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ORIGINAL RESEARCH

Krüppel-Like Factor 15/Interleukin 11  
Axis-Mediated Adventitial Remodeling 
Depends on Extracellular Signal-Regulated 
Kinases 1 and 2 Activation in Angiotensin 
II–Induced Hypertension
Yue-Tong Guo, MS; Yuan-Yuan Lu, MD, PhD; Xiao Lu, PhD; Shun He, BS; Shi-Jin Li, BS; Shuai Shao, MD, PhD; 
Han-Dan Zhou, MS; Rui-Qi Wang, BS; Xiao-Dong Li , PhD; Ping-Jin Gao, MD, PhD

BACKGROUND: Adventitial remodeling is a pathological hallmark of hypertension that results in target organ damage. Activated 
adventitial fibroblasts have emerged as critical regulators in this process, but the precise mechanism remains unclear.

METHODS AND RESULTS: Interleukin 11 (IL-11) knockout and wild-type mice were subjected to angiotensin II (Ang II) infusion to 
establish models of hypertension-associated vascular remodeling. IL-11 mRNA and protein were increased especially in the 
adventitia in response to Ang II. Compared with wild-type mice, Ang II–treated IL-11 knockout mice showed amelioration of 
vascular hypertrophy, adventitial fibrosis, macrophage infiltration, and inflammatory factor expression. Recombination mouse 
IL-11 exacerbated adventitial fibrosis in Ang II–infused wild-type mice. Interestingly, IL-11 neutralizing antibody attenuated ad-
ventitial fibrosis, macrophage infiltration, and inflammatory factor expression after Ang II infusion for 7 days. Mechanistically, 
in primary cultured adventitial fibroblasts, Krüppel-like factor 15 negatively regulated Ang II–induced IL-11 expression. Ang II 
increased extracellular signal-regulated kinases 1 and 2 activation, especially in adventitia, and caused biphasic extracellular 
signal-regulated kinases 1 and 2 activation in adventitial fibroblasts. A rapid and early activation increased IL-11 production 
through decreasing Krüppel-like factor 15 expression, which, in turn, induced the second extracellular signal-regulated ki-
nases 1 and 2 activation, resulting in posttranscriptional profibrotic gene expression.

CONCLUSIONS: These results demonstrate that extracellular signal-regulated kinases 1 and 2 activation is important for 
Krüppel-like factor 15–mediated IL-11 expression in adventitial fibroblasts to promote adventitial remodeling in Ang II–induced 
hypertension. Therefore, targeting the Krüppel-like factor 15/IL-11 axis might serve as a new therapeutic strategy for vascular 
diseases.
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Vascular remodeling is a common consequence 
of hypertensive disease and contributes to the 
development of cardiovascular dysfunction.1 The 

vessel wall is a multilayered tissue consisting of multi-
ple cell types to regulate vascular remodeling. Rather 

than a supportive tissue layer, growing evidence has 
shown that vascular adventitia acts as an active player 
for maintenance of vascular function and homeosta-
sis.2 Indeed, excessive adventitial remodeling leads 
to early aortic maladaptation in angiotensin II (Ang 
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II)–induced hypertension.3 The main effector cells of 
adventitia are adventitial fibroblasts (AFs), which are 
activated by stress signals in injured tissues.2 For ex-
ample, phenotypic transformation of fibroblasts into 
activated myofibroblasts, which express α-smooth 
muscle actin (ACTA2) and express extracellular ma-
trix proteins, is a defining feature of fibrosis.4 The acti-
vated AFs secrete a variety of cytokines, chemokines, 
growth factors, and reactive oxygen species that exert 
paracrine and autocrine effects to accelerate vascular 
injury.5,6 As AFs are critical in adventitial remodeling, it 
is important to elucidate the underlying mechanisms 
and identify novel therapeutic targets.

The interleukin family is a multifunctional cytokine 
family, several members of which have been reported 
to regulate vascular remodeling in hypertension.7,8 
Interleukin 11 (IL-11) is a member of the interleukin 6 
cytokine family with multifunctional effects. IL-11 is first 

regarded as a cardioprotective and antifibrotic cyto-
kine.9 However, Schafer et al identified that autocrine 
IL-11 signaling loop promoted cardiovascular fibrosis.10 
Considering the important role of vascular remodeling, 
little is known about the function of IL-11 in the vas-
culature system. Previous studies demonstrated that 
vascular smooth muscle cells secrete IL-11, which at-
tenuated vascular smooth muscle cell proliferation.11,12 
A recent study found that IL-11 is important for vascu-
lar smooth muscle cell phenotypic switching and aor-
tic remodeling by overexpression of IL-11 in vascular 
smooth muscle cells.13 Nevertheless, several studies 
of the heart, lung, and liver highlighted the importance 
of pathogenic IL-11 signaling in fibroblasts.10,14,15 Our 
previous studies found that AFs actively participated in 
injury-induced neointima formation by secreting inflam-
matory factors or growth factors.16,17 However, the role 
of IL-11 derived from AFs in hypertension-associated 
adventitial remodeling is mostly unexplored.

IL-11 secreted by resident fibroblasts in response 
to profibrotic stimuli binds to its specific receptor sub-
unit IL-11 receptor subunit α, which is highly expressed 
on stromal cells (eg, fibroblasts and smooth muscle 
cells).10 Both signal transducer and activator of tran-
scription 3 and extracellular signal-regulated kinases 1 
and 2 (ERK1/2) signaling pathways were activated by 
IL-11, whereas ERK1/2 activation was reported to reg-
ulate the fibrosis.14 In a previous study, we have shown 
that vascular injury or Ang II also caused ERK1/2 activa-
tion in the adventitia or AFs, suggesting the important 
role of ERK1/2 activation in adventitial remodeling.17,18 
Furthermore, we found that ERK1/2 activation was in-
volved in the decrease of transcription factor Krüppel-
like factor 15 (KLF15), whereas overexpression of 
KLF15 normalized downstream gene expression and 
Ang II–induced vascular remodeling.18 Also, it is re-
ported that Ang II increased IL-11 production in car-
diac fibroblasts.10 In keeping with these findings, in this 
study, we sought to determine whether ERK1/2 signal-
ing mediated Ang II–induced IL-11 expression through 
the participation of KLF15 in adventitial remodeling.

METHODS
The data that support the finding of this study are avail-
able from the corresponding author on reasonable 
request.

Experimental Animals
All animal procedures were approved in accordance 
with the Guide for the Care and Use of Laboratory 
Animals, established by Shanghai Jiao Tong University 
School of Medicine. The mice were housed under a 
12-hour light/dark cycle and were given free access to 
water and standard laboratory diet.

CLINICAL PERSPECTIVE

What Is New?
•	 Blockade of interleukin 11 (IL-11) almost normal-

ized adventitial fibrosis induced by angiotensin 
II.

•	 Krüppel-like factor 15 negatively regulates IL-11 
expression, depending on extracellular signal-
regulated kinases 1 and 2 activation, which 
contributed to adventitial remodeling.

•	 Angiotensin II induced biphasic extracellular 
signal-regulated kinases 1 and 2 activation with 
the second activation depending on IL-11.

What Are the Clinical Implications?
•	 Our study reveals a novel role for IL-11 in 

hypertension-associated vascular remodeling 
and fibrosis.

•	 We provide a possible treatment strategy for 
Krüppel-like factor 15/IL-11 axis in alleviating 
and reversing hypertension-associated vascu-
lar remodeling and fibrosis.

Nonstandard Abbreviations and Acronyms

ACTA	 α-smooth muscle actin
AF	 adventitial fibroblast
Ang II	 angiotensin II
COL1a1	 collagen, type I, α 1
IL-11–/–	 interleukin 11 knockout
KLF15	 Krüppel-like factor 15
rmIL-11	 recombination mouse IL-11
WT	 wild type
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Ang II Infusion Model
Male C57BL/6 mice, aged 8 to 10 weeks (weight, 
20–23 g), were randomly divided into 4 groups as fol-
lows: saline group, Ang II group, Ang II+recombination 
mouse IL-11 (rmIL-11) group, and Ang II+IL-11 neutral-
izing antibody group. All the mice were anesthetized 
using continuous flow of 1% to 2% isoflurane and 
infused with saline or Ang II (1000 ng/kg per minute; 
Millipore Sigma, Burlington, MA; A9525) by minipump 
(Alzet, Cupertino, CA; model 1002) for 14  days. For 
Ang II+rmIL-11 group, rmIL-11 at a concentration of 
50 μg/mL (R&D, Minneapolis, MN; 2949-MC-050) in 
saline (daily SC injection with 100 μg/kg of rmIL-11) was 
injected into the mice. For Ang II+IL-11 neutralizing an-
tibody group, wild-type (WT) mice were treated with 
1 mg/kg intravenous IL-11 neutralizing antibody (R&D; 
MAB418) at 7, 9, 11, and 13 days after Ang II infusion. 
IL-11 knockout (IL-11–/–) mice were purchased from 
Cyagen Company and infused with saline or Ang II, as 
mentioned above. One day before euthanasia, systolic 
blood pressure was obtained by the noninvasive tail-
cuff method using BP-2000 Blood Pressure Analysis 
System (Visitech Systems, Apex, NC).

Cell Culture and Reagents
Rat AFs were isolated from the thoracic aortas of 
male Sprague Dawley rats (weight, 120–150  g). AFs 
were cultured in DMEM (Corning, New York, NY; 
10-013-cvr) supplemented with 10% fetal bovine 
serum (Gibco, Waltham, MA; 10099141), 100  U/mL 
penicillin, and streptomycin (Gibco; 10378016). Cells 
from passages 5 to 7 were used for further experi-
ments. AFs were incubated in serum-free DMEM for 
24  hours before treatment with ribosomal S6 kinase 
inhibitor (MCE, Shanghai, China; HY-52101, 10 µmol/L) 
or ERK1/2 pathway inhibitor (MCE; PD98059, 10−5 
mol/L) or IL-11 neutralizing antibody for 1  hour, fol-
lowed by stimulation of Ang II or rmIL-11. Rat KLF15 
(accession No. AAH89782.1) cloned into adenovi-
rus vector (pAdenoMCMV-EGFP-P2A-3FLAG) were 
constructed by Obio Technology (Shanghai, China). 
Cells were infected with adenovirus-mediated KLF15 
or control adenovirus at a viral titer of 1*108 plaque-
forming units/mL for 48 hours to overexpress KLF15. 
Cells were transfected with 50  nmol small interfer-
ing RNA (siRNA) using Lipofectamine 3000 (Thermo 
Fisher Scientific, Waltham, MA) for 48 hours to knock 
down KLF15. The KLF15 siRNA sequence was 
59-GCCCUGACUCGCAAGCCUUTT-39 (sense) and 
59-AAGGCUUGCGAGUCAGGGCTT-39 (antisense).18

Dual-Luciferase Reporter Assay
Human embryonic kidney 293T cells were cultured 
in DMEM with 10% fetal bovine serum at 37°C in a 

humidified atmosphere containing 5% CO2. The 
mouse IL-11 promoter, covering a region from −2000 
to 1, was ligated into a pGL4.10 luciferase reporter vec-
tor and transfected into human embryonic kidney 293T 
cells by Lipofectamine 3000. Then, cells were infected 
with control adenovirus or adenovirus-mediated KLF15 
for 48 hours, followed by stimulation with Ang II (10−6 
mol/L) for 4  hours. Luciferase activity was assessed 
with the Luciferase Reporter Assay System (Promega, 
Madison, WI; E1910).

In Situ Hybridization
The sections were dehydrated in graded ethanol, boiled 
in the retrieval solution for 10 to 15 minutes, and natu-
rally cooled. Proteinase K (20 µg/mL) working solution 
was added to cover objectives and incubate at 37℃ 
for 20 minutes. After washing, 3% methanol-H2O2 was 
added for incubation in the dark at room temperature 
for 15 minutes. Prehybridization solution was added to 
each section, and sections were incubated for 1 hour 
at 37℃. The probe hybridization solution was added 
with concentration of 1 µmol/L, and the section was 
incubated in a humidity chamber and hybridized over-
night at 42℃. After washing, blocking solution (rabbit 
serum) was added and incubated with the section at 
room temperature for 30 minutes. Sections were incu-
bated with mouse anti–digoxigenin-labeled peroxidase 
at 37℃ for 40 minutes, then washed in PBS 4 times for 
5 minutes each. Sections were mounted after incubat-
ing with 4′,6-diamidino-2-phenylindole for 8  minutes 
in the dark. Mouse IL-11 mRNA probe sequence was   
5’-DIG-CCAGGAAGCTGCAAAGATCCCAATGTCCC-
DIG-3’.

Histology and Immunohistochemistry
Aortas were immersed in 4% paraformaldehyde 
(Servicebio, Wuhan, China; G1101) once they were 
removed from the mice. Sections of thoracic aorta (5 
µm thick) from paraffin-embedded tissue were stained 
with hematoxylin and eosin (Servicebio; G1004 
and G1001) and 0.1% picrosirius red (Servicebio; 
GP1138) to examine vascular structure and colla-
gen deposition, respectively. Quantification of wall 
thickness and wall area was analyzed with ImageJ 
software (National Institutes of Health, Bethesda, 
MD). Immunofluorescence staining was performed 
with primary antibodies against ER-TR7 (Abcam; 
ab51824), KLF15 (Millipore Sigma; ABC471), ACTA2 
(Millipore Sigma; A2547), phosphorylated ERK1/2 
(Cell Signaling Technology, Danvers, MA; 4695), and 
CD68 (Bio-Rad, Hercules, CA; MCA341GA) at a di-
lution of 1:100. Secondary antibodies of anti-mouse, 
anti-rat, and anti-rabbit at a dilution of 1:200 for im-
munostaining were purchased from Thermo.
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Western Blot
Cells were washed 3 times with ice-cold PBS and ex-
tracted in radioimmunoprecipitation assay lysis buffer 
(Millipore Sigma; 20-188) with proteinase inhibitor 

mix (Bimake, Houston, TX; B14001). Cell extracts 
were clarified by a 15-minute centrifugation at 4°C 
and 13000g. Equal amounts of samples were sepa-
rated by SDS/PAGE, transferred onto a polyvinylidene 

Figure 1.  Angiotensin II (Ang II)–induced interleukin 11 (IL-11) expression in adventitia.
A, Representative immunofluorescence staining and quantitative analysis of IL-11 (red), α-smooth muscle actin (ACTA2) (green) in 
thoracic aorta. The 4′,6-diamidino-2-phenylindole was used to stain the nucleus in blue. Bar=50 µm. B, IL-11 mRNA was stained with 
fluorescence by situ hybridization assay. Bar=50 µm. C, The mRNA level of IL-11 (1.00- and 12.47-fold) in thoracic aorta of wild-type 
mice with or without Ang II infusion was quantified by quantitative reverse transcription–polymerase chain reaction (RT-qPCR). D, 
The media (M) and adventitia (A) were treated with Ang II (10−6 mol/L) for 4 hours. The mRNA level of IL-11 was quantified by RT-qPCR 
(1.00-, 8.23-, 2.18-, and 15.4-fold). I indicates intima. M indicates media; and A indicates adventitia. **P<0.01, ***P< 0.001.

Figure 2.  Deficiency of interleukin 11 (IL-11–/–) attenuated angiotensin II (Ang II)–induced vascular remodeling.
A, Representative hematoxylin and eosin (H&E) and picrosirius red staining of the thoracic aorta tissues in wild type (WT) and IL-11-/- mice 
after Ang II infusion for 14 days. Bar=50 µm. B through D, Quantitative analysis of wall thickness (B), wall area (C), and collagen area (D). 
E, Systolic blood pressure of the 4 groups. F, Representative immunofluorescence staining and quantitative analysis of ER-TR7 (red), 
α-smooth muscle actin (ACTA2) (green), CD68 (green), and Krüppel-like factor 15 (KLF15) (red) in thoracic aorta. The 4′,6-diamidino-2-
phenylindole was used to stain the nucleus in blue. Bar=50 µm. G, The mRNA levels of KLF15 (1.00-, 0.27-, 1.07-, and 0.22-fold), collagen, 
type I, α 1 (COL1a1) (1.00-, 14.52-, 0.43-, and 1.74-fold), collagen, type III, α 1 (COL3a1) (1.00-, 1.69-, 0.86-, and 1.17-fold), interleukin 6 
(IL-6) (1.00-, 1.93-, 0.33-, and 0.43-fold) and chemokine (C-C motif) ligand 2 (CCL2) (1.00-, 2.11-, 0.42-, and 0.53-fold) were measured by 
quantitative reverse transcription–polymerase chain reaction. A indicates adventitia. *P< 0.05, **P< 0.01, and ***P< 0.001.
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difluoride membrane (Millipore Sigma; IPVH00010), 
and subjected to immunoblotting analysis of IL-11 
(R&D; MAB218), IL-11 receptor subunit α (Santa 

Cruz Biotechnology; sc-130920), KLF15 (Millipore; 
ABC471), collagen type 1a1 (Servicebio; GB11022-1), 
ACTA2 (Millipore Sigma; A2547), phosphorylated 
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ERK1/2 (Thr202/Tyr204; 4370), ERK1/2 (Cell Signaling 
Technology; 4695), phosphorylated P90 ribosomal S6 
kinase (p90RSK) (Cell Signaling Technology; 11989), 
and p90RSK (Cell Signaling Technology; 9355) at di-
lution of 1:1000, and GAPDH (Kangchen, Shanghai, 
China; KC-5G5) at dilution of 1:4000. Proteins were 
visualized by horseradish peroxidase secondary anti-
bodies and ECL Detection System (Tanon, Shanghai, 
China; 180-5001).

Tissue Culture
Media tissues and adventitia tissues were obtained 
from WT mice. Thoracic aortas were removed from 
WT mice following the principle of sterility in super 
clean bench. After removing the perivascular adipose 
tissue, the media and adventitia were separated care-
fully. For every 2 mice, the media or adventitia were 
placed in one petri dish, respectively. After 24 hours 
serum-free treatment, the tissues were stimulated with 
Ang II (10−6 mol/L).

RNA Isolation and Real-Time Polymerase 
Chain Reaction
The mRNA was extracted from cells and frozen tissues 
using the Trizol reagent (Millipore Sigma; T9424), ac-
cording to the manufacturer’s instructions. And cDNA 
was obtained from 1000 ng total mRNA with reverse-
transcribed Prime Script RT Master Mix Kit (Takara, 
Shiga, Japan), followed by quantification by quantita-
tive real-time polymerase chain reaction using SYBR 
Green Mix (Takara) on the viia7 RT-PCR System and 
StepOne Plus System (Applied Biosystems, Foster 
City, CA). Relative expression of each gene was nor-
malized to the GAPDH mRNA expression. Sequences 
of the primers are listed in Table S1.

Statistical Analysis
All statistical analyses were performed using GraphPad 
Prism 8.0 (GraphPad, San Diego, CA). Statistical differ-
ences between 2 independent groups were analyzed 
using the Student t test, whereas statistical difference 
among ≥3 groups was analyzed using 1- or 2-way 
ANOVA, followed by the Tukey post hoc test. P<0.05 
was considered significant.

RESULTS
Ang II–Induced IL-11 Expression in 
Adventitia
It has been reported that IL-11 signaling contributes to 
cardiovascular fibrosis,10 and vascular remodeling was 
characterized by excessive accumulation of adventitial 
collagen in Ang II–induced hypertension.3 Therefore, we 
first examined the effect of Ang II infusion on IL-11 ex-
pression in the aorta. IL-11 protein level was significantly 
increased in injured arteries during 14 days of Ang II infu-
sion (Figure 1A). To further determine the source of IL-11, 
in situ hybridization showed that Ang II mainly increased 
IL-11 mRNA expression in adventitia (Figure 1B). Also, 
Ang II increased IL-11 mRNA expression in injured arter-
ies (Figure 1C). Furthermore, by media and adventitia 
tissue culture, we confirmed that Ang II increased IL-11 
mRNA expression in both the media and the adventitia 
while the multiple of the increase in adventitia was much 
higher than that in the media (Figure 1D).

Deficiency of IL-11 Attenuated Ang  
II–Induced Vascular Remodeling
As we have demonstrated that IL-11 was significantly 
increased after Ang II infusion, then IL-11–/– mice were 
used to determine the role of IL-11 in vascular remod-
eling. Ang II increased the wall thickness, wall area, 
and collagen area in WT mice, whereas knockout of 
IL-11 ameliorated vascular hypertrophy and fibrosis 
(Figure 2A–2D). However, Ang II infusion elevated the 
systolic blood pressure and showed no significant 
difference between 2 groups (Figure 2E; WT-saline: 
113.09±8.21 mm Hg; WT–Ang II: 134.8±13.4 mm Hg; 
IL-11–/––saline: 116.0±2.4  mm  Hg; and IL-11–/––saline: 
127.8±10.1 mm Hg). ER-TR7 is a marker of fibroblasts, 
which is present in the adventitia of the thoracic aorta. 
Immunofluorescence staining showed that ACTA2 
expression was decreased in the media, whereas it 
was increased in the adventitia. The number of CD68-
positive cells was also increased in the adventitia after 
Ang II infusion. However, these changes were reversed 
by IL-11 knockout (Figure 2F). Nevertheless, deficiency 
of IL-11 showed no effect on Ang II–induced decrease 
of KLF15 expression (Figure 2F). Ang II infusion de-
creased the mRNA level of KLF15 in the thoracic aorta 

Figure 3.  Effect of recombination mouse interleukin 11 (rmIL-11) and interleukin 11 (IL-11) neutralizing antibody on angiotensin 
II (Ang II)–induced adventitial remodeling.
Wild-type mice were randomly divided into 4 groups treated with rmIL-11 or IL-11 neutralizing antibody with or without Ang II infusion. 
A, Representative hematoxylin and eosin (H&E) and picrosirius red staining of the thoracic aorta tissues. Bar=50  µm. B through 
D, Quantitative analysis of wall thickness (B), wall area (C), and collagen area (D). E, Systolic blood pressure of the 4 groups. F, 
Representative immunofluorescence staining and quantitative analysis of ER-TR7 (red), α-smooth muscle actin (ACTA2) (green), CD68 
(green), and Krüppel-like factor 15 (KLF15) (red) in thoracic aorta. The 4′,6-diamidino-2-phenylindole was used to stain the nucleus in 
blue. Bar=50 µm. G, The mRNA levels of KLF15 (1.00-, 0.47-, 0.39-, and 0.40-fold), collagen, type I, α 1 (COL1a1) (1.00-, 2.85-, 0.81-, 
and 3.70-fold), collagen, type III, α 1 (COL3a1) (1.00-, 2.69-, 0.85-, and 6.67-fold), interleukin-6 (IL-6) (1.00-, 1.75-, 0.23-, and 1.95-fold), 
and chemokine (C-C motif) ligand 2 (CCL2) (1.00-, 1.83-, 0.39-, and 2.76-fold) were measured by quantitative reverse transcription–
polymerase chain reaction. A indicates adventitia. *P< 0.05, **P< 0.01, and ***P< 0.001.



J Am Heart Assoc. 2021;10:e020554. DOI: 10.1161/JAHA.120.020554� 7

Guo et al� KLF15/IL-11 Axis in Adventitial Remodeling

of both WT and IL-11–/– mice (Figure 2G). Ang II–treated 
IL-11–/– mice also showed lower mRNA expression of 
collagen, type I, α 1 (COL1a1), interleukin 6 (IL-6), and 
chemokine (C-C motif) ligand 2 (CCL2) compared with 
WT mice (Figure 2G).

Effect of rmIL-11 and IL-11 Neutralizing 
Antibody on Ang II–Induced Adventitial 
Remodeling
To further determine the role of IL-11 in Ang II–induced 
vascular hypertrophy and fibrosis, rmIL-11 was used in 
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Ang II–infused mice, whereas IL-11 neutralizing antibody 
was used for the blockade of IL-11 signaling after Ang II 
infusion for 7 days to determine the therapeutic effect. We 
found that supplement with rmIL-11 increased wall thick-
ness and adventitial fibrosis (Figure 3A). On the contrary, 
blockade of IL-11 showed no effect on wall thickness 
but almost normalized adventitial fibrosis (Figure 3A). 
Wall thickness, wall area, and the fibrosis were shown 
and quantified in Figure 3A–3D. Neither IL-11 neutral-
izing antibody nor rmIL-11 had effect on the increase 
in systolic blood pressure caused by Ang II (Figure 3E; 
saline: 109.3±9.2 mm Hg; Ang II: 159.8±16.36 mm Hg; 
Ang II–anti–IL-11: 135.6±15.4 mm Hg; Ang II–rmIL-11: 
142.4±19.6 mm Hg). Ang II induced the reduction ex-
pression of ACTA2 in the media, which was attenuated 
by IL-11 neutralizing antibody and was not affected by 
rmIL-11 (Figure 3F). On the contrary, the expression of 
ACTA2 in the adventitia was upregulated by Ang II infu-
sion, which was ameliorated by IL-11 neutralizing anti-
body (Figure 3F). CD68-positive cells increased in the 
adventitia after Ang II treatment, and IL-11 neutralizing 
antibody decreased macrophage infiltration, which was 
not affected by rmIL-11 (Figure 3F). In addition, IL-11 
neutralizing antibody decreased mRNA expression of 
COL1a1, CCL2, and IL-6 after Ang II infusion, whereas 
rmIL-11 increased mRNA expression of collagen, type 
III, α 1 (COL3a1) (Figure 3G). However, neither IL-11 
neutralizing antibody nor rmIL-11 had effect on the 
Ang II–induced decrease of KLF15 mRNA expression 
(Figure 3G).

KLF15 Negatively Regulated IL-11 
Expression Participating in AF Activation
In previous studies, we found that Ang II–induced 
vascular remodeling was negatively associated with 
decrease of KLF15.18 Similarly, knockout of IL-11 atten-
uated Ang II–induced vascular remodeling, which sug-
gests a link between IL-11 and KLF15. However, IL-11 

showed no effect on KLF15 mRNA and protein expres-
sion (Figure S1A and B). To exclude the autocrine ef-
fect, IL-11 neutralizing antibody also showed no effect 
on KLF15 expression (Figure S1C). Ang II significantly 
increased both IL-11 mRNA and protein levels at as 
early as 4 hours but had no effect on the expression of 
IL-11 receptor subunit α (Figure 4A and 4B). However, 
there is no commercial ELISA kit for detecting rat IL-11 
in the supernatant. Adenovirus was used to overex-
press KLF15 (adenovirus-mediated KLF15, AdKLF15) 
in AFs.18 We observed that Ang II–induced increase of 
IL-11 mRNA expression was reduced by KLF15 over-
expression (Figure 4C). Luciferase assays showed 
that adenovirus-mediated KLF15 significantly sup-
pressed the Ang II–increased IL-11 promoter activity 
(Figure 4D). KLF15 overexpression also decreased Ang 
II–induced increased expression of IL-11, COL1a1, and 
ACTA2 (Figure 4E). KLF15 siRNA was used to knock 
down the expression of KLF15 (siKLF15).18 We found 
that knockdown of KLF15 aggravated the elevated IL-
11, COL1a1, and ACTA2 expression induced by Ang II, 
which were partly reversed by IL-11 neutralizing anti-
body (Figure 4F). However, IL-11 neutralizing antibody 
showed no effect on COL1a1 and ACTA2 mRNA ex-
pressions, which were further elevated by KLF15 siRNA 
after Ang II stimulation (Figure 4G). These data suggest 
that there are 2 separate signaling pathways that regu-
late mRNA and protein expression, respectively, with 
IL-11 signaling involved in protein expression.10

Ang II Induced Biphasic ERK1/2 Activation 
With the Second Activation Dependent on 
IL-11
In primary cultured AFs, we established the time course 
of ERK1/2 activation in response to Ang II. Ang II in-
creased ERK1/2 phosphorylation, which peaked at 2 
distinct waves. The first wave of ERK1/2 phosphoryl-
ation occurred at 5 to 10  minutes and decreased at 

Figure 4.  Krüppel-like factor 15 (KLF15) negatively regulated interleukin 11 (IL-11) expression participating in adventitial 
fibroblast activation.
A, Adventitial fibroblasts (AFs) were exposed to angiotensin II (Ang II) (10−6 mol/L) for indicated time. The protein expressions of IL-11 
(1.00-, 1.47-, 2.20-, 2.58-, and 2.80-fold) and IL-11 receptor subunit α (IL-11Rα) were quantified by Western blotting. N=3. B, AFs were 
exposed to Ang II (10−6 mol/L) for indicated time. The mRNA levels of IL-11 (1.00-, 2.73-, 5.30-, 3.42-, 1.99-, and 1.98-fold) and IL-11Rα 
were measured by quantitative reverse transcription–polymerase chain reaction (RT-qPCR). N=6. C, AFs were transfected with control 
adenovirus (AdCON) or adenovirus-mediated KLF15 (AdKLF15) for 48 hours, then cells were treated with Ang II (10−6 mol/L) for 4 hours. 
The mRNA level of IL-11 (1.00-, 12.40-, 0.68-, and 5.42-fold) was measured by RT-qPCR. N=4. D, Human embryonic kidney 293T cells 
were stimulated with PBS or Ang II (10−6 mol/L) for 4 hours. The transcription activity of IL-11 promoter was measured by luciferase 
assays. N=4. E, AFs were transfected with AdCON or AdKLF15 for 48 hours, then cells were stimulated with Ang II for 24 hours. The 
protein levels of IL-11 (1.00-, 1.65-, 0.74-, and 0.90-fold), collagen, type I, α 1 (COL1a1) (1.00-, 1.92-, 0.98-, and 1.26-fold), and α-smooth 
muscle actin (ACTA2) (1.00-, 1.88-, 0.85-, and 0.80-fold) were measured by Western blotting. N=3. The right panel was the quantity of 
the Western blot. F, Cells were transfected with control small interfering RNA (siRNA; siCON) or KLF15 siRNA (siKLF15) for 48 hours, 
then cells were pretreated with neutralizing antibody 1 hour before Ang II treatment for 24 hours. The protein levels of IL-11 (1.00-, 1.46-, 
0.88-, 1.91-, and 0.89-fold), COL1a1 (1.00-, 2.00-, 1.00-, 2.95-, and 2.07-fold), and ACTA2 (1.00-, 1.42-, 0.97-, 2.42-, and 1.02-fold) were 
measured by Western blotting. The right panel was the quantity of the Western blot. G, Cells were transfected with siCON or siKLF15 
for 48 hours, then cells were pretreated with neutralizing antibody 1 hour before Ang II treatment for 24 hours. The mRNA levels of 
COL1a1 (1.00-, 1.62-, 1.05-, 2.56-, and 2.53-fold) and ACTA2 (1.00-, 1.44-, 0.98-, 2.31-, and 1.93-fold) were measured by RT-qPCR. N=5. 
*P< 0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001.
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30 minutes. The second wave of ERK1/2 phosphoryla-
tion occurred at 2 hours and sustained up to 4 hours 
(Figure 5A). The biphasic nature of ERK1/2 activation 
suggested a possible autocrine mechanism, in which 

the first ERK1/2 activation may be induced by Ang II 
and upregulated the expression of IL-11, which then 
activated the second ERK1/2 activation. To test this 
possibility, AFs were pretreated with IL-11 neutralizing 
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antibody. We found that Ang II–induced ERK1/2 phos-
phorylation was attenuated only at 4 hours (Figure 5B). 
Knockdown of KLF15 did not further increase the 
phosphorylation of ERK1/2 in response to Ang II at 5 
minutes, which cannot be inhibited by IL-11 neutral-
izing antibody (Figure 5C). However, after 4 hours of 
Ang II stimulation, the expression of ERK1/2 phospho-
rylation was further elevated after KLF15 knockdown, 
which was decreased by IL-11 neutralizing antibody 
(Figure 5C). Next, we used ERK1/2 inhibitor 1 hour be-
fore or after the Ang II stimulation to inhibit 2 waves 
of ERK1/2 activation, respectively. Blockade of the first 
wave of ERK1/2 activation attenuated Ang II–induced 
IL-11 expression (Figure 5D). Similarly, KLF15 expres-
sion was recovered only by inhibition of first wave 
ERK1/2 activation in response to Ang II (Figure 5D), 
which suggests that KLF15 may regulate IL-11 expres-
sion. These results suggested that the delayed activa-
tion of ERK1/2 was induced by IL-11. Furthermore, 
the COL1a1 and ACTA2 protein expressions were re-
duced by inhibition of both waves of ERK1/2 activation 
(Figure 5D). In 14 days of Ang II infusion model, we also 
observed that the ERK1/2 was activated in adventitia of 
WT mice, whereas deletion of IL-11 signaling resulted 
in reduced ERK1/2 activation in response to Ang II in-
fusion (Figure 6A). Similarly, IL-11 neutralizing antibody 
dramatically repressed the phosphorylation of Ang II–
induced ERK1/2 phosphorylation, whereas rmIL-11 in-
tensified phosphorylation of ERK1/2 (Figure 6B).

IL-11/ERK1/2/p90RSK Signaling Mediated 
Ang II–Induced Profibrotic Gene 
Expression
Ang II promotes vascular fibrosis mainly by acting on 
AFs.18 We observed that Ang II upregulated expression 
of COL1a1 and ACTA2 in both mRNA and protein ex-
pressions (Figure S2A and C). Considering the role of 
IL-11 in fibrosis, we stimulated AFs with rmIL-11 for vari-
ous time periods and showed that COL1a1 and ACTA2 
protein, but not mRNA, expressions were increased 
by IL-11 stimulation (Figure S2B and D). To evaluate 
whether IL-11 signaling is involved in Ang II–induced 
profibrotic protein expression, the Ang II–induced 

COL1a1 and ACTA2 protein upregulation was inhibited 
by IL-11 neutralizing antibody (Figure 7A). However, IL-
11 neutralizing antibody did not affect the downregula-
tion of KLF15 expression induced by Ang II (Figure 7A). 
And IL-11 neutralizing antibody showed no effect on 
mRNA expression changes of ACTA2, COL1a1, and 
KLF15, caused by Ang II (Figure 7B). Considering the 
negligible differences of COL1a1 and ACTA2 mRNA 
levels following IL-11 stimulation, we speculated that it 
was dependent on the posttranscriptional mechanism. 
The p90RSK is downstream of ERK1/2, which plays a 
role in posttranscriptional gene expression.19 We stim-
ulated AFs with IL-11 and found that the phosphoryla-
tion levels of both ERK1/2 and p90RSK were increased 
(Figure 7C). The activation of p90RSK can be inhib-
ited by ribosomal S6 kinase inhibitor and ERK1/2 in-
hibitor, whereas ribosomal S6 kinase inhibitor showed 
no effect on ERK1/2 activation (Figure 7C). Consistent 
with these findings, both the inhibitors reduced IL-
11–induced COL1a1 and ACTA2 protein expression 
(Figure 7D). These results suggested that IL-11/ERK1/2/
p90RSK signaling plays an important role in Ang II–
induced adventitial fibrosis.

DISCUSSION
In this study, we demonstrated that KLF15 negatively 
regulates IL-11 expression dependent on ERK1/2 ac-
tivation, which contributed to adventitial remodeling. 
Specifically, knockout or blockade of IL-11 attenuated 
Ang II–induced adventitial remodeling. Ang II initiated 
an early activation of ERK1/2, resulting in increase of 
KLF15-mediated IL-11 expression in AFs. Then, IL-11 
further induced a late activation of ERK1/2, which in-
creased profibrotic gene expression by a posttran-
scriptional mechanism. These findings provide a new 
implication for understanding the mechanisms under-
lying the regulation of adventitial remodeling in hyper-
tension by the KLF15/IL-11 axis.

Hypertension significantly contributes to tissue 
fibrosis, including adventitial fibrosis.20,21 Renin-
angiotensin system, especially Ang II, plays an 
important role in the pathogenesis of adventitial re-
modeling in a variety of diseases.3,22 We found that 

Figure 5.  Angiotensin II (Ang II) induced biphasic extracellular signal-regulated kinases 1 and 2 (ERK1/2) activation, with the 
second activation dependent on interleukin 11 (IL-11).
A, Adventitial fibroblasts (AFs) were exposed to Ang II (10−6 mol/L) for indicated time, and the protein level of phosphorylated ERK1/2 
(p-ERK1/2) was measured by Western blotting. B, AFs were pretreated with PBS or IL-11 neutralizing antibody 1 hour before Ang II (10−6 
mol/L) treatment. Then, AFs were exposed to Ang II or PBS for indicated time. The level of p-ERK1/2 (1.00-, 3.14-, 2.25-, 0.76-, 2.74-, 
and 0.73-fold) was measured by Western blotting. N=4. C, AFs were transfected with control small interfering RNA (siRNA; siCON) or 
Krüppel-like factor 15 (KLF15) siRNA (siKLF15) for 48 hours. AFs were pretreated by IL-11 neutralizing antibody 1 hour before they were 
stimulated by Ang II for 5 minutes (1.00-, 3.52-, 4,04-, 0.88-, 3.76-, and 3.57-fold) or 4 hours (1.00-, 2.31-, 1.42-, 1.08-, 3.90-, and 1.46-
fold). p-ERK1/2 expression was measured by Western blotting. N=4. D, AFs were incubated with ERK1/2 signaling inhibitor (ERKi) 1 
hour before or after Ang II 24-hour stimulation. The protein levels of IL-11 (1.00-, 1.41-, 0.96-, and 1.26-fold), KLF15 (1.00-, 0.62-, 1.08-, 
and 0.49-fold), collagen, type I, α 1 (COL1a1) (1.00-, 1.69-, 0.80-, and 0.92-fold), and α-smooth muscle actin (ACTA2) (1.00-, 1.53-, 0.95-
, 0.92-, and 0.49-fold) were measured by Western blotting. The right panel was the quantity of the Western blot. N=4. CON indicates 
control. *P< 0.05, **P< 0.01, and ***P< 0.001.
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AF-derived IL-11 promoted adventitial remodeling in 
Ang II–induced hypertension. Our data are consis-
tent with recent data that IL-11 signaling functioned 
as a crucial contributor of cardiovascular fibrosis.10 

However, previous studies suggested that IL-11 func-
tioned as a protective and antifibrotic factor among 
various diseases.9,23 First, the contradiction may 
be caused by the different animal models. Second, 
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recombinant human IL-11 was used in mouse car-
diac fibroblasts, which was proved to be ineffective.10 
Although smooth muscle cells also secrete IL-11, we 
found that IL-11 expression was increased in Ang II–
stimulated AFs and in the adventitia of arteries of Ang 
II–infused mice. Lim et al found that smooth muscle 
cell–specific IL-11 overexpression promoted vascu-
lar remodeling and especially increased adventitial 
area,13 which further suggested the important role 
of IL-11 signaling in AFs, because AFs also express 
IL-11 receptor. Therefore, IL-11 signaling was blocked 
with neutralizing antibody after preestablished Ang 

II infusion model. We found that adventitial collagen 
area but not wall area was decreased, which is con-
sistent with the previous results.13 Furthermore, by 
using IL-11 knockout mice, Ang II–induced increase 
of both collagen area and wall area was attenuated, 
suggesting multiple effects of IL-11 in the context 
of renin-angiotensin-aldosterone system activation 
under different intervention methods. However, we 
found that knockout of IL-11 showed no effect on 
blood pressure. Vascular fibrosis and extracellular 
matrix remodeling are associated with aging and are 
amplified by hypertension.24,25 One possible reason is 

Figure 6.  The effect of interleukin 11 (IL-11) on angiotensin II (Ang II)–induced extracellular signal-regulated kinases 1 and 
2 (ERK1/2) activation.
A and B, Representative immunofluorescence staining and quantitative analysis of phosphorylated ERK1/2 (p-ERK1/2) (green) in 
thoracic aorta of different groups. The 4′,6-diamidino-2-phenylindole was used to stain the nucleus in blue. Bar=50 µm. A indicates 
adventitia; IL-11–/–, IL-11 knockout; rmIL-11, recombination mouse IL-11; and WT, wild type. **P< 0.01, ***P< 0.001.

Figure 7.  Interleukin 11 (IL-11)/extracellular signal-regulated kinases 1 and 2 (ERK1/2)/P90 ribosomal S6 kinase (p90RSK) 
signaling mediated angiotensin II (Ang II)–induced profibrotic gene expression.
A, Adventitial fibroblasts (AFs) were incubated with IL-11 neutralizing antibody 1 hour before Ang II 24-hour treatment. The protein 
levels of collagen, type I, α 1 (COL1a1) (1.00-, 1.19-, 2.10-, and 0.95-fold), α-smooth muscle actin (ACTA2) (1.00-, 1.00-, 1.49-, and 0.97-
fold), and Krüppel-like factor 15 (KLF15) (1.00-, 0.87-, 0.66-, and 0.63-fold) were measured by Western blotting. N=4. The right panel 
was the quantity of the Western blot. B, AFs were incubated with IL-11 neutralizing antibody 1 hour before Ang II 24-hour treatment. 
The mRNA levels of COL1a1 (1.00-, 1.09-, 1.40-, and 1.52-fold), ACTA2 (1.00-, 0.91-, 1.80-, and 1.58-fold), and KLF15 (1.00-, 0.98-, 
0.37-, and 0.51-fold) were measured by quantitative reverse transcription–polymerase chain reaction. N=5. C, AFs were incubated 
with ribosomal S6 kinase inhibitor (CMK) (10 µmol/L) or ERK1/2 inhibitor (ERKi) (10 µmol/L) 1 hour before recombination mouse IL-11 
(rmIL-11) (5 ng/mL) 24-hour treatment. The protein levels of phosphorylated p90RSK (p-p90RSK) (1.00-, 2.10-, 0.93-, and 0.74-fold), 
p90RSK, phosphorylated ERK1/2 (p-ERK1/2) (1.00-, 10.71-, 10.89-, and 2.53-fold), and ERK1/2 were measured by Western blotting. 
N=4. The right panel was the quantity of the Western blot. D, AFs were incubated with dimethyl sulfoxide, CMK (10 µmol/L), or ERKi 
(10 µmol/L) 1 hour before PBS or rmIL-11 (5 ng/mL) 24-hour treatment. The protein levels of COL1a1 (1.00-, 1.40-, 0.68-, and 0.79-fold) 
and ACTA2 (1.00-, 1.13-, 0.89-, and 0.95-fold) were measured by Western blotting. N=4. The right panel was the quantity of the Western 
blot. CON indicates control. *P< 0.05, **P< 0.01, and ***P< 0.001.
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that young mice, aged 8 to 10 weeks, were used. In 
addition, vascular fibrosis in response to Ang II infu-
sion for 2 weeks might play little role in the regulation 
of blood pressure.21

Another important finding is that KLF15 transcrip-
tionally regulated IL-11 expression in AFs. It is reported 
that profibrotic factors, such as platelet-derived growth 
factor-BB, transforming growth factor-β, and Ang II, 
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increase IL-11 protein but not mRNA expression in car-
diac fibroblasts.10 Interestingly, we and other groups 
found that these factors also decrease KLF15 expres-
sion.18,26,27 KLF15 is highly expressed in the adventitia 
and associated with tissue fibrosis,18,28 which inhibits 
connective tissue growth factor expression in cardiac 
fibroblasts.29 These results suggest that KLF15 func-
tions as a protective regulator in Ang II–induced vascu-
lar fibrosis and hypertrophy. Indeed, KLF15 negatively 
regulated Ang II induced both mRNA and protein ex-
pression of IL-11 in AFs. Furthermore, blockade of IL-
11 signaling suppressed Ang II–induced ACTA2 and 
COL1a1 protein but not mRNA expression after KLF15 
knockdown, which suggests that IL-11 increased pro-
fibrotic gene expression by a posttranscriptional man-
ner. However, IL-11 had no effect on KLF15 mRNA and 
protein expression after Ang II stimulation. Possible 
reason is that KLF15 mRNA is relatively low after Ang 
II stimulation; IL-11 signaling may recognize specific 
modifications in mRNA that control translation.30 It is 
reported that Ang II showed no effect on IL-11 RNA 
expression in cardiac fibroblasts.10 The discrepancy 
of IL-11 mRNA expression in response to Ang II may 
caused by the different cell types and the stimulation 
time. Altogether, these data suggest that KLF15/IL-11 
axis regulated Ang II–induced adventitial remodeling.

Perivascular inflammation with macrophage in-
filtration is a key feature of vascular injury in hyper-
tension.16,18,31 Fibroblasts that differentiated into 
myofibroblasts and increased the expression of ACTA2 
have been implicated as inflammation-associated phe-
notype cells.32,33 We found that IL-11 activated AFs that 
participated in adventitial remodeling through expres-
sion of ACTA2, which suggests that IL-11 is involved in 
vascular inflammation. Indeed, IL-11 signaling in fibro-
blast drives chronic inflammation in fibrotic lung dis-
ease.34 Although supplement of exogenous rmIL-11 did 
not further increase macrophage infiltration and inflam-
matory factor expression, whereas loss of function by 
knockdown of IL-11 or IL-11 neutralizing antibody atten-
uated inflammatory response, which is consistent with 
a previous study.13 These results suggest that IL-11 plays 
a pluripotent role in adventitial remodeling in the context 
of renin-angiotensin-aldosterone system activation.

The ERK1/2 signaling cascade is activated by 
a wide variety of receptors involved in diverse cel-
lular processes. Interestingly, we found that Ang II 
caused biphasic ERK1/2 activation in AFs. The early 
phase of ERK1/2 activation was as short as 5 min-
utes, suggesting a direct role of Ang II on ERK1/2 
signaling, which was associated with KLF15 and 
profibrotic gene expression.18 It has been reported 
that IL-11–dependent noncanonical ERK1/2 signaling 
is involved in fibroblast activation.10,14 We found that 
the late phase of ERK1/2 activation is caused by AF-
derived IL-11 in response to Ang II. Ribosomal protein 

S6 kinase activity controls the transcriptional pro-
gram.35,36 Of note, p90RSK is the direct downstream 
effector of ERK1/2 signaling and activates various 
signaling events through different phosphorylation 
substrates.37 Indeed, we found that IL-11 increased 
ACTA2 and collagen protein but not mRNA expres-
sion through p90RSK activation, which is ERK1/2 
dependent. Consistent with a previous study,10 our 
data suggest that IL-11 does not stimulate a transcrip-
tomic response, which provides further evidence that 
IL-11 acts through a posttranscriptional mechanism 
through ERK1/2/p90RSK. Furthermore, ERK1/2 sig-
naling is important for AF activation.17 Our results 
confirmed that blockade of IL-11 signaling attenu-
ated Ang II–induced increase of phosphorylation of 
ERK1/2, especially in the adventitia, which supports 
the in vivo role of ERK1/2 activation.

In summary, our findings suggest that Ang II–
induced biphasic ERK1/2 activation mediated KLF15-
dependent IL-11 expression, which is important for AF 
activation. Activated AFs promote perivascular fibrosis 
and inflammation, contributing to adventitial remodel-
ing, which suggests that targeting of KLF15/IL-11 axis 
may be a feasible approach for the treatment of vascu-
lar remodeling in hypertension.
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SUPPLEMENTAL 
MATERIAL



Primer Sequence (5’ to 3’) Species

IL-11 F TGTTCTCCTAACCCGATCCCT Mouse

IL-11 R CAGGAAGCTGCAAAGATCCCA Mouse

GAPDH F AGGTCGGTGTGAACGGATTTG Mouse

GAPDH R TGTAGACCATGTAGTTGAGGTCA Mouse

KLF15 F GAGACCTTCTCGTCACCGAAA Mouse

KLF15 R GCTGGAGACATCGCTGTCAT Mouse

CCL2 F TAAAAACCTGGATCGGAACCAAA Mouse

CCL2 R GCATTAGCTTCAGATTTACGGGT Mouse

IL-6 F TAGTCCTTCCTACCCCAATTTCC Mouse

IL-6 R TTGGTCCTTAGCCACTCCTTC Mouse

COL1a1 F GCTCCTCTTAGGGGCCACT Mouse

COL1a1 R CCACGTCTCACCATTGGGG Mouse

COL3a1 F CTGTAACATGGAAACTGGGGAAA Mouse 

COL3a1 R CCATAGCTGAACTGAAAACCACC Mouse

GAPDH F CTCATGACCACAGTCCATGCCA Rat

GAPDH R GCCTTGGCAGCACCAGTGGATG Rat

IL-11 F GCTGATGGAGACCACAAT Rat

IL-11 R TCGGAAGTAGGACATTAAGT Rat

COL1A1 F AGCATGTCTGGTTTGGAGAG Rat

COL1A1 R GTGATAGGTGATGTTCTGGGAG Rat

ACTA F GTGAAGAGGAAGACAGCACAG Rat

ACTA R ATTCCAACCATCACTCCCTG Rat

Table S1. The sequences of the primers.
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Figure S1. 
A, B, Adventitial fibroblasts (AFs) were exposed to 
recombination mouse interlukin-11 (rmIL-11) (5ng/ml) for 
indicated time. The mRNA and protein level of krüppel-like 
factor 15 (KLF15) was measured by RT-qPCR and western 
blotting. N=3. C, AFs were incubated with PBS or IL-11 
neutralizing antibody for 24 hours. The protein level of KLF15 
was measured by western blotting. N=4.
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Figure S2.
A, C, Adventitial fibroblasts (AFs) were exposed to Angiotensin II 
(Ang II) for indicated time, and the mRNA level of Collagen, type I, 
alpha 1 (COL1a1) (1.00, 1.16-, 1.49-, 1.44-, 1.66-, 1.16-fold) and α 
-smooth muscle actin (ACTA2) (1.00, 2.69-, 1.77-, 1.08, 1.81-, 
0.77-fold) were measured by RT-qPCR. N=4. The protein level of 
COL1a1 (1.00, 1.32-, 1.20-, 1.41-, 1.76-, 2.02-fold) and ACTA (1.00, 
1.24-, 1.29-, 1.46-, 1.78-, 2.22-fold) were measured by western 
blotting. N=3. B, D, AFs were exposed to recombination mouse 
interlukin-11 (rmIL-11) for indicated time, and the mRNA level of 
COL1a1 and ACTA were measured by RT-qPCR. N=4. The protein 
level of COL1a1 (1.00, 1.14-, 1.21-, 1.24-, 1.70-, 2.13-fold) and 
ACTA (1.00, 0.91-, 1.11-, 1.02-, 1.76-, 1.81-fold)  were measured 
by western blotting. N=3. *P < 0.05, **P < 0.01.


