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Abstract Hepatic stellate cells (HSCs) are the main extra-
cellular matrix (ECM)-producing cells in liver fibrogenesis.
The excessive synthesis of ECM proteins deteriorates hep-
atic architecture and results in liver fibrosis and cirrhosis.
This study investigated the role of bone morphogenetic pro-
tein 7 (BMP7) as a member of the transforming growth
factor (TGF)-ß superfamily in chronic liver disease. Plasma
levels of BMP7 were significantly elevated in patients with
chronic liver disease compared with healthy controls. Im-
munohistochemistry of cirrhotic human liver demonstrated
upregulated BMP7 protein expression in hepatocytes as com-
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pared with normal human liver. Because gene expression for
all putative BMP7 receptors was induced during the cul-
ture activation process of primary human HSCs, we studied
the effects of BMP7 on hTERT immortalized human HSCs
in vitro. BMP7, as expressed and secreted after infection
with adenoviruses encoding BMP7 (AdBMP7), increased
proliferation of HSCs. The mRNA and protein expression
of type I collagen and fibronectin was increased in BMP7-
stimulated HSCs. Elevated systemic and hepatic levels of
BMP7 in patients with chronic liver disease may contribute
to progression of liver fibrogenesis in vivo.
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Type I collagen

Bone morphogenetic proteins (BMPs) are members of the
transforming growth factor (TGF)-ß superfamily of secreted
signaling molecules [1]. Dimeric BMPs bind to and bring
together 2 distinct kinds of transmembrane serine/threonine
kinase receptors, type I and II receptors. Within that recep-
tor complex the constitutively active type II receptor recruits
and transphosphorylates type I receptor. BMP7 interacts with
several type II chains, including BMP receptor (BMPR)-II,
activin receptor (ActR)-II and ActR-IIB, which in turn can
activate BMPR-IA, BMPR-IB, and ActR-I [2]. The activated
type I receptor transiently associates with and phosphorylates
Smad1, Smad5, and Smad8, which then form heteromeric
complexes with Smad4. These complexes translocate to the
nucleus, where the proteins function as transcriptional acti-
vators through their interaction with DNA-binding proteins
[1]. There is growing evidence that BMPs initiate other non-
Smad intracellular pathways, including mitogen-activated
protein kinase family members, as well as the PI3 kinase
pathways [3–8].
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Table 1 Patient characteristics

Stage of cirrhosis
Healthy controls All patients None Child A Child B Child C

n 96 111 18 35 44 14
Gender (male/female) (n) 42/54 66/45 11/7 18/17 30/14 7/7
Age, median (range) (yrs) 48 (20–75) 46 (18–70) 46 (18–65) 41 (18–64) 48 (20–70) 40 (26–69)

Although the underlying cause of chronic liver disease can
be as a different as chronic virus hepatitis, alcohol abuse, au-
toimmune disorders or others, the cellular and pathologic
mechanisms of liver fibrosis and – as an end stage – cirrhosis
are relatively common and uniform. Liver fibrosis is char-
acterized by an accumulation of extracellular matrix (ECM)
proteins, including fibronectin and fibrillar types I and III
collagens [9]. In cirrhotic liver, accumulation of ECM dis-
rupts the hepatic architecture by formation of fibrous scars
and nodules of regenerating hepatocytes [9]. The activation
process of hepatic stellate cells (HSCs) is the central event
leading to hepatic fibrosis. Upon a fibrogenic stimulus, qui-
escent HSCs become activated, a process characterized by
an increase in proliferation, changes in cellular morphology
to a more myofibroblast-like cell type, and an upregulation
of ECM proteins [9].

During the activation of HSCs, enhanced cytokine re-
sponses occur through increased expression of cell mem-
brane receptors and enhanced signaling. Although the critical
role for TGF-ß1 in hepatic fibrogenesis is well established,
the potential role of BMPs in chronic liver disease and for
the activation process of HSCs is less clear. Interestingly, ex-
pression and phosphorylation of Smad1 is increased during
the activation of rat HSCs [10]. The aim of our study was
to assess the role of BMP7 in chronic liver disease and in
human HSCs.

Materials and methods

Patients

The study population consisted of 111 patients with chronic
liver disease who were evaluated as inpatients for poten-
tial liver transplantation at the Hannover Medical School.
Ninety-six healthy volunteers served as controls (Table 1).
The study was approved by the local ethical committee, and
written informed consent was obtained from each participant.
Routine and experimental blood samples were collected in
EDTA separator tubes, centrifuged at 2000 × g at 4◦C for
10 minutes, and plasma was stored at −80◦C.

Cell culture

Isolation and culture of primary human HSCs, rat HSCs, and
rat hepatocytes were described previously [11–14]. Human
telomerase reverse transcriptase (hTERT) HSCs immortal-
ized by infection with a VSV-G pseudotyped vector encoding
hTERT resemble the activated phenotype of human HSCs
[11, 12]. These cells are called hTERT HSCs throughout the
paper.

Adenoviruses and adenoviral infections

The adenovirus AdBMP7 was kindly provided by Dr. R.
T. Franschesi (University of Michigan, Ann Arbor, MI)
[15]. AdEGFP-expressing enhanced green fluorescence pro-
tein (EGFP) was used as a control virus in all experiments
[16]. Amplification and purification of adenoviruses were
performed as described [13]. HSCs were infected as previ-
ously described [13, 17]. To ensure a reproducible amount
of BMP7 in the supernatant of AdBMP7-infected hTERT
HSCs, cells were plated with a constant density (7.7 × 104

cells per milliliter growth medium and per 27 mm2 growth
surface area).

RNA isolation and reverse transcriptase polymerase
chain reaction

Total RNA from cultured cells was extracted using TRIZOL
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
protocol. RNA was digested with DNAse I for 10 minutes
at 37◦C. Semiquantitative reverse transcriptase polymerase
chain reaction (RT-PCR) was performed as described pre-
viously [11, 13, 18) using published primer sequences and
PCR conditions: BMPR-IA [19], BMPR-IB [20], BMPR-II
[21], ActR-I, ActR-II, ActR-IIB [22], smooth muscle α-actin
(α-SMA) [23], and cellular retinol-binding protein I (CRBP-
I) [24]. The cycle number for each amplicon was determined
to be in the linear range of amplification. Real-time PCR was
performed for 40 cycles of 15 seconds at 95◦C and 60 sec-
onds at 60◦C using an ABI 7000 sequence detection system.
Probes and primers for collagen α1(I), α-SMA, fibronectin
1, BMP7, and 18S were designed by ABI.
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ELISA for BMP7 and phospho-p38

For measuring BMP7 homodimers in human plasma sam-
ples, a commercially available ELISA was used according
to the manufacturer’s protocol (R&D Systems, Minneapolis,
MN). To analyze BMP7 concentrations in the supernatant
of AdEGFP- and AdBMP7-infected hTERT HSCs, culture
medium was collected 24 and 48 hours after adenoviral in-
fection.

For phospho-p38 ELISA, after adenoviral infection,
hTERT HSCs were starved in serum-free medium for
24 hours and stimulated with recombinant interleukin (IL)-
1ß (2.5 ng/mL; R&D Systems) for 15 minutes or were left
untreated. Whole cell extracts were prepared, and ELISA
for phospho-p38 (Biosource, Camarillo, CA) was performed
in duplicate according to the manufacturer’s protocol. The
concentration of phospho-p38 (U/mL) of each sample was
normalized to the protein content of whole cell extracts
(µg).

Immunohistochemistry

Human liver tissue samples were obtained from patients un-
dergoing liver resection for metastatic liver tumors. Cirrhotic
human liver tissue samples were obtained from patients
who underwent liver transplantation. Immunohistochemical
staining for BMP7 was performed as described [25].

Western blot analysis

For signaling studies, after adenoviral infection of hTERT
HSCs, medium was replaced by serum-free medium and
cells were incubated for 24 hours. HSCs were subsequently
stimulated with recombinant platelet-derived growth factor
(PDGF)-BB (20 ng/mL), TGF-ß1 (5 ng/mL), tumor necro-
sis factor (TNF)-α (30 ng/mL; all from R&D Systems) or
were left untreated. For all other studies, hTERT HSCs
were cultured after viral infection in regular growth medium
containing 10% FCS for additional 24 or 48 hours as in-
dicated. Whole cell extracts were prepared, and Western
blotting was performed using 25–100 µg protein per lane
as described [12, 18, 26]. Blots were either reprobed us-
ing anti-tubulin antibody or whole cell extracts were run
in duplicate on the same gel and probed for tubulin. Pri-
mary antibodies were anti-phospho-p44/42, anti-phospho-
Akt, anti-phospho-Smad1 (Cell Signaling, Beverly, MA),
anti–phospho-c-Jun, anti–α-tubulin, anti-PCNA (Santa Cruz
Biotechnology, Santa Cruz, CA), anti-fibronectin (BD Bio-
sciences Pharmingen, San Diego, CA), anti-collagen type
I (Rockland, Gilbertsville, PA), and anti-smooth muscle α-
actin (DAKO, Carpinteria, CA).

Electrophoretic mobility shift assay

After adenoviral infection, hTERT HSCs were starved for
24 hours in serum-free medium, then treated with 5 ng/mL
TGF-ß1 (R&D Systems) for 15 or 30 minutes or were left un-
treated. Nuclear extracts were extracted and electrophoretic
mobility shift assay (EMSA) for Smad3/Smad4 was per-
formed as described [18, 27]. For supershift analysis or com-
petition experiments, extracts were incubated with 4 µL of
anti-Smad4 antibody (Santa Cruz Biotechnology) or with the
nonradiolabeled probe on ice, respectively.

Statistics

Results from the measurements in humans are reported as
medians and range because of the skewed distribution of
most parameters in patients. Spearman rank correlation was
calculated to quantify the degree of linear association be-
tween 2 variables. Comparisons between 2 groups were
performed by the Mann–Whitney U test; multiple com-
parisons between subgroups were analyzed by Kruskal–
Wallis ANOVA with the closed testing procedure and Mann–
Whitney U test used for post hoc analysis [28]. P < .05 was
considered statistically significant. All statistics were per-
formed using SPSS statistical package. The results from in
vitro experiments were analyzed for statistical significance
according to the Mann–Whitney U statistic test.

Results

BMP7 is elevated in patients with chronic liver disease
as compared to healthy controls

To investigate the role of BMP7 in liver fibrosis and cirrho-
sis, plasma levels of BMP7 in patients with chronic liver
disease (n = 111; median age, 46 years; range, 18–70) were
measured and compared to healthy controls. Because we
observed a linear increase of BMP7 with the age in healthy
volunteers (correlation coefficient r = 0.453; P < .001), the
control population (n = 96; median age, 48 years; range,
20–75) was strictly age matched with the patient group.
In healthy controls, BMP7 had a median of 12.6 pg/mL
(range, 2.4–168.6), whereas in patients with chronic liver
disease, BMP7 was significantly elevated to a median of
16.6 pg/mL (range, 2.4–240.2; P = .004; Fig. 1A). Further-
more, among patients with chronic liver disease, BMP7 was
significantly increased in patients with a Child A–C cirrho-
sis (median, 16.9 pg/mL; range, 4.4–240.2) as compared to
patients without cirrhosis (median, 14.7 pg/mL; range, 2.4–
30.5; P = .042; Fig. 1B). Highest BMP7 levels were found
in Child C cirrhosis (median, 21.5 pg/mL; range, 4.7–64.9;
P < .04 to all other classes; Fig. 1C). In addition, BMP7
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Fig. 1 BMP7 plasma levels are enhanced in patients with chronic
liver disease. A BMP7 plasma levels are significantly elevated in pa-
tients with chronic liver diseases (n = 111, median 16.6 pg/mL; range,
2.4–240.2) when compared with an age-matched healthy control group
(n = 96, median 12.6 pg/mL; range, 2.4–168.6; P = .004). B BMP7
plasma levels are significantly higher in patients with Child A–C cir-
rhosis (n = 93, median 16.9 pg/mL; range, 4.4–240.2) than chronic
liver disease patients without cirrhosis (n = 18, median 14.7 pg/mL;
range, 2.4–30.5; P = .042). C BMP7 was significantly higher in pa-
tients with Child A (n = 35, median 16.6 pg/mL; range, 4.4–240.2,

p = 0.033), Child B (n = 44, median 15.7 pg/mL; range, 4.4–64.0;
P = .037), or Child C (n = 14, median 21.5 pg/mL; range, 4.7–64.9;
P = .001) cirrhosis as compared with healthy controls. BMP7 levels
were also significantly higher in Child C cirrhosis as compared to all
other classes (P < .04). Comparisons between groups are illustrated
with box plot graphics, where the bold line indicates the median per
group, the box represents 50% of the values, and horizontal lines show
minimum and maximum values of the calculated nonoutlier values; ◦
and ∗ indicate outlier values

was significantly higher in patients with Child A (median,
16.6 pg/mL; range, 4.4–240.2; P = .033), Child B (me-
dian, 15.7 pg/mL; range, 4.4–64.0; P = .037), or Child
C (P = .001) cirrhosis as compared to healthy controls
(Fig. 1C).

BMP7 protein expression is upregulated in hepatocytes
of cirrhotic human liver

To identify the cellular source of BMP7 in vivo, we inves-
tigated the expression of BMP7 in human liver tissues by

Springer



3408 Dig Dis Sci (2007) 52:3404–3415

0

0.5

1

1.5

B
M

P
7 

m
R

N
A

 / 
18

S

Hepatocytes       HSCs

A B

C

E

D

F

G

Fig. 2 BMP7 expression in
human liver tissue. BMP7
protein expression was analyzed
by immunohistochemistry in
normal human liver (A and B)
and in liver tissue from a patient
with cryptogenic liver cirrhosis
(C and D). Negative control
staining for normal human (E)
and cirrhotic liver (F). Original
magnification × 100 (A and C)
or × 400 (B, D–F). G
Expression of BMP7 mRNA
was assessed in cultured rat
hepatocytes, and in activated rat
HSCs (culture day 12) using
real-time RT-PCR and
normalized to 18S RNA

using immunohistochemistry. A weak staining for BMP7
was detected in hepatocytes of normal human liver
(Fig. 2A, B) as compared with negative control staining
(Fig. 2E). Much stronger staining intensity was detected in
hepatocytes of cirrhotic human liver indicative of increased

BMP7 protein expression (Fig. 2C, D, negative control 2F).
However, cholangiocytes and HSCs in fibrotic septa did not
express BMP7. Consistent with these data, cultured primary
rat hepatocytes expressed higher levels of BMP7 mRNA as
compared to culture activated rat HSCs (Fig. 2G).
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Fig. 3 The expression of putative BMP7 receptors is upregulated in
culture activated human HSCs. The expression of BMPR-IA, BMPR-
IB, BMPR-II, ActR-I, ActR-IIB, ActR-II, α-SMA, and CRBP-I was
analyzed by semiquantitative RT-PCR using 1 µg of total RNA. With
primers specific for each amplicon, cDNA was analyzed from human
HSCs freshly isolated (day 0) or cultured for 2, 7, 12, or 17 days as
indicated. CRBP-I was amplified to confirm equal amount of mRNA
was present in each sample. Negative controls without cDNA (H20)
were performed with each PCR reaction. Lane M contains the molecular
weight marker

The mRNA expression of putative BMP7 receptors is
induced during culture activation of primary human HSCs

To determine whether HSCs might be a target of BMP7,
the mRNA expression of putative receptors for BMP7 was
assessed in primary quiescent and culture-activated human
HSCs by semiquantitative RT-PCR analysis. Quiescent hu-
man HSCs after the isolation from normal human liver (day
0) did not express any of the receptors investigated (Fig. 3).
Activated HSCs on culture day 2 showed an induction of
BMPR-IA, ActR-I and ActR-II mRNA as compared to qui-
escent human HSCs. BMPR-IA, ActR-I and ActR-II mRNA
expression further increased when HSCs were cultured for
a period up to 17 days (Fig. 3). BMPR-IB and BMPR-II
mRNA was exclusively detectable in activated human HSCs
cultured for 17 days (Fig. 3). The induction of ActR-IIB
mRNA peaked in HSCs on culture days 2 and 17 (Fig. 3).
In addition, we confirmed that in our experiments α-SMA
mRNA as a marker of activation gradually increased during
culture activation (Fig. 3). CRBP-I served as housekeeping
gene; CRBP-I is similarly expressed in quiescent and acti-
vated human HSCs [29].
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Fig. 4 BMP7 secretion is increased upon adenoviral expression of
BMP7 in hTERT human HSCs. hTERT human HSCs were infected
with either control adenovirus AdEGFP or adenovirus encoding BMP7
(AdBMP7) for 12 hours, and then incubated with fresh medium for 24 or
48 hours. Supernatants were collected and BMP7 concentrations were
measured by ELISA. Results represent the mean values ± standard
error of the mean (SEM) of 4 experiments performed in duplicate

Adenoviral expression of BMP7 results in increased
secretion of BMP7 by human hTERT HSCs

To comprehensively study the effect of BMP7 on human
HSCs, we used an adenoviral vector that expresses human
BMP7 [15]. We first tested whether this approach results in
an increased secretion of BMP7 in hTERT HSCs. There-
fore, human hTERT HSCs were infected with AdBMP7 or
AdEGFP as control, and secreted BMP7 was measured in
cell culture supernatants by ELISA. BMP7 secretion was
strongly induced in AdBMP7-infected human hTERT HSCs
as compared with control infected hTERT HSCs. The amount
of secreted BMP7 was approximately 100 ng/mL 24 hours
after infection with AdBMP7, which increased to approx-
imately 400 ng/mL after 48 hours of adenoviral infection
(Fig. 4).

BMP7 induces phosphorylation of Smad1 in activated
human hTERT HSCs

Next we tested whether BMP7 in the supernatant modulates
various signaling pathways shown to be important signal
transducers during the activation process of HSCs. In acti-
vated human hTERT HSCs, BMP7 did not induce phospho-
rylation of ERK1/2 and Akt, or modulate PDGF-induced
phosphorylation of ERK1/2 and Akt as compared to con-
trol cells (Fig. 5A, B). Similarly, BMP7 did not change
the basal or TNF-α induced phosphorylation of c-Jun in
hTERT HSCs (Fig. 5C). However, BMP7 caused efficient
phosphorylation of Smad1 in hTERT HSCs, which was not
modulated by costimulation with TGF-ß1 (Fig. 5D). Basal
and IL-1ß–induced p38 phosphorylation was not modulated
in AdBMP7-infected hTERT HSCs compared with control
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Fig. 5 The effect of BMP7 on intracellular signaling pathways in
human hTERT HSCs. hTERT HSCs were infected with AdBMP7 or
AdEGFP as control. The medium was then replaced by serum-free
medium 12 hours after infection, and cells were incubated for 24 hours.
Subsequently, serum-starved hTERT HSCs were stimulated with (A
and B) PDGF (20 ng/mL], (C) TNF-α (30 ng/mL), and (D) TGF-ß1
(5 ng/mL) for 15 or 30 minutes, or were left untreated. Whole cell
lysates were subjected to Western blot analysis for (A) phospho-p44/42
(ERK1/2), (B) phospho-Akt, (C) phospho-c-Jun, and (D) phospho-
Smad1. Equal protein loading was monitored by analyzing tubulin
expression. All experiments were performed in duplicate; a represen-
tative blot is shown. E After adenoviral infection, hTERT HSCs were
serum starved for 24 hours, and treated with IL-1ß (2.5 ng/mL) for
15 minutes, or were left untreated. Phospho-p38 was measured in whole
cell lysates using a phospho-p38–specific ELISA. The concentration
(U/mL) of phospho-p38 was normalized to the total amount of cell

lysate protein analyzed. Data represent the mean values ± standard
error of the mean (SEM) of 3 independent experiments performed in
duplicate. F DNA binding activity of Smad proteins was assessed using
EMSA. Following adenoviral infection of hTERT HSCs with AdBMP7
and AdEGFP as control, cells were starved in serum-free medium for
24 hours. hTERT HSCs were stimulated with TGF-ß1 (5 ng/mL) for 15
and 30 minutes, or were left untreated. Nuclear extracts were incubated
for 20 minutes with a radiolabeled Smad3/Smad4 probe, followed by
4% nondenaturing gel electrophoresis. The TGF-ß1–induced complex
is indicated by an arrow. For supershift analysis, extracts from AdEGFP
infected HSCs stimulated with TGF-ß1 for 30 minutes were incubated
with anti-Smad4 antibody for 30 minutes on ice before the addition of
the radiolabeled probe. A competition with 200-fold excess unlabeled
probe using extracts from AdEGFP infected hTERT HSCs stimulated
with TGF-ß1 for 30 minutes is shown. A representative experiment is
shown, which was performed in duplicate

infected hTERT HSCs as assessed by phospho-p38–specific
ELISA (Fig. 5E). The Smad3/4 signaling pathway is thought
to be the major TGF-ß1–induced signaling pathway for fi-
brogenesis in HSCs. Upon TGF-ß1 stimulation, a complex
was induced in control hTERT HSCs, which was not altered
by BMP7 (Fig. 5F). Thus, Smad1 seems to be the preferred
signaling pathway for BMP7 in human hTERT HSCs.

The effect of BMP7 on proliferation of activated human
hTERT HSCs

After 48 hours of adenoviral infection with AdBMP7,
hTERT HSCs showed a higher expression of PCNA pro-

tein as marker for proliferation as compared with control
infected hTERT HSCs (Fig. 6A, B). However, the prolifer-
ation rate was the same in AdEGFP-infected hTERT HSCs
as compared with AdBMP7-infected hTERT HSCs 24 hours
after adenoviral infection (Fig. 6A, B).

BMP7 shows fibrogenic effects on activated human
hTERT HSCs

The mRNA and protein expression of two ECM proteins ac-
cumulating in liver fibrosis, type I collagen and fibronectin,
were determined in hTERT HSCs infected with AdEGFP as
control or AdBMP7. No difference in steady state mRNA
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Fig. 6 The effect of BMP7 on human hTERT HSC proliferation.
hTERT HSCs were either infected with AdBMP7 or AdEGFP as con-
trol, and cultured for 24 or 48 hours in the presence of 10% FCS before
harvesting. Western blotting for PCNA was performed (A), and the

expression of PCNA was normalized to tubulin (B). Data represent the
mean values ± standard error of the mean (SEM) of 5 (24 hours) or 6
(48 hours) independent experiments (B)

levels of collagen α1(I) was observed 24 hours after in-
fection as assessed by real-time PCR (Fig. 7A). However,
culturing hTERT HSCs for 48 hours resulted in a significant
increase of endogenous collagen α1(I) mRNA by 1.9-fold
in AdBMP7-infected hTERT HSCs as compared with con-
trol infected hTERT HSCs (Fig. 7A). Similarly, 48 hours,
but not 24 hours, after adenoviral infection, hTERT HSCs
infected with AdBMP7 showed an increase in type I colla-
gen synthesis compared to control infected hTERT HSCs as
demonstrated by western blotting (Fig. 7B). After normal-
ization to tubulin, BMP7 increased type I collagen synthesis
significantly by 3.2-fold (Fig. 7C).

Levels of fibronectin mRNA were found to be in-
creased in AdBMP7-infected hTERT HSCs as compared
with AdEGFP-infected hTERT HSCs as control (Fig. 7D).
The increase in transcription rate of fibronectin mRNA was
similar to the increase in fibronectin protein expression.
BMP7 moderately elevated fibronectin protein expression
levels 24 or 48 hours after adenoviral infection, as compared
with control hTERT HSCs (Fig. 7E, F).

BMP7 increases smooth muscle α-actin in
activated HSCs

We next investigated whether BMP7 affects expression of
α-SMA as a marker of activation in HSCs. When activated
HSCs were infected with AdBMP7, they showed moderately
increased levels of α-SMA mRNA as determined by real-
time PCR (Fig. 8A). This corresponded to increased α-SMA
protein expression in AdBMP7-infected cells compared with
HSCs infected with control AdEGFP as assessed by western
blotting (Fig. 8B, C).

Discussion

Our study demonstrates that BMP7 serum levels are ele-
vated in patients with chronic liver disease and highest in
Child C cirrhosis. Hepatocytes are the cellular source of
BMP7 in human liver, and BMP7 expression is upregulated
in cirrhotic human liver in vivo. We further show that gene
expression of all receptors necessary for BMP7 signaling
are induced during the activation process of primary human
HSCs, thereby rendering activated HSCs as potential targets
to the ligand BMP7 secreted by hepatocytes. Human hTERT
HSCs respond to BMP7 with an increase in proliferation
and in synthesis of type I collagen and fibronectin. Thus, our
data indicate that BMP7, which is upregulated in patients
with liver cirrhosis, might perpetuate the activation process
of human HSCs and promote liver fibrogenesis in vivo.

Our principal approach to study the in vitro effect of
BMP7 on hTERT HSCs was to use adenoviruses encoding
human BMP7. This approach is widely used to explore the
biologic effect of ectopically expressed proteins in various
cells types [15]. Using a defined number of cells per volume
of growth medium and per surface area of the dish, aden-
ovirally infected hTERT HSCs were challenged with repro-
ducible amounts of secreted BMP7. It is difficult to ascertain
whether the concentrations of BMP7 used in our in vitro
experiments are within the physiologic range because the
concentrations in supernatants of AdBMP7-infected hTERT
HSCs are much higher as compared with the amount of
BMP7 measured in serum of patients with chronic liver dis-
ease. However, as demonstrated by immunohistochemistry,
hepatocytes of cirrhotic liver produce enhanced levels of
BMP7 as compared with normal liver, and therefore the lo-
cal concentration in damaged liver tissue acting directly on
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Fig. 7 Synthesis of type I collagen and fibronectin is increased by
BMP7 in hTERT human HSCs. hTERT HSCs were either infected
with AdBMP7 or AdEGFP as control, and cultured for 24 or 48 hours
before harvesting. A and D, Total RNA was extracted, (A) collagen
α1(I) mRNA and (D) fibronectin mRNA levels were measured by real-
time RT-PCR and normalized to 18S RNA. The results are expressed
relative to the level of hTERT HSCs infected with AdEGFP. Data rep-
resent the mean values ± standard error of the mean (SEM) of 3
experiments measured in duplicate. ∗P < .05 when compared with
AdEGFP-infected hTERT HSCs and cultured for 48 hours. B and E,

Whole cell lysates were extracted and subjected to SDS-PAGE followed
by immunoblotting for (B) procollagen α1(I) or (E) fibronectin protein
expression. Equal protein loading was determined by probing with anti-
tubulin antibody. Shown is a typical experiment. C and F, Expression
of (C) procollagen α1(I) and (F) fibronectin protein were normalized to
tubulin using densitometry. Data represent the mean values ± standard
error of the mean (SEM) of 4–5 independent experiments. The results
are expressed relative to AdEGFP infected HSCs. ∗P = .009 when
compared with hTERT HSCs infected with AdEGFP and cultured for
48 hours

neighboring cells might be considerably higher than in the
circulation. Other in vitro studies used BMP7 in concentra-
tions comparable to the concentrations we used [8, 30–32].

Whether BMP7 has fibrogenic effects is controversial.
BMP7 has been shown to prevent tubulointerstitial fibro-
genesis in different models of renal injury in rats [33–
35]. The mechanism of renal protection is related to
preservation of renal tubular epithelial integrity and to an
anti-inflammatory process by downregulation of intercellu-

lar adhesive molecules and thereby reducing the number
of infiltrating mononuclear cells, which secondarily pre-
vented renal fibrogenesis [33–35]. Several in vitro studies
[8, 32] support the anti-inflammatory role of BMP7. Re-
cently, the function of BMP7 as a differentiation factor was
demonstrated in vitro to contribute to regeneration of injured
kidney. BMP7 induces mesenchymal-to-epithelial transition
(EMT) in adult renal fibroblasts generating functional ep-
ithelial cells, and thereby counteracts the TGF-ß1–induced
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Fig. 8 Smooth muscle α-actin expression is higher in AdBMP7-
infected human hTERT HSCs as compared with control hTERT HSCs.
Human hTERT HSCs were infected with adenoviruses encoding BMP7
or EGFP as control and cultured for 24 hours. A α-SMA mRNA levels
were assessed using quantitative real-time RT-PCR and normalized to
18S. The results are expressed relative to the level of hTERT HSCs
infected with AdEGFP. Data represent the mean values ± standard er-
ror of the mean (SEM) of 3 experiments measured in duplicate. B Cell

lysates were prepared and immunoblotting using an anti–α-SMA anti-
body was performed. Additionally, the membrane was immunoblotted
using anti-tubulin antibody to ensure equal protein loading. Shown is
a representative experiment. C The protein expression level of α-SMA
was normalized to tubulin. Data represent the mean values ± standard
error of the mean (SEM) of 5 experiments and are expressed relative to
AdEGFP-infected hTERT HSCs

EMT [31, 36]. In renal fibrosis, EMT-induced accumula-
tion of myofibroblasts and the subsequent tubular atrophy
are considered key determinants during chronic renal injury
[36]. Recently, kielin/chordin-like protein (KCP) has been
shown to act as a potent paracrine enhancer of BMP7 sig-
naling by increasing its affinity to the receptor [37]. KCP
knockout mice are more susceptible to developing renal fi-
brosis and show substantial pathology after recovery [37].
Although not directly shown by the authors, the underly-
ing mechanism might be that KCP, as a positive mediator
of BMP7 signaling, reverses EMT and impacts the ability
of renal epithelial cells to recover from injury [37]. Taken
together, the anti-fibrogenic effect observed in vivo in ani-
mal models of renal disease seems to be secondary to the
anti-inflammatory and cytoprotective effect of BMP7.

In contrast to observations in renal disease, BMP7 serum
levels are elevated in patients with chronic liver disease and
BMP7 expression increased in hepatocytes of cirrhotic hu-
man liver tissue, whereas BMP7 expression decreases in
injured kidney [33]. These profound differences in BMP7
regulation following organ injury between liver and kidney
and the above mentioned anti-inflammatory and cytoprotec-
tive effect of BMP7, might explain the differences we found
in our study. BMP7 exerts fibrogenic effects on hTERT hu-
man HSCs in culture by increasing fibronectin and type I
collagen expression and synthesis. However, the main cel-

lular pathways leading to fibrosis in HSCs were not modu-
lated by BMP7, including TGF-ß1 secretion, DNA binding
activity of Smad3/4, which is thought to be the dominant
fibrosis mediator of TGF-ß1 in HSCs [18], JNK, or p38 ac-
tivity [13]. Consistent with our results, BMP7 was shown
to induce synthesis of collagens (predominantly type II) in
human chondrocytes [38–40], and type I collagen expression
in rat osteosarcoma cells [41] and primary rat medial collat-
eral ligament cells [42]. Additionally, numerous studies have
shown that rhBMP7 or adenoviral-mediated gene transfer of
BMP7 induce bone formation in vitro and in vivo [43].

Taken together, our results indicate that the role of BMP7
is proliferative and fibrogenic on HSCs. Under physiologic
conditions, HSCs remain in their quiescent state and do not
express receptors for BMP7 signaling. Following activation,
HSCs express the mRNA for all putative BMP7 receptors.
Elevated systemic and hepatic levels of BMP7 in patients
with chronic liver disease may then contribute to progression
of liver fibrogenesis.

However, it is currently unknown whether changes ob-
served in vitro occur in vivo after BMP7 administration, and
whether BMP7 acts in an autocrine manner on hepatocytes
and in a paracrine manner on other resident or infiltrating
cells in the liver. Ultimately, these issues deserve further in-
vestigation in a liver fibrosis model in vivo. Such studies
will be necessary to fully delineate the role of BMP7 in
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development and progression of chronic liver disease and to
elucidate the net effect of BMP7.
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