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Background: Xanthohumol (Xn) is the most abundant prenylated flavonoid in Hops 
(Humulus lupulus L.), and exhibits a range of pharmacological activities. This study aimed 
to investigate the effect of Xn on TGF-β1-induced cardiac fibroblasts activation and elucidate 
the underlying mechanism.
Materials and Methods: The cellTiter 96® AQueous one solution cell proliferation assay kit 
was adopted to determine the cell viability of cardiac fibroblasts, and the proliferation was 
detected through 5-ethynyl-2ʹ-deoxyuridine (EdU) incorporation assay. The α-SMA protein 
expression was measured by using immunofluorescence and Western blotting. Western blotting 
was conducted to test the protein expressions of collagen I and III, PTEN, p-Akt, Akt, p-mTOR, 
mTOR, p-Smad3, Smad3 and GAPDH. The mRNA levels of α-SMA, collagen I and III were 
determined by quantitative real-time polymerase chain reaction (PCR).
Results: Xn inhibited the TGF-β1-induced proliferation, differentiation and collagen over-
production of cardiac fibroblasts. TGF-β1 induced the down-regulated PTEN expression, Akt 
and mTOR phosphorylation. These effects of TGF-β1 were suppressed by Xn, while block-
ing of PTEN reduced Xn-mediated inhibitory effect on cardiac fibroblasts activation induced 
by TGF-β1.
Conclusion: Xn inhibits TGF-β1-induced cardiac fibroblasts activation via mediating 
PTEN/Akt/mTOR signaling pathway.
Keywords: xanthohumol; Xn, cardiac fibrosis, cardiac fibroblasts, TGF-β1, PTEN/AKT/ 
mTOR pathway

Introduction
Hops (Humulus lupulus L.), a raw material to preserve beer, has been widely 
applied in the brewing industry throughout the world. Meanwhile, Hops was also 
used as a medicinal plant since ancient times for treating anxiety, insomnia, mild 
pain and dyspepsia.1 These traditional medicine values of hops are attributed to 
its richness in multiple prenylated flavonoids, whereas xanthohumol (Xn) is the 
most abundant prenylated flavonoid in hops as shown in Figure 1A. A range of 
pharmacological activities of Xn has been uncovered, such as anticancer, anti-
oxidant, antibacterial, antiviral, anti-inflammatory, and antiplasmodial and anti-
fungal activity. Among them, most of previous studies focused on anticancer 
activity of Xn, which has been summarized in our recently review.2 Moreover, 
we firstly demonstrated that Xn inhibited the proliferation of gastric cancer 
cells.3 In addition to anticancer activities, emerging evidence indicates the 
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cardiovascular protective effects of Xn. It has been 
reported that Xn-fortified beer intake significantly 
attenuates the pulmonary vascular remodeling, and Xn 
can inhibit arrhythmia in rat ventricular myocytes.4

Cardiac fibrosis is regarded as the common patholo-
gical process that occurred in many cardiovascular dis-
eases including myocardial infarction, hypertension, 
aortic stenosis, myocarditis and idiopathic dilated 
cardiomyopathy.5 To the best of our knowledge, the 
effects of Xn on cardiac fibrosis have not been clarified 
to date. Cardiac fibroblasts, accounting for 60%–70% of 
the cells in the human heart, play a key role in cardiac 
fibrosis. Under pro-fibrotic cytokine (TGF-β1) stimuli, 
cardiac fibroblasts are activated as indicated by 
enhanced proliferation, differentiation to myofibroblasts 
and collagen deposition.6 In view of the inhibition of Xn 
on hepatic stellate cells activation during liver fibrosis,7 

we speculated that Xn can prevent the TGF-β1-induced 
cardiac fibroblasts activation.

It has been suggested that the antiangiogenic and anti- 
lymphocytic leukemia activity of Xn were mediated by 

inhibiting Akt phosphorylation.8,9 Akt was viewed as the 
key protein in PTEN/Akt/mTOR signaling pathway that has 
been reported to involve in cardiac fibroblasts activation.10 

These studies impelled us to further explore the inhibition of 
Xn on cardiac fibroblasts activation whether involved PTEN/ 
Akt/mTOR signaling pathway. Collectively, this study aimed 
to investigate the protective effect of Xn on TGF-β1-induced 
cardiac fibroblasts activation, and explore the underlying 
mechanism (PTEN/Akt/mTOR signaling pathway).

Materials and Methods
Reagents
Xn with the purity ≥96% (HPLC) was purchased from 
Sigma-Aldrich, St Louis, Missouri. Recombinant Human 
TGF-β1 was purchased from Peprotech Tebu-bio, 
Offenbach, Germany.

Cell Culture
The hearts of neonatal male Sprague-Dawley rats (1- to 
2-days-old) were used to isolate primary rat cardiac 

Figure 1 Xn inhibited the TGF-β1-induced proliferation of cardiac fibroblasts. (A) Chemical structure of Xanthohumol (Xn); (B) Cell viability of cardiac fibroblasts was 
determined by MTS; (C) The proliferation ability was determined by EdU incorporation assay. Xn alone: 100 μM, Xn (L): 5 µM, Xn (H): 10 µM. Data are mean±S.E.M. n=3. 
**P < 0.01 vs. Control; #P < 0.05, ##P < 0.01 vs. TGF-β1.
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fibroblasts. The cells were cultured in DMEM containing 
10% FBS at 37 °C under 5% CO2. The passages between 2 
and 4 of cells were used for the following experiments. 
The detail procedure and immunofluorescence identify of 
cardiac fibroblasts were performed according to previous 
article.11 Optimum time point and concentration of TGF- 
β1 (5 ng/mL, 24 h) treated cardiac fibroblasts has been 
obtained in our previous article.11

The rats were treated and cared for in accordance with 
the National Institutes of Health Guide (NIH publications 
№ 8023). These animals were purchased from Laboratory 
Animal Center, Xiangya School of Medicine, Central 
South University (Changsha, China), and approved by 
the Medicine Animal Welfare Committee of Xiangya 
School of Medicine (Ref No. SYXK-2015/0017).

Cell Viability Assay
The cell viability was determined by cellTiter 96® 

AQueous one solution cell proliferation assay kit 
(Promega, USA). Cardiac fibroblasts cultured in a 96- 
well plate were incubated with 10 μL MTS for 1 h at 37 
°C. The absorbance at 450 nm wavelength was tested in 
a microplate reader (Biotek Instruments, Winooski, VT).

EdU Incorporation Assay
The EdU (5-ethynyl-20-deoxyuridine) incorporation assay 
kit (Ribobio, Guangzhou China) was used to determine cell 
proliferation ability. The detail procedure was performed 
according to previous article.11 The ratio of EdU positive 
cells (green fluorescence) to total DAPI positive cells (blue 
fluorescence) was calculated as EdU incorporation rate.

Immunofluorescence Assay
Cardiac fibroblasts after treatment were incubated with 4% 
formaldehyde, 0.1% Triton X-100 and 5% BSA in proper 
order. Cells were stained with α-SMA (1:1000, #ab32575, 
abcam, Cambridge, UK) overnight, and incubated with 
secondary antibody for 1 hour followed with PBS. DAPI 
was used to stain cell nuclei. After washing in PBS, Carl 
Zeiss Axio VertA1 microscope (Carl Zeiss Microimaging, 
Thornwood, NY, USA) was used to visualize cells.

Quantitative Real-Time Polymerase Chain 
Reaction (PCR)
Trizol reagent (Invitrogen) was used to obtain total RNA. 
The following transcription reaction and quantitative ana-
lysis were performed according to our previous article.11 

Primers used to amplify the fragments of α-SMA, collagen 
I, collagen III and GAPDH were α-SMA-F 5′-CTATT 
CCTTCGTGACTACT-3′, α-SMA-R 5′- ATGCTGTT AT 
AGGTGGTT-3′; collagen I-F 5′-CCAACTGAACGTGAC 
CAAAAA CCA-3′, collagen I-R 5′- GAAGG TGCTGG 
GTAGGGAAGTAGGC-3′; collagen III-F 5′- ATTCTG 
CCAC CCTGAACTCAAGAGC-3′, collagen III-R 5′- TC 
CATGTAGGCAATGC TGTTTTTGC-3′; GAPDH-F 5′- T 
GGCCTCCAAGGAGTAAGAAAC-3′, GAPDH-R 5′- GG 
CCTCTC TCTTGCTCTCAGTATC-3′.

Western Blot Analysis
Fresh myocardiums were lysed in RIPA buffer containing 
0.1% PMSF (BOSTER Biological Technology; Wuhan, 
China). Proteins were separated by SDS-PAGE using 
8–10% gradient gel and transferred onto 0.45 μm PVDF 
membranes. The expressions of target protein were nor-
malized to GAPDH protein. Antibodies against α-SMA 
(#19245), PTEN (#9188), p-Akt (#9271), Akt (#9272), 
p-mTOR (#5536), mTOR (#2972), GAPDH (#2118) and 
horseradish peroxidase-linked anti-mouse or anti-rabbit 
IgG (#7074) were purchased from Cell Signaling 
Technology (Boston, USA). Antibodies against collagen-I 
(ab6308), collagen-I (ab6310), p-Smad3 (ab193297) and 
Smad3 (ab208182) were purchased from Abcam 
(Cambridge, UK).

Statistical Analysis
The results were presented as means ± S.E.M. Data com-
parison of multiple groups were performed by one-way 
ANOVA and Student-Newman-Keuls test. Results were 
considered statistically significant when P < 0.05.

Results
Xn Inhibited the TGF-β1-Induced Cardiac 
Fibroblasts Proliferation
TGF-β1, the pro-fibrotic growth factor, plays a key role in 
cardiac fibrosis. Therefore, TGF-β1 is commonly used to 
induce cardiac fibroblasts activation. The activated cardiac 
fibroblasts can be indicated by enhanced proliferation, differ-
entiation to myofibroblasts and collagen deposition. To inves-
tigate the effect of Xn on cardiac fibroblasts proliferation, cell 
viability and EdU incorporation assay were conducted. Result 
showed that TGF-β1 promoted the cell viability of cardiac 
fibroblasts, which can be inhibited by Xn (1, 5, 10, 20, 50 and 
100 μM) in a dose dependent manner, with an IC50 of 8.86 
μM. However, the Xn (100 μM) alone exerted no effect on 
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cells viability, suggesting the non-toxic of Xn (Figure 1A and 
B). Thus, two concentrations distributed around its IC50 value 
(5 and 10 µM), named Xn (L) and Xn (H), were selected for 
following experiments. The percentage of EdU-positive cells 
reflects the cell proliferation ability. As shown in Figure 1C, 
Xn reduced the percentage of EdU-positive cells under TGF- 
β1 treatment, suggesting the anti-proliferation role of Xn in 
cardiac fibroblasts activation.

Xn Suppressed the TGF-β1-Induced 
Differentiation and Collagen 
Overproduction of Cardiac Fibroblasts
In addition to proliferation, the differentiation and collagen 
overproduction are the important pathological features of 
activated cardiac fibroblasts. To determine the effect of Xn 
on the differentiation and collagen overproduction, α-SMA 
and Collagen levels were investigated. The TGF-β1-induced 
up-regulation of α-SMA protein and mRNA expressions 
indicated the differentiation to myofibroblasts, which was 

suppressed by Xn (Figure 2A–C). Moreover, collagen over-
production mainly refers to collagen types I and III, their 
protein and mRNA were therefore measured. As shown in 
Figure 2D and E, Xn inhibited the up-regulation of 
Collagen-I and III expression induced by TGF-β1. Smad 
signaling pathway is the classical down-stream signaling of 
TGF-β1. Therefore, we further determined phosphorylation 
level of Smad3, and found Xn inhibited the TGF-β1-induced 
p-Smad3 upregulation (Figure 2F). These results indicated 
that Xn can suppress the cardiac fibroblasts differentiation 
and collagen overproduction induced by TGF-β1.

Xn Inhibited the PTEN Down-Regulation 
and Akt/mTOR Phosphorylation Induced 
by TGF-β1 in Cardiac Fibroblasts
To explore the underlying mechanism, and in considera-
tion of the key role of PTEN/Akt/mTOR signaling path-
way in cardiac fibroblasts activation, the PTEN expression 
and Akt/mTOR phosphorylation were determined. Results 

Figure 2 Xn suppressed the TGF-β1-induced differentiation and collagen overproduction of cardiac fibroblasts. (A–C) The protein and mRNA expressions of α-SMA were 
measured by cellular immunofluorescence and Western blotting; (D and E) The protein and mRNA expressions of Collagen-I and III were determined by real-time PCR; (F) 
The protein expressions of p-Smad3 and Smad3 were measured by Western blotting. Data are mean±S.E.M. n=3. **P < 0.01 vs. Control; #P < 0.05, ##P < 0.01 vs. TGF-β1.
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showed that TGF-β1 induced the down-regulation of 
PTEN, phosphorylation of Akt and mTOR, whereas Xn 
reduced the effect of TGF-β1 on PTEN/Akt/mTOR signal-
ing pathway (Figure 3A–D). The results indicated the 
involvement of PTEN/Akt/mTOR signaling pathway in 
the inhibition of Xn on cardiac fibroblasts activation.

Blocking of PTEN Reduced Xn-Mediated 
Inhibitory Effect on TGF-β1-Induced 
Cardiac Fibroblasts Activation
To further determine the role of PTEN/Akt/mTOR pathway 
in the inhibition of Xn on cardiac fibroblasts activation, 
activated cardiac fibroblasts were treated with VO-ohpic 
(a PTEN specific inhibitor) in the presence of Xn. As 
shown in Figure 4A–C, VO-ohpic can reverse the inhibition 
of Akt/mTOR phosphorylation induced by Xn. 
Correspondingly, VO-ohpic can abolish the protective effect 
of Xn against TGF-β1-induced proliferation (Figure 5A–C), 
differentiation and collagen overproduction (Figure 6A–E). 

However, VO-ohpic exhibited no effect on phosphorylation 
level of Smad3 (Figure 6F). Collectively, these results 
demonstrated that Xn inhibited TGF-β1-induced cardiac 
fibroblasts activation through regulating PTEN/Akt/mTOR 
signaling pathway.

Discussion
Cardiac fibrosis is viewed as a common end-stage patho-
logic manifestation that occurred in many cardiovascular 
diseases, such as hypertension, myocardial infarction, 
myocarditis, aortic stenosis and idiopathic dilated 
cardiomyopathy.5 Initially, cardiac fibrosis acts as an adap-
tive compensatory response to increased cardiac stress, 
which if untreated, may become maladaptive over time 
and results in heart failure and rising mortality.12 Cardiac 
fibroblasts play a key role in cardiac fibrosis. During the 
process of cardiac fibrosis, normal cardiac fibroblasts pro-
liferate and are activated to myofibroblast phenotype.13 

The increased myofibroblasts produce a large number of 

Figure 3 Xn inhibited the PTEN down-regulation and Akt/mTOR phosphorylation induced by TGF-β1 in cardiac fibroblasts. (A) Representative immunoblotting images of 
PTEN, p-AKT, AKT, p-mTOR, mTOR and GAPDH; (B–D) Gray value statistics of these proteins. Data are mean±S.E.M. n=3. **P < 0.01 vs. Control; #P < 0.05, ##P < 0.01 vs. 
TGF-β1.
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extracellular matrix (ECM), which breaks the balance of 
synthesis and degradation of ECM, finally leading to car-
diac fibrosis.14 Moreover, the activation of cardiac fibro-
blasts is regulated by a variety of neurohumoral factors, 
such as TGF-β1, Ang II, ET-1 and PDGF. Among these 
cytokines, TGF-β1 is viewed as pro-fibrotic cytokine to 
induce cardiac fibroblasts proliferation, differentiation and 
ECM production during cardiac fibrosis.15 Therefore, 

pharmacological interventions targeting TGF-β1-induced 
cardiac fibroblasts activation is important to identify new 
therapeutic options for treating cardiovascular diseases.

A large number of compelling experimental evidences 
indicate the protective role of flavonoids against cardio-
vascular diseases. For instance, Kaempferol, a flavonoid 
mainly derived from the rhizome of Kaempferia galanga 
L, has been reported to alleviate Ang II–induced cardiac 
fibrosis.16 As a natural phytoestrogen isolated from soy 
extract, Genistein can prevent the cardiac fibrosis induced 
by pressure overload.17 Therefore, looking for protective 
candidate from flavonoids against cardiac fibrosis may be 
a novel approach for treating cardiovascular disease.

Xn, he most abundant prenylated flavonoid with 0.1%- 
1% of dry weight in hops (Humulus lupulus L.), is also 
a constituent of beer with the concentrations up to 
0.96 mg/L.2 Increased evidence indicates the protective 
role of Xn against cardiovascular diseases. It has been 
reported that Xn attenuates atherosclerosis by reducing 
arterial cholesterol content.18 Xn can suppress aberrant 
ryanodine receptor Ca2+ release in rat ventricular myo-
cytes, exhibited clinically desirable antiarrhythmic 
properties.19 Recently, the beneficial effect of Xn on pul-
monary vasculature and right ventricular function was 
revealed.4 More importantly, feeding of Xn attenuated 
the liver fibrosis induced by non-alcoholic steatohepatitis 
and CCl4 via inhibiting the hepatic stellate cell prolifera-
tion and inflammation.20,21 In this study, we found that Xn 
could reduce the cell viability and percentage of EdU 
positive cells, suggesting its inhibition on TGF- 
β1-induced proliferation of cardiac fibroblasts. 
Meanwhile, the TGF-β1-induced up-regulation of α-SMA 
and Collagen-I/III expression was decreased after Xn 
treatment, indicating Xn could suppress the cardiac 

Figure 4 VO-ohpic reversed the regulative effect of Xn on PTEN/AKT/mTOR signaling pathway in TGF-β1-treated cardiac fibroblasts. (A) Representative immunoblotting 
images of p-AKT, AKT, p-mTOR, mTOR and GAPDH; (B and C) Gray value statistics of these proteins. VO-ohpic: specific PTEN inhibitor. Data are mean±S.E.M. n=3. **P < 
0.01 vs. TGF-β1; #P < 0.05, ##P < 0.01 vs. TGF-β1+Xn.

Figure 5 VO-ohpic reduced Xn-mediated inhibitory effect on TGF-β1- induced 
cardiac fibroblasts proliferation. (A and B) The proliferation ability was determined 
by EdU incorporation assay; (C) Cell viability of cardiac fibroblasts was determined 
by MTS. Data are mean±S.E.M. n=3. **P < 0.01 vs. TGF-β1; #P < 0.05, ##P < 0.01 vs. 
TGF-β1+Xn.
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fibroblasts differentiation and collagen overproduction. 
Collectively, these finding demonstrated the inhibition of 
Xn on cardiac fibroblasts activation. Encouraged by these 
results obtained, we further explored the mechanism 
underlying the protective effect of Xn against cardiac 
fibroblasts activation.

During liver fibrosis, Xn inhibited the transcription factor 
NF-κB activation, and decreased the NF-κB-dependent pro- 
inflammatory gene expression such as MCP-1 in hepatic 
stellate cells.7 In addition to NF-κB, several studies have 
indicated that Xn inhibits cancer cells proliferation and 
induces apoptosis through Akt.8,9 It is well known that the 
Akt is regulated by PI3K, and the PI3K/Akt signaling path-
way plays a key role in a variety of pathological processes.22 

Moreover, PTEN is a negative regulator of the PI3K/AKT 
signaling pathway, and inhibition of PTEN has been asso-
ciated with cardiac fibrosis. PTEN overexpression sup-
pressed the Ang-II-induced cardiac fibroblasts activation 
via reducing the Akt phosphorylation.23 Akt phosphorylation 
can activate or inhibit down-stream target proteins to regulate 
cell proliferation, differentiation and apoptosis, while the 
mTOR is a typical down-stream protein of Akt that involves 
in cardiac fibroblasts activation.24 Here, we found that TGF- 
β1 induced the down-regulated PTEN expression, Akt and 
mTOR phosphorylation. These effects of TGF-β1 were 
inhibited by Xn, while blocking of PTEN reduced Xn- 
mediated inhibitory effect on TGF-β1-induced cardiac fibro-
blasts activation, indicating the involvement of PTEN/Akt/ 
mTOR signaling pathway in the protective role of Xn against 
cardiac fibroblasts activation.

To our knowledge, the mechanism underlying regulation of 
TGF-β1 on PTEN expression in cardiac fibroblasts has not 
been elucidated. The related studies in other cell types may 
have reference value. For example, TGF-β1 could activate 
PTEN/Akt/mTOR signaling pathway in airway smooth mus-
cle cells by up-regulating miR-181a and miR-620, and PTEN 
is a direct target of miR-181a and miR-620.25,26 In hepatic 
stellate cells, TGF-β1 regulated PTEN/Akt/mTOR pathway 
through miR-141.27 These recent studies indicate that TGF- 
β1 regulates PTEN expression via miRNAs rather than directly 
bind to PTEN, which may be a direction for clarifying the 
detail mechanism of this study.

It has been reported that TGF-β1 binds to TGF-β receptors 
(TGF-βR) on the cellular membrane, and leads to the activa-
tion of down-stream signal transduction pathways. Smad sig-

Figure 6 VO-ohpic reduced Xn-mediated inhibitory effect on TGF-β1-induced car-
diac fibroblasts differentiation and collagen overproduction. (A–C) The protein and 
mRNA expressions of α-SMA were measured by cellular immunofluorescence and 
Western blotting; (D and E) The protein and mRNA expressions of Collagen-I and III 
were determined by real-time PCR; (F) The protein expressions of p-Smad3 and 
Smad3 were measured by Western blotting. Data are mean±S.E.M. n=3. **P < 0.01 
vs. TGF-β1; #P < 0.05, ##P < 0.01 vs. TGF-β1+Xn.
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naling pathway is the classical down-stream signaling of TGF- 
β1, and we found that Xn inhibited the TGF-β1-induced 
phosphorylation of Smad3. Moreover, several non-Smad sig-
naling pathways are gradually uncovered in recent years. The 
PTEN/AKT/mTOR signaling pathway is one of the non-Smad 
signaling pathways.28 This study found Xn inhibited the TGF- 
β1 induced cardiac fibroblasts activation via PTEN/AKT/ 
mTOR signaling pathway. However, inhibition of PTEN 
exhibited no effect on the Smad3 phosphorylation of cardiac 
fibroblasts under TGF-β1 and Xn treatment. These results 
suggested Smad signaling pathway and PTEN/AKT/mTOR 
signaling pathway are independent of each other, and both of 
them are involved in the protective effect of Xn.

This study provided supporting evidence for protective 
role of Xn against cardiac fibrosis, but there are several 
barriers from basic research to clinical practice. The low 
bioavailability is one of the important limitations,29 the future 
studies on chemical structure modification and optimization 
of physical and chemical properties may improve the bioa-
vailability of Xn. Moreover, the low extractive yield is 
another important factor restricting clinical application.30 

Learning from the development of Paclitaxel, further studies 
can focus on improvement of total synthesis yield.

In conclusion, our research firstly determined the 
effect of Xn on cardiac fibroblasts, and provided critical 
evidence that Xn significantly inhibited TGF-β1-induced 
cardiac fibroblasts activation via mediating PTEN/Akt/ 
mTOR signaling pathway. These findings provide 
a scientific basis supporting the cardiovascular protective 
activity of Xn, and suggest Xn may be a novel therapeu-
tic agent for cardiac fibrosis prevention. However, this 
study lacks in vivo experiment regarding the protective 
effect of Xn on cardiac fibrosis. It is well known that 
PTEN/AKT/mTOR pathway is a central regulating 
mechanism contributing to autophagy,31 therefore 
whether the cardioprotective effect of Xn involves autop-
hagy deserves further investigation. In addition, lack of 
a control group in the second batch of experiment (TGF- 
β1, TGF-β1+Xn, TGF-β1+Xn+ VO-ohpic) and the small 
sample size may also be the limitations of this study.
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