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Mechanism of chlorogenic acid treatment on femoral
head necrosis and its protection of osteoblasts
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Abstract. The aim of the present study was to investigate the
therapeutic effect of chlorogenic acid on hormonal femoral
head necrosis and its protection of osteoblasts. The study
established a femoral head necrosis model in Wistar rats using
Escherichia coli endotoxin and prednisolone acetate. The rats
were divided into five groups and were treated with different
concentrations of chlorogenic acid (1, 10 and 20 mg/kg).
The main detected indicators were the blood rheology, bone
mineral density, and the hydroxyproline and hexosamine
(HOM) contents. At a cellular level, osteoblasts were cultured
and treated by drug-containing serum. Subsequently, cell
proliferation and the osteoblast cycle were measured using
flow cytometry, and the protein expression levels of Bax
and B-cell lymphoma 2 (Bcl-2) were detected using western
blotting. Chlorogenic acid at a concentration of 20 mg/kg
(high-dose) enhanced the bone mineral density of the femoral
head and femoral neck following ischemia. Simultaneously,
blood flow following the injection of prednisolone acetate
was significantly improved, and the HOM contents of the
high-dose chlorogenic acid group were significantly different.
The results from the flow cytometry analysis indicated that
chlorogenic acid can efficiently ameliorate hormone-induced
necrosis. The osteoblasts were isolated and cultured. The
MTT colorimetric assay showed that chlorogenic acid at
different densities can increase the proliferation capabilities
of osteoblasts and accelerate the transition process of G/G,
phase to S phase, as well as enhance mitosis and the regenera-
tion of osteoblasts. Western blotting detection indicated that
chlorogenic acid may prohibit the decrease of Bcl-2 and the
increase of Bax during apoptosis, thereby inhibiting osteoblast
apoptosis and preventing the deterioration of femoral head
necrosis. In conclusion, chlorogenic acid at the density of
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20 mg/kg is effective in the treatment of hormonal femoral
head necrosis, which may be applicable for future treatment.

Introduction

Femoral head necrosis, also known as avascular necrosis, is
caused by partial or complete ischemia of the femoral head,
followed by the pathological necrosis of bone cells, bone marrow
cells and fat cells (1). Current treatments focus on surgery.
However, due to its significant cost, high risk, short life of joint
replacement and frequent surgeries, the majority of patients
cannot afford the expense and the pain associated with the treat-
ment (2,3). Therefore, it is more practical to identify a medicine
that is low cost and has fewer side effects (4). Chlorogenic acid is
anti-inflammatory and antibacterial, and may effectively protect
osteoblasts and cure femoral head necrosis. The present study
established a rat hormone model of femoral head necrosis at the
cellular level, and discussed the treatment mechanism of chlo-
rogenic acid on activating osteoblasts and decreasing apoptosis,
which may be of a specific clinical significance.

Materials and methods

Materials. Neonatal Wistar rats (SPF class) were purchased
from the Animal Center of Sun Yat-sen University (Guangzhou,
China). Dulbecco's modified Eagle's medium (DMEM)/F12
medium and fetal bovine serum were purchased from Gibco
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). B-cell
lymphoma 2 (Bcl-2) monoclonal mouse anti-rabbit primary
antibody (cat. no. 1790-1; 1:500) and Bax monoclonal mouse
anti-rabbit primary antibody (cat. no. 1119-3; 1:500) were
from Sigma-Aldrich (St. Louis, MO, USA), trypsin was
from Hyclone, Co. (Thermo Fisher Scientific, Inc.) and the
prednisolone acetate injection was purchased from Xianju
Pharmaceutical Co., Ltd. (Zhejiang, China).

The instruments used were a CO, incubator (Forma
series; Thermo Fisher Scientific, Inc.); clean benches (Suzhou
Purification Plant, Suzhou, China); microplate reader (BioTek,
Swindon, UK); an inverted microscope (Nikon, Tokyo, Japan);
flow cytometer (FACSCalibur; BD Biosciences, San Diego,
CA, USA); electrophoresis tank, protein transfer tank, elec-
trophoresis apparatus and power (all Bio-Rad, Berkeley, CA,
USA); basic electronic balance (Mettler-Toledo Ltd., Leicester,
UK); and DDL-5 centrifuge (Shanghai Anting Scientific
Instrument Factory, Shanghai, China).
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Establishing the rat model. A total of 60 rats were divided into
5 groups of 12 rats, as follows: A, the normal group, which was
treated with saline; B, the model group, which was treated with
saline; C, chlorogenic acid low-dose group, which was treated
with a 1 mg/kg dose; D, chlorogenic acid middle-dose group,
which was treated with a 10 mg/kg dose; and E, chlorogenic
acid high-dose group, which was treated with a 20 mg/kg dose.
Following the modeling, group B was treated daily with saline
for 4 weeks, and groups C-E were treated daily at the respec-
tive doses for 4 weeks.

Hemorheological measurement. Blood samples were
obtained from all the rats, and the whole blood high shear
value (200/sec), whole blood middle shear value (30/sec),
whole blood low shear value (3/sec), erythrocyte sedimenta-
tion rate (mm/h), hematocrit (I/1) and the plasma viscosity
(mPa.sec) were measured according to the manufacturer's
instructions.

Detection of the bone mineral density. The left lower limb femur
of the rats was obtained, the muscles and fascia were removed,
and the sample was maintained under a 4°C environment.
Subsequently, the sample was placed in a dual-energy X-ray
absorptiometry for the bone mineral density measurement.

Hematoxylin and eosin (H&E) pathological observation.
Samples of femoral head muscle of rats were removed, fixed
by 10% neutral formalin and underwent decalcification with
5% nitric acid for 5 days. The bone tissue was pricked with a
pin to test zero resistance, and following this was rinsed with
clean water for 24 h. The sample was placed in a dryer for
dehydration, embed with paraffin, sliced and H&E stained to
observe the cartilage bone cells under light microscopy.

Detecting the hydroxyproline (HOP) and hexosamine (HOM)
contents. The rats were anesthetized with ether, and the orbital
blood was removed. A modified chloramine-T method was
used to detect the contents of HOP and HOM.

Preparation of drug-containing serums and culture of
osteoblasts. Following modeling and treatment, the orbital
blood and blood serum were removed from the rats, mixed
within the same group, and frozen to study the impact of
drug-containing serum on the culture of osteoblasts in vitro. A
total of 5 newborn 1-day-old rats were used, their skulls were
removed under sterile conditions and placed into a petri dish
containing D-Hank's solution. The inner and outer membrane
were carefully removed, the sutural bone tissue was cut away,
and subsequently rinsed with D-Hank's solution 3 times. The
tissue was placed into 5 ml of 0.25% trypsin and agitated at
37°C for a 20-min digestion. The supernatant was removed
with a sterile syringe by suction, and the sample was cut into
1x1-mm sections and transferred into flasks. Following this,
5 ml of 0.1% type II collagenase was added and the samples
were agitated under 37°C for digestion, and the digestive liquid
was collected.

The aforementioned process was repeated once more,
and the two digestive liquids were mixed, passed through
a 200-mesh sieve and centrifuged at 279.5 x g for 10 min.
The lower layer was removed and washed twice with culture

solution. Following this, 2 ml DMEM culture solution
containing 15% fetal bovine serum was added, and the
precipitated cell clumps were percussed to disperse uniformly.
Following counting, the cells were seeded in culture flasks,
with each flask containing 2x10° cells/ml, and the flasks
were placed in a 37°C humidified incubator with 5% CO, for
12 h. Subsequently, the solution was changed to remove the
non-adherent cells, once every 2 days. After the cells were
seeded in a monolayer, the sample was washed three times
with D-Hank's solution, and digested with 0.25% trypsin for
5 min, passaged, and the passaged osteoblast suspension was
collected.

Detecting osteoblast proliferation by the MTT assay. The
passaged osteoblast suspension was centrifuged at 279.5 x g
for 10 min, the supernatant was discarded and the sample
was washed twice with balanced salt solution. Following
counting, the cell density was adjusted to 1x10°/ml. The
cells were seeded in a 96-well plate, diluted 1:40 in the
drug-containing serum with culture medium, and 0.1 ml was
added into each well, with 3 compound wells for each group.
The samples were placed in the 5% CO, cell incubator at 37°C
for 48 h, and the MTT solution was added prior to reading
the colorimetric absorbance of each well, at wavelengths of
570 and 630 nm.

Measuring the cycle changes of the osteoblasts with flow
cytometry. After 48 h, the 4 groups were digested with trypsin,
and the cell concentration was adjusted to 5x10%ml, fixed with
70% ethanol for 1 h at 4°C, centrifuged at 279.5 x g and washed
with deionized water. Following this, 1 ml PI-containing DNA
fluorescence staining solution was placed into each well,
and the samples were dyed for 30 min at 4°C. Subsequent to
filtering, the apoptotic cells in the G, phase, S phase and the
G,/M cell numbers were measured with flow cytometry.

Measuring Bax and Bcl-2 expression levels. After 2 h of
spinal cord injury treatment, the spinal tissue was removed
with 1 cm around the injury center, and the sample was imme-
diately placed at -80°C for extracting the protein. The spinal
tissue was homogenized, centrifuged and the supernatant
was decanted. The protein content was measured using the
bicinchoninic acid assay method. A 15% gel was formulated,
loaded and electrophoresis occurred prior to transferring to
a membrane, which was closed with skimmed milk powder,
and the samples were reacted with the primary Bcl-2 antibody,
secondary antibody (goat anti-mouse) and chemiluminescence
was performed.

Statistical analysis. All the experiments were repeated three
times, and SPSS 13.0 (SPSS, Inc., Chicago, IL, USA) was used
for the Bonferroni test and one-way analysis of variance, and
pairwise comparisons were made between multiple samples.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Bone mineral density test. Following injection with predniso-
lone acetate, in comparison with group A, the femoral head
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bone mineral density of the group B exhibited significant differ-
ences, as well as the femoral neck sites, indicating the success
of modeling. Following treatment, the bone mineral density
of the femoral head and neck increased at different degrees
corresponding to the doses of chlorogenic acid (Table I).

H&E staining. The H&E staining observations were as
follows: Group A exhibited a smooth cartilage surface, no
inflammatory articular cavum and no chondrocyte necrosis,
while group B demonstrated necrosis and disappearance
of cartilage cell, as well as cartilage depression. Instead,
there were proliferations of fibrous connective tissues, a
small hemorrhage around, and more red blood cells in the
marrow cavity. Group E (high-dose) exhibited mild depres-
sion of the cartilage surface, certain cell degeneration and a
clearly visible joint cavity. Group D (middle-dose) revealed a
smooth cartilage surface, few punctate depressions, some cell
necrosis and a clearly visible joint cavity. Group C (low-dose)
demonstrated focal cartilage surface defect, surrounding
cell necrosis, some proliferation of fibrous connective tissue
and chronic inflammatory cell infiltration in the marrow
cavity (Fig. 1).

HOM/HOP analysis. Following injection with the hormones,
the bone structure was destroyed and absorbed, collagen
catabolism increased, and the amount of HOP metabolites was
also increased. The main component of bone tissue, such as
mucopolysaccharides, decomposed, leading to the decrease
of HOM, the main component of mucopolysaccharides. Thus,
the HOM/HOP value decreased relatively (when comparing
groups A and B) (Table II).

Hemorheological assessment. The hemorheological results
showed that under the condition of femoral head necrosis,
whole blood viscosity significantly reduced and blood viscosity
improved when comparing groups D and E with group B. An
increase of the erythrocyte sedimentation rate and hematocrit
indicated ‘strong’ (plasma viscosity), and chlorogenic acid can
make them weak. While the increase of blood viscosity means
‘condensate’ (high shear viscosity), and chlorogenic acid can
dilute it (Table III).

Impact of the drug-containing serum on osteoblast prolifera-
tion. The drug-containing serum enhanced the proliferation

Table III. Hemorheological results of drugs on rat blood.

Table I. Impact of drugs on bone mineral density.

Bone density of Femur bone mineral

Group femoral head position density neck site
A 0.24+0.02%*¢ 0.16+0.01*¢
B 0.09+0.00 0.07+0.00
C 0.13+0.02¢ 0.10+0.01
D 0.17£0.014¢ 0.13+0.01¢
E 0.20£0.024>f 0.1420.022<f

PP<0.01 vs. group B; "P<0.01 vs. group C; °P<0.01 vs. group D;
9P<0.05 vs. group B; °P<0.05 vs. group C; P<0.05 vs. group E.
A, normal group; B, model group; C, chlorogenic acid low-dose
group (1 mg/kg); D, chlorogenic acid middle-dose group (10 mg/kg);
E, chlorogenic acid high-dose group (20 mg/kg).

Table II. Impact of drugs on HOM and HOP under femoral
head avascular necrosis.

Group HOM, pg/mg HOP, pg/mg HOM/HOP
A 9.04+0.35%° 51.42+2.39%¢ 0.19+0.01%*
B 5.34+0.61 72.77£8.81 0.07+0.00
C 7.43+0.52¢ 62.11+5.01 0.10+0.01
D 7.89+0.11¢ 60.02+6.23¢ 0.11£0.02
E 8.43+0.55° 53.21+2.43%° 0.16+0.01%4

PP<0.01 vs. group B; "P<0.05 vs. group C; P<0.01 vs. group C;
4P<0.05 vs. group B. A, normal group; B, model group; C, chlorogenic
acid low-dose group (1 mg/kg); D, chlorogenic acid middle-dose
group (10 mg/kg); E, chlorogenic acid high-dose group (20 mg/kg);
HOM, hexosamine; HOP, hydroxyproline.

of osteoblasts, and there were significant differences between
groups B and C-E (Fig. 2).

Measurement of apoptosis by flow cytometry. The G, phase
cell cycle is the preparation of DNA and protein synthesis,
indicating the start of the proliferation stage. The flow cytom-
etry analysis indicated that a large number of osteoblasts

High shear Middle shear Low shear Hematocrit, Erythrocyte Plasma viscosity,
Group viscosity, 200/sec viscosity, 30/sec viscosity, 3/sec mm/h sedimentation, 1/1 mPa.sec
A 14.21+1.23%° 6.47+1.08¢ 4.56x1.07*° 1.32+0.10*° 0.34+0.14%° 1.38+0.08°
B 23.55+2.06 927+141 6.98+0.32 2.78+0.55 0.72+0.24 2.18+1.01
C 17.99+2.93 7.64x1.72 5.87+£0.09 2.09+0.17 0.59+0.35 1.81+0.56
D 16.41+1.57¢ 7.21+1.71¢ 5.22+0.56¢ 1.66+0.24°4 0.48+0.18 1.65+0.284
E 1542+1.10* 6.90x1.54* 5.00+0.43*¢ 1.49+0.21° 0.39+0.08°¢ 1.44+0.32%°

1P<0.01 vs. group B; °P<0.01 vs. group C; °P<0.05 vs. group C; “P<0.05 vs. group B. A, normal group; B, model group; C, chlorogenic acid
low-dose group (1 mg); D, chlorogenic acid middle-dose group (10 mg/kg); E, chlorogenic acid high-dose group (20 mg/kg).
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Figure 1. Hematoxylin and eosin staining of cartilage bone cells following treatment of rats with different doses of chlorogenic acid (magnification, x200).
(A) Normal group; (B) model group; (C) chlorogenic acid low-dose group (1 mg/kg); (D) chlorogenic acid middle-dose group (10 mg/kg); (E) chlorogenic acid

high-dose group (20 mg/kg).
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Figure 2. Impact of drug-containing serum on osteoblast proliferation fol-
lowing treatment with different doses of chlorogenic acid as assessed by
the MTT assay. "P<0.05 and “P<0.01 vs. group B; “P<0.05 and "P<0.01
vs. group C. A, normal group; B, model group; C, chlorogenic acid low-dose
group (1 mg/kg); D, chlorogenic acid middle-dose group (10 mg/kg); E, chlo-
rogenic acid high-dose group (20 mg/kg).

of the group B rats remained in the G, phase, and only a
small number remained in the S phase, indicating that pred-
nisolone acetate can cause numerous osteoblasts to remain

in the G, phase, thereby blocking cells into the S phase, and
thus, blocking DNA synthesis, inhibiting cell mitosis and
inducing apoptosis. However, following the addition of the
drug-containing serum, osteoblasts in the G, phase signifi-
cantly reduced, and cells in the S phase increased, suggesting
that the serum can facilitate osteoblast proliferation and
reduce apoptosis (Fig. 3).

Measuring the expression levels of Bax and Bcl-2 using
western blotting. The western blotting results showed that
when compared with the normal group, the Bax expression
level increased and the Bcl-2 expression level decreased.
Following treatment, the Bax expression in the middle- and
high-dose groups reduced significantly; however, the reduc-
tion in the low-dose group was smaller. By contrast, the
Bcl-2 expression level increased significantly in the high- and
middle-dose groups, and the increase was small in the low-dose
group. Therefore, the treatment regulated the expression levels
of these proteins, and improved the capabilities of osteoblast
differentiation and maturity (Fig. 4).

A B &
# 3 b
» H -] 8 wH
z g z & z &
8] & &
! / i A ate GRS S LT AR RS R SR ey Rl W S R
Channels (FL2-A) ’ Channels (FL2-A) © Channels (FL2-A) )
D E
55 8
= o
g £
“ g ZH
& 3

T T T T
= "o

Channels (FL2-A)

e e

QI! - @ ”
Channels (FL2-A)

Figure 3. Effects of drug-containing serums on osteoblast cell cycle culture. (A) Normal group; (B) model group; (C) chlorogenic acid low-dose group
(I mg/kg); (D) chlorogenic acid middle-dose group (10 mg/kg); (E) chlorogenic acid high-dose group (20 mg/kg).
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Figure 4. Impact of chlorogenic acid treatment on Bax and Bcl-2 protein
expression levels. A, normal group; B, model group; C, chlorogenic acid
low-dose group (1 mg/kg); D, chlorogenic acid middle-dose group (10 mg/kg);
E, chlorogenic acid high-dose group (20 mg/kg); Bcl-2, B-cell lymphoma 2.

Discussion

Femoral head necrosis is a common orthopedic disease with
one of the highest incidences of bone disease, and has high
mortality and morbidity. It is known to cause significant
suffering to patients (5,6). Chlorogenic acid can improve
cardiovascular and cerebrovascular blood flow, enhance hema-
topoietic and immune functions, as well as bone metabolism.
The present study is based on this type of metabolism.

Osteoblasts, common in the growth of bone tissue, gather
in the newly formed bone surface, and have an important role
in the process of bone tissue development, bone metabolism
and bone mass balance maintenance and damage repair (7-9).
Femoral head necrosis is a common intractable clinical
orthopedic disease, and previous studies found that it may
be closely associated with the dysfunction of osteoblasts and
bone marrow stromal cells (10-12). The mechanism is that
bone marrow stromal cells differentiate into adipocytes, and
hormones regulate bone marrow stem cell differentiation into
fat cells. Following this, the stem cell pool cannot produce
enough bone cells, and the adipose tissue accumulates and
fills in the bone marrow cavity, thus resulting in increased
internal pressure within the bone so that microvascular arte-
rial compression occurs. Following this, venous obstruction
decreases, blood stasis is blocked, metabolites accumulate,
capillary permeability increases, plasma extravasation occurs
and bone marrow stromal edema is observed. A vicious cycle
is formulated, leading to a large incidence of osteoblast isch-
emic and anoxia necrosis, and avascular necrosis eventually
occurs (13).

In patients with osteonecrosis, reduced viability of bone
marrow stromal cells was observed in hematopoietic and
interstitial tissues; proliferation was inhibited and no adequate
osteoblasts were present to repair lesions in the early stage of
osteonecrosis remodeling. Furthermore, in the femoral head
ultrastructure necrosis, osteoblast-like cell death and lysis
were also identified (14). This indicated that femoral head
necrosis is closely associated with the change in the number
of bone cells.

The cell MTT results suggest that chlorogenic acid of
different densities can facilitate the proliferation of osteoblasts.
The flow cytometry results also demonstrated that the G, phase
is the preparation stage of DNA and protein synthesis, and the
marker into the proliferation phase. Numerous osteoblasts of
the model group rats remained in phase G,, and only a few
remained in the S phase, indicating that prednisolone acetate

can cause them to remain in the G, phase, thereby blocking
their entrance into the S phase, which inhibits DNA synthesis
and cell mitosis, and thus induces apoptosis. However,
following the addition of drug-containing serums, the majority
of osteoblasts did not remain in the G, phase, but moved to
the S phase, indicating that the serum can enhance osteoblast
proliferation and reduce apoptosis. In summary, the drug can
facilitate osteoblast growth and reduce apoptosis.

The use of corticosteroid is a major factor causing avas-
cular necrosis, and additionally, it is the most common cause
of femoral head necrosis (15-17). In recent years, it can be
argued that the application of hormones induced the increase
of bone marrow stromal cell differentiation into fat cells and
the decrease of those into the bone system, which have impor-
tant roles in the pathogenesis of femoral head necrosis.

Hormone-induced cell injury is one of the important
factors leading to aseptic necrosis of the femoral head, while
glucocorticoids can inhibit osteoblasts growth, accelerate
osteoblast differentiation and apoptosis of bone cells, accel-
erate the osteoclast differentiation, and induce bone marrow
stromal cells transition into fat cells.

Bax and Bcl-2 are two important regulatory genes of
cell apoptosis. An excess of Bax expression can accelerate
apoptosis, while overexpression of Bcl-2 can inhibit apoptosis.
When the Bax/Bcl-2 ratio is greater than normal, the cells
tend to undergo apoptosis, and when the ratio is smaller than
normal, apoptosis is inhibited (18,19). In the present study,
chlorogenic acid treatment with different doses, particularly
the high-dose group, can suppress the reduction of Bcl-2 and
the increase of Bax in the process of osteoblast apoptosis,
thereby inhibiting apoptosis and necrosis.

A previous study has shown the presence of the blood hyper-
coagulable state in femoral head necrosis (20), and in blood
rheology, this equates to ‘sticky, thick and poly tendencies’,
for example, an increased blood viscosity. When inflammation
occurs, plasma fibrinogen components increase, and sticki-
ness, whole blood viscosity, and erythrocyte aggregation and
hematocrit all increase, leading to the hypercoagulable state of
blood, and slower blood circulation. When femoral head blood
perfusion is reduced, cell ischemia, anoxia and fat embolism
form, intraosseous pressure increases, venous stasis and
microcirculation dysfunction occurs, thus resulting in femoral
head blood supply disorders, and ultimately the formation of
avascular necrosis (21).

The present study also reported that chlorogenic acid of
different concentrations can improve all hemorheological
indicators in a varying degree, suggesting that the drug can
inhibit platelet aggregation, is anti-thrombotic, lowers blood
viscosity, directly affects perfusion in bone microcircula-
tion, slows or prevents high pressure inside the bone, femoral
head blood flow is smoothed, removes metabolic waste in a
timely manner, relieves the state of ischemia and hypoxia,
and enhances the vitality of bone cells, thereby preventing
and delaying the occurrence and development of femoral head
necrosis.

In conclusion, different doses of chlorogenic acid have
proved therapeutically effective in the treatment of hormonal
femoral head necrosis, in vivo and in vitro, protecting osteo-
blasts, curing necrosis and reducing apoptosis, which may be
applicable for future treatment.
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