783	 Am J Transl Res 2016;8(11):4778-4790

Figure 3A, marked neointimal hyperplasia was 
observed in ligated carotid arteries of pAd-
KLF5-transduced mice compared with those of 
pAd-transduced mice. As expected, TXL treat-
ment markedly reduced neointimal formation 
and I/M ratio in ligated carotid arteries of both 
pAd-KLF5- and pAd-infected mice. Immuno- 
fluorescence staining showed that overexpres-
sion of KLF5 obviously increased Mac2-positive 
macrophages in the neointima after carotid 
artery ligation compared with pAd-transduced 
mice, indicating an increased macrophage infil-
tration into the neointima. TXL treatment mark-
edly decreased macrophage infiltration and 
neointimal thickness induced by carotid artery 
ligation through down-regulating KLF5 expres-
sion, regardless of KLF5 overexpression (Figure 
3B). Further studies were performed in macro-
phage-specific KLF5 knockout (KLF5ly-/-) mice 
and WT (KLF5WT) mice. The results showed that 
neointimal hyperplasia induced by carotid 
artery ligation and I/M ratio were strongly 
reduced in KLF5ly-/- mice compared with KLF5WT 
mice (Figure 3C). Immunofluorescence analysis 
for KLF5 and Mac2 revealed that Mac2-positive 
macrophages and neointimal thickness were 

obviously reduced in the ligated carotid arter-
ies of KLF5ly-/- mice compared with KLF5WT mice 
(Figure 3D), suggesting that deletion of KLF5 
prevents carotid ligation-induced intimal hyper-
plasia in KLF5ly-/- mice.

TXL inhibits macrophage proliferation and 
migration in vitro induced by KLF5 overexpres-
sion

To further investigate the effect of KLF5 on 
macrophage proliferation and migration, the 
cultured RAW264.7 cells were infected or not 
with pAd-KLF5. As shown in Figure 4A, overex-
pression of KLF5 in macrophages significantly 
increased PCNA expression, whereas TXL treat-
ment abrogated the up-regulation of PCNA by 
KLF5 overexpression. Wound healing assay for 
macrophage migration in vitro showed that 
KLF5 overexpression promoted, while TXL 
treatment reduced the migration of the cul-
tured macrophages induced by KLF5 overex-
pression, with KLF5-promoted migration being 
abrogated by TXL treatment (Figure 4B). 
Furthermore, using MTS assay, we detected 
the effect of KLF5 overexpression and TXL 

Figure 2. TXL inhibits macrophage infiltra-
tion through suppressing KLF5 exptession. 
(A) Immunofluorescence staining for Mac-2 
(green), KLF5 (red), and DAPI (blue) in unli-
gated, ligated, and ligated plus TXL-treated 
carotid arteries on day 14 after carotid liga-
tion. Scale bars = 100 μm. (B) The expression 
of KLF5 and PCNA in RAW264.7 cells treated 
with indicated conditions was detected by 
Western blotting. Bars represent the means 
± SD from three independent experiments. 
*P<0.05 vs. Con group; #P<0.05 vs. TNF-α 
group.
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Figure 3. TXL inhibits intimal hyperplasia by down-regulating KLF5 expression. (A) Hematoxylin and eosin staining 
showing the degree of intimal hyperplasia of ligated and ligated plus TXL-treated carotid arteries infected with pAd or 
pAd-KLF5. Magnification, ×200 (Left panel). Morphometric quantification of the I/M ratio (Right panel), *P<0.05 vs. 
pAd group; #P<0.01 vs. pAd-KLF5 group. (B) Immunofluorescence staining for Mac-2 (green), KLF5 (red), and DAPI 
(blue) in the carotid arteries treated as in (A). Scale bars = 100 μm. (C) Hematoxylin and eosin staining showing the 
degree of intimal hyperplasia of unligated and ligated carotid arteries from KLF5WT and KLF5ly-/- mice. Magnification, 
×200 (Left panel). Morphometric quantification of the I/M ratio (Right panel), *P<0.01 vs. unligated KLF5wt group; 
#P<0.05 vs. ligated KLF5wt group. (D) Immunofluorescence staining for Mac-2 (red), KLF5 (green), and DAPI (blue) 
in unligated and ligated carotid arteries from KLF5WT and KLF5ly-/- mice. Scale bars = 100 μm.
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treatment on macrophage proliferation. Para- 
lleling the above results, TXL treatment abol-
ished macrophage proliferation induced by 
KLF5 overexpression, as evidenced by MTS 
assay (Figure 4C). These results suggest that 
KLF5 also mediates macrophage proliferation 
and migration in vitro. 

TNF-α increases, while TXL reduces KLF5 pro-
tein level through regulating the ubiquitination 
and sumoylation of KLF5

Because we have found that TXL treatment 
reduced KLF5 protein level in macrophages 
treated with TNF-α (Figure 2B), and it is known 
that KLF5 level can be regulated by ubiquitina-
tion and sumoylation [25], we sought to exam-
ine whether TXL affected the modification of 
KLF5 by ubiquitination and sumoylation. As 
shown in Figure 5A, a significant decrease in 
ubiquitin-conjugated KLF5 was observed in 
response to TNF-α stimulation (Figure 5A, lane 
2 versus lane 1). TXL treatment significantly 
increased the ubiquitin-conjugated KLF5 level 
compared with TNF-α-treated cells (Figure 5A, 

lanes 3 and 4 versus lane 2). Next, we deter-
mined the effects of TNF-α and TXL treatment 
on the expression of ubiquitin ligase Fbxw7, 
which ubiquitinates KLF5, and Fbxw7 interac-
tion with KLF5. The results showed that expo-
sure of macrophages to TNF-α significantly 
decreased Fbxw7 expression, while TXL treat-
ment abrogated the down-regulation of Fbxw7 
expression by TNF-α (Figure 5B). Co-immuno- 
precipitation (Co-IP) assays further showed 
that the interactions between KLF5 and Fbxw7 
were significantly reduced in response to TNF-α 
(Figure 5C, lane 2 versus lane 1). As expected, 
TXL treatment promoted the interactions of 
KLF5 with Fbxw7, with Fbxw7 immunoprecipi-
tated with anti-KLF5 antibody returning to con-
trol level (Figure 5C, lane 4 versus lane 1). 
These results suggest that TXL enhances KLF5 
ubiquitination by Fbxw7, facilitating ubiquitin-
mediated proteasomal degradation of KLF5. 
Interestingly, exposure of macrophages to 
TNF-α significantly increased KLF5 sumoylation 
(Figure 5D, lane 2 versus lane 1), whereas TXL 
treatment suppressed the up-regulation of 
KLF5 sumoylation by TNF-α (Figure 5D, lane 4 

Figure 4. TXL inhibits macrophage proliferation and migration induced 
by KLF5 overexpression. (A) The expression of KLF5 and PCNA in pAd-
KLF5- or pAd-transfected RAW264.7 cells treated or not with TXL was 
detected by Western blotting. Bars represent the means ± SD from 
three independent experiments. *P<0.05 vs. pAd group; #P<0.01 vs. 
pAd-KLF5 group. (B) Wound healing assay for macrophages treated as 
in (A). Bars represent the means ± SD from three independent experi-
ments. *P<0.01 vs. pAd group; #P<0.05 vs. pAd-KLF5 group. (C) MTS 
assay for macrophages treated as in (A). Bars represent the means 
± SD from three independent experiments. *P<0.01 vs. pAd group; 
#P<0.01 vs. pAd-KLF5 group.
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versus lane 2). These findings imply that KLF5 
sumoylation induced by TNF-α may impede its 

interaction with Fbxw7, subsequently leading to 
the decreased KLF5 ubiquitination by Fbxw7. 

Figure 5. TNF-α increases, while TXL reduces KLF5 level through regulating the ubiquitination and sumoylation 
of KLF5. (A) The lysates from TNF-α-, TXL-, or TNF-α plus TXL-treated macrophages were immunoprecipitated with 
anti-KLF5, and then detected by Western blotting with anti-ubiquitin. Bars represent the means ± SD from three 
independent experiments. *P<0.05 vs. Con group; #P<0.05 vs. TNF-α group. (B) Western blot analysis for Fbxw7 
expression in macrophages treated as in (A). Bars represent the means ± SD from three independent experiments. 
*P<0.05 vs. Con group; #P<0.05 vs. TNF-α group. (C) The lysates from macrophages treated as in (A) were immu-
noprecipitated with anti-KLF5, and then detected by Western blotting with anti-Fbxw7. Bars represent the means 
± SD from three independent experiments. *P<0.05 vs. Con group; #P<0.05 vs. TNF-α group. (D) The lysates from 
macrophages treated as in (A) were immunoprecipitated with anti-KLF5, and then detected by Western blotting 
with anti-SUMO-1. Bars represent the means ± SD from three independent experiments. *P<0.05 vs. Con group; 
#P<0.05 vs. TNF-α group. 
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TNF-α induces KLF5 sumoylation via PI3K/Akt 
signaling pathway, whereas TXL inhibits Akt 
phosphorylation induced by TNF-α

We next examined which signal pathway medi-
ates KLF5 sumoylation in macrophages in 
response to TNF-α. As shown in Figure 6A, 
TNF-α significantly increased the level of phos-
pho-Akt and phospho-NF-κB (Figure 6A, lane 2 
versus lane 1). TXL treatment effectively 
reversed the stimulatory effect of TNF-α on the 
phosphorylation of these two signaling mole-
cules (Figure 6A, lane 4 versus lane 2). Under 

the same experimental conditions, the expres-
sion level of these signal molecules did not 
change significantly during the course of stimu-
lation with TNF-α (Figure 6A). Macrophages 
were then incubated with the PI3K/Akt inhibitor 
LY294002, or the NF-κB inhibitor CAY10512 for 
2 h before exposure to TNF-α. The results 
showed that inhibition of PI3K/Akt or NF-κB by 
their respective pharmacological inhibitors 
blocked the TNF-α-induced phosphorylation of 
Akt and NF-κB (Figure 6B, lane 4 versus lane 
2). Correspondingly, we observed the effect of 
pharmacological inhibition of the NF-κB and 

Figure 6. TNF-α induces KLF5 sumoylation via PI3K/Akt signaling, whereas TXL inhibits Akt phosphorylation in-
duced by TNF-α. (A) Western blot analysis for Akt, p-Akt, NF-κB and p-NF-κB in macrophages treated with TNF-α-, 
TXL-, or TNF-α plus TXL. Bars represent the means ± SD from three independent experiments. *P<0.05 vs. Con 
group; #P<0.05 vs. TNF-α group. (B) Western blot detection of p-Akt and p-NF-κB in macrophages treated or not with 
PI3K/Akt inhibitor LY294002 or NF-κB inhibitor CAY10512. (C) The lysates from macrophages treated as in (B) were 
immunoprecipitated with anti-KLF5, and then detected by Western blotting with anti-SUMO-1. Bars represent the 
means ± SD from three independent experiments. *P<0.05 vs. Con group; #P<0.05 vs. TNF-α group. 
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PI3K/Akt signaling pathways on KLF5 sumoy- 
lation induced by TNF-α. As shown in Figure 6C, 
inhibition of PI3K/Akt by LY294002 reduced 
sumoylation of KLF5 induced by TNF-α (Figure 
6C, lane 4 versus lane 2), whereas NF-κB  inhi-
bition by CAY10512 had only a slight impact on 
KLF5 sumoylation induced by TNF-α (Figure 6C, 
lane 6 versus lane 2). Taken together, these 
results further suggest that PI3K/Akt pathway 
mediates TNF-α-induced KLF5 sumoylation in 
macrophages, and TXL treatment suppresses 
KLF5 sumoylation through blocking PI3K/Akt 
signaling. 

Discussion

Neointimal formation is a common pathological 
characteristic in diverse cardiovascular diseas-
es such as atherosclerosis, coronary heart dis-
eases, postangioplasty restenosis, and trans-
plantation arteriopathy. The inflammatory res- 
ponse that follows endothelial injury is recog-
nized to play an important role in neointimal 
formation. Inflammatory cells adhering to sites 
of endothelial dysfunction produce cytokines 
and growth factors, including tumor necrosis 
factor (TNF)-α and platelet-derived growth fac-
tor (PDGF). These induce the migration and pro-
liferation of smooth muscle cells [26]. These 
cells secrete extracellular matrix components, 
including elastin and collagen, to form neointi-
mal hyperplasia and restenosis. Our previous 
study showed that TXL can improve the vascu-
lar endothelial function via up-regulating tight 
junction protein expression [27]. In this study, 
we found that TXL decreased macrophage 
migration and infiltration through inhibiting 
KLF5 expression in macrophage, as well as 
through regulating the ubiquitination and 
sumoylation of KLF5. These results suggest 
that TXL-mediated cardiovascular protection is 
not only via improvement of endothelial func-
tion but also via anti-inflammatory effect on 
macrophages.

KLF5 exerts growth-promoting functions in a 
variety of cell types through its activation of  
key cell-cycle-promoting genes [28, 29], thus 
participating in vascular remodeling process 
induced by vascular injury. In endothelial cells 
(ECs), KLF5 mediates the expression of tight 
junction proteins, and TXL increases tight junc-
tion protein levels by inducing KLF5 expression 
[27]. In VSMCs, KLF5 drives phenotypic switch-

ing by suppression of smooth muscle cell (SMC) 
marker genes, and meanwhile KLF5 inhibits 
p21 expression and G1/S cell cycle progres-
sion by promoting interaction of KLF5 with 
c-Jun, with KLF5 binding to its cis-elements of 
the p21 promoter [30]. In this study, we found 
that TXL treatment repressed macrophage pro-
liferation and migration induced by TNF-α in 
vitro, and reduced macrophage infiltration into 
the arterial wall induced by vascular endotheli-
al injury. Mechanistic studies suggested that 
the decreased proliferation and migration of 
macrophages in TXL-treated mice or cells was 
attributable to a reduction in KLF5 expression. 
Importantly, KLF5 overexpression or macro-
phage-specific knockout of KLF5 significantly 
increased or reduced macrophage migration, 
as evidenced by Mac2 immunopositive macro-
phages infiltrated into the neointima of ligated 
arteries. These results clearly indicated that 
KLF5 expression and activity have profound 
pleiotropic effects on deferent cell types that 
participate in vascular pathophysiology.

TXL is a compound prescription formulated 
according to the meridian theory of traditional 
Chinese medicine. It has been demonstrated 
that ginsenoside Rb1, the major ingredient of 
TXL, could effectively block homocysteine-
induced endothelial dysfunction, superoxide 
anion production and down-regulation of endo-
thelial nitric oxide synthesis [31], and paeonia, 
another ingredient of TXL, has antioxidative, 
vasodilatory, antiplatelet, lipid-lowering and 
anti-inflammatory activities [32]. These find-
ings support the notion that Traditional Chinese 
Medicine (TCM) has characteristics of multiple 
ingredients, multiple targets, and multiple 
pathways, and that multiple ingredients simul-
taneously act on multiple targets to cause dif-
ferent effects.

Besides down-regulating KLF5 expression in 
macrophages, TXL also regulated KLF5 stabili-
ty by ubiquitination and sumoylation of KLF5. It 
has been known that KLF5 is an unstable pro-
tein with a short half-life [25]. KLF5 can be 
degraded through the ubiquitin-dependent and 
ubiquitin-independent mechanisms [25, 33]. In 
this article, our data showed that TNF-α and 
endothelial injury up-regulated KLF5 expres-
sion, whereas TXL treatment promoted the 
interactions of KLF5 with Fbxw7 and enhanced 
KLF5 ubiquitination by Fbxw7, facilitating KLF5 



Tongxinluo regulates KLF5 post-translational modification

4789	 Am J Transl Res 2016;8(11):4778-4790

degradation. The results of the present study 
prompted us to hypothesize that multiple ingre-
dients and multiple pathways in TCM may act 
on different targets simultaneously to generate 
a range of actions that manifest as a compre-
hensive overall effect. 

TNF-α activated the PI3K/Akt signaling path-
way, as shown by the increased level of phos-
pho-Akt, subsequently leading to the increase 
in KLF5 sumoylation. TXL treatment abrogated 
TNF-α-induced Akt phosphorylation. In addi-
tion, inhibition of PI3K/Akt by its pharmacolo- 
gical inhibitor LY294002 decreased the TNF- 
α-induced phosphorylation of Akt. Simulta- 
neously, inhibition of PI3K/Akt abrogated the 
stimulatory effect of TNF-α on the sumoylation 
of KLF5, suggesting PI3K/Akt signaling plays  
a key role in TNF-α-induced KLF5 sumoy- 
lation, as well as in TXL-suppressed sumoy- 
lation of KLF5. Considering the previous re- 
ports and the present study, TXL-mediated  
cardiovascular and cerebrovascular protection 
may be via multiple different pathways. 
Modulation of KLF5 expression and stability  
in macrophages is one of the mechanisms 
underlying the vasoprotective effects of TXL. 
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