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Pro-angiogenic activity of astragaloside IV in
HUVEC:s in vitro and zebrafish in vivo
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Abstract. Astragaloside IV (AS-IV)isanatural productisolated
from the Chinese medical herb, Radix Astragali, which has
been reported to be a potential candidate for treating diseases
associated with abnormal angiogenesis; however, the effect of
AS-IV on angiogenesis and its underlying mechanisms are yet
to be fully elucidated. In the present study, we investigated the
angiogenic effect of AS-IV in vitro using human umbilical
vein endothelial cells (HUVECs:), and in vivo using zebrafish.
AS-IV was found to stimulate the proliferation and migration
of HUVECs in an XTT assay and a wound healing migration
assay, respectively. Moreover, AS-IV stimulated the invasive
ability of HUVECsS and significantly increased the mean tube
length of HUVECsS in Matrigel. AS-IV induced an angiogenic
response in HUVECs and enhanced mRNA expression of
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vascular endothelial growth factor (VEGF) and a VEGF
receptor known as kinase-domain region/fetal liver kinase-1/
VEGEF receptor 2 (KDR/Flk-1/VEGFR?2), as well as activa-
tion of Akt as demonstrated by quantitative real-time PCR
and Western blot analysis, respectively. The AS-IV-induced
proliferation of HUVECs was capable of being suppressed
by a KDR inhibitor (SU5416) and an Akt inhibitor (SH-6).
AS-IV also rescued blood vessel loss in Tg (fli-1:EGFP)
zebrafish. Altogether, our results suggest that AS-IV exerts
potential pro-angiogenic effects in vitro and in vivo, and that
its pro-angiogenic activity probably involves both VEGF- and
Akt-dependent signaling pathways.

Introduction

Angiogenesis, the growth of new capillaries accomplished by
sprouting, bridging or intussusceptive growth from existing
vessels, plays a crucial role in the development of numerous
diseases (e.g., various cancers, diabetic retinopathy, macular
degeneration, psoriasis and rheumatoid arthritis) (1,2). Vascular
endothelial growth factors (VEGFs) are probably the most
important inducers of angiogenesis owing to their potency,
selectivity for endothelial cells and their ability to regulate
proliferation and migration of endothelial cells (3). Therefore,
overexpression of VEGF or its receptors promotes blood vessel
formation, whereas inhibition of these molecules suppresses
angiogenesis (4). In addition, other angiogenic cytokines and
signaling pathways are also capable of influencing angio-
genesis, for example the activation of Akt has been shown to
stimulate the growth and migration of endothelial cells (5,6).
For centuries, the Chinese herb Radix Astragali
has been prescribed for the treatment of general weak-
ness, chronic illnesses and cardiovascular disorders.
Astragaloside IV (AS-1V) (3-O-B-D-xylopyranosyl-6-O-f3-
D-glucopyranosylcycloastragenol) (Fig. 1 A) is a major saponin
constituent of the Chinese medical herb, which is capable of
inhibiting vasoconstriction and protecting the brain against
ischemic injury (7), as well as possessing endothelium-depen-
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dent vasorelaxant activity (8). Previously, we demonstrated
that Radix Astragali extract exerts pro-angiogenic effects
via the VEGF-kinase-domain region (KDR) and phospha-
tidylinositol-3-kinase-Akt-endothelial nitric oxide synthase
(PI3K-Akt-eNOS) pathways in human umbilical vein endo-
thelial cells (HUVECsS) (9). The objective of this study was
to investigate the angiogenic effect and mechanism of action
of AS-IV in an attempt to identify the active compound(s)
responsible for the pro-angiogenic activity of Radix Astragali
extract. For the first time, AS-IV was found to promote angio-
genesis in vitro and in vivo via activation of the VEGF and Akt
signaling pathways.

Materials and methods

Chemicals and reagents. AS-IV was obtained from the
National Institute for the Control of Pharmaceutical and
Biological Products (China). Kaighn's modification of Ham's
F12 medium and calcein AM were purchased from Invitrogen
(Carlsbad, CA, USA). Endothelial cell growth supplement,
dimethyl sulfoxide (DMSO), heparin and gelatin were
supplied by Sigma-Aldrich (St. Louis, MO, USA). The growth
factor-reduced Matrigel™ basement membrane matrix, VEGF,
BioCoat™ Matrigel 24-well plates and the BioCoat Matrigel
invasion chamber were obtained from BD Biosciences
(Franklin Lakes, NJ, USA). VEGF receptor (VEGFR) tyrosine
kinase inhibitor II (VRI), tyrosine kinase inhibitor II, SH-6
and SU5416 were obtained from Merck KGaA (Germany).
Anti-p-Akt antibody, anti-Akt antibody and goat anti-rabbit
IgG horseradish peroxidase (HRP)-conjugated antibody were
all purchased from Cell Signaling Technology (Beverly, MA,
USA).

Maintenance of zebrafish (Danio rerio) and its embryos.
The enhanced green fluorescent protein (EGFP) is selectively
expressed in the nucleus of endothelial cells of Tg(fli-1:EGFP)
zebrafish embryos. Zebrafish adults and larvae were main-
tained as described in the Zebrafish Handbook (10) and all
animal experiments were conducted in accordance with the
ethical guidelines of the Institute of Chinese Medical Sciences,
Macau.

Embryo collection and drug treatment. Zebrafish embryos
were generated by natural pair-wise mating (3-12 months
of age) and grown at 28.5°C in embyro water. The embryos
were collected, dechorionated and distributed into a 12-well
microplate at 28 h post fertilization (hpf) with at least 15
fish in each well, and treated with 100 ng/ml tyrosine kinase
inhibitor IT (VRI, one of the VEGF receptor inhibitors) for 3 h.
The VRI was washed out and replaced with 0.1% (v/v) DMSO
embryo medium containing various concentrations of AS-IV
and maintained at 28.5°C for 24 h. The embryos maintained
in 0.1% (v/v) DMSO embryo medium throughout the course of
the experiment served as the vehicle control.

Morphological observation of zebrafish. Zebrafish embryos
were removed from the microplates following drug adminis-
tration, and observed for viability and morphological changes
under a fluorescence microscope (Olympus IX81 Motorized
Inverted Microscope, Japan), equipped with a digital camera

ZHANG et al: PRO-ANGIOGENIC ACTIVITY OF ASTRAGALOSIDE IV IN HUVECS in vitro AND ZEBRAFISH in vivo

(DP controller, Soft Imaging System, Olympus, Japan). Images
were analyzed with Axiovision 4.2 and Adobe Photoshop 7.0
software.

Preparation of reagents and culture. A stock solution of
AS-IV (100 mg/ml) was prepared in DMSO.

HUVEC culture. HUVECs (HU-V-E12; ATCC, USA) were
cultured in Kaighn's modification of Ham's F12 medium with
2 mM L-glutamine, 1.5 mg/ml sodium bicarbonate, 100 zg/ml
heparin, 30 yg/ml endothelial cell growth supplement and 10%
(v/v) fetal bovine serum (FBS) at 37°C in a humidified 5% CO,
atmosphere. Tissue culture flasks were pre-coated with 0.1%
(w/v) gelatin.

HUVEC proliferation as determined by the XTT assay. The
HUVECS were trypsinized and seeded at 10* cells/well in
96-well gelatin-coated plates. Following incubation at 37°C
for 24 h, the complete medium was removed and replaced with
low-serum [0.5% (w/v) FBS] medium. Cells were incubated at
37°C for a further 24 h to achieve a quiescent state and then
the low-serum medium was replaced with low-serum medium
containing various concentrations of AS-IV. Cells receiving
0.1% DMSO alone served as the vehicle control. For the inhi-
bition assays, HUVECs were treated with inhibitors (0.3 yuM
SU5416 and 1 uM SH-6) for 30 min prior to AS-IV treatment
(100 pg/ml). In addition, cells cultured in 20 ng/ml VEGF
served as the positive control. After 48 h, cell proliferation was
assessed by the XTT assay for 4 h. The spectrophotometric
absorbance of each well was measured with a Multilabel
counter (Perkin Elmer, Singapore). The absorbance of the
formazan product was measured at 490 nm, and the reference
wavelength was 690 nm. Cell viability data are expressed as a
percentage of the control.

HUVEC proliferation assay by cell counting. HUVECs were
seeded in gelatin-coated, 24-well tissue culture-treated plates
at 5x10* cells/well. Cells were incubated in complete medium
for 24 h at 37°C, incubated with 100 pg/ml AS-IV for 30 min,
then washed and trypsinized. The cell suspension from each
well was collected in a 1.5-ml tube and centrifuged at 300 x g
for 4 min. The supernatant was discarded and the cell pellet
was suspended in phosphate-buffered saline (PBS). The cell
number was determined by counting with a hemocytometer.

HUVEC tube formation assay. The effects of AS-IV on
HUVEC differentiation was examined by in vitro tube
formation on Matrigel (11). Confluent HUVECs were
harvested and diluted (1x10° cells) in 500 pl of low-serum
medium containing 10-100 pg/ml AS-1V, seeded in 1:1 (v/v)
Matrigel-coated, 24-well plates in triplicate and incubated
for 6 h at 37°C. Cells receiving 0.1% DMSO alone served as
the vehicle control, and cells cultured with 20 ng/ml VEGF
served as the positive control. The network-like structures
were examined under an inverted microscope (Carl Zeiss
Axiovert 200, HK). Tube-like structures were defined as
endothelial cord formations that were connected at both
ends. The number of branching points in three random fields
in each well was quantified using the Metamorph Imaging
Series software (Japan).



MOLECULAR MEDICINE REPORTS 5:

805-811, 2012 807

A B C
*
25 *
=
g 20
.
g
= 15
g 1o |
a
Z 5
: 0
0 001 01 1 10 30 100 VEGF 0 10 30 100 VEGE
Concentration of Astragaloside IV (jug/ml) Concentration of Astragaloside IV (pg/ml)

10pgfml of AS-IV

30pg/ml of AS-IV

20ng/ml VEGF

100pg/ml of AS-IV

Figure 1. AS-IV promotes HUVEC proliferation and tube formation. (A) Molecular structure of AS-IV. (B) Effect of AS-IV on the proliferation of HUVECs
compared with the control group. (C) The number of branching points in HUVECs treated with various concentrations of AS-IV was calculated using
Metamorph Imaging Series software. (D) Morphological features of AS-IV-treated HUVECs on Matrigel. Data are expressed as mean + SEM (n=3), ‘P<0.01.
VEGTF, vascular endothelial growth factor; HUVECs, human umbilical vein endothelial cells; AS-IV, astragaloside I'V.

HUVEC invasion assay. The HUVEC invasion assay was
performed as described (9). The wells of the companion
plate containing DMSO (0.1%) served as the vehicle control
and those containing 20 ng/ml VEGF served as the positive
control.

HUVEC migration assay. Migration of HUVECs was exam-
ined by the wound healing method as described previously (12).

mRNA expression analysis by real-time quantitative PCR. The
mRNA expression analysis was conducted as described (9).
The reaction without the complementary DNA (cDNA)
product served as the negative control. The relative expres-
sion of VEGF and KDR was normalized to the amount of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in the
same cDNA amount using the relative quantification method
as described by the manufacturer.

Western blot analysis. HUVECs were treated with 100 uM
AS-IV for various lengths of time (10-60 min) and a medium
containing 0.1% DMSO served as the control. The cells were
then washed with PBS and lysed for 30 min on ice with lysis

buffer [0.5 M NaCl, 50 mM Tris, 1 mM EDTA, 0.05% (w/v)
SDS, 0.5% (v/v) Triton X-100, 1 mM PMSF, pH 7.4]. The
cell lysates were centrifuged at 11,000 x g for 20 min at 4°C.
Protein concentrations in the supernatants were measured
using the bicinchoninic acid assay (Pierce, Rockford, IL,
USA). The supernatants were subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [12%
(w/v) polacrylamide gel], then transferred to polyvinylidene
fluoride membranes, which were then blocked with 5% (v/v)
non-fat milk. Immunoblot analysis was commenced by incuba-
tion with anti-p-Akt and anti-Akt antibodies at 4°C overnight.
Following washing, the membranes were incubated for 1 h
at room temperature with HRP-conjugated goat anti-rabbit
IgG. Proteins were detected using an advanced enhanced
chemiluminescence (ECL) system (GE Healthcare, UK). Semi-
quantification was performed with densitometric analysis using
Quantity One software (Bio-Rad, Philadelphia, PA, USA).

Statistical analysis. Each experiment was carried out in at
least triplicate, and data are expressed as the mean + SEM of
the control. The Student's t-test was used to analyze the data
and the level of statistical significance was set at P<0.01.



808

ZHANG et al: PRO-ANGIOGENIC ACTIVITY OF ASTRAGALOSIDE IV IN HUVECS in vitro AND ZEBRAFISH in vivo

C
Control 20 ng/ml VEGF

100pg/ml of ASIV 100pg/ml of AS-TV

B
250 . ¥

R

§ 200 * *

& 1%

£

< 100

o 0 -

A 0 10 30 100

Concentration of Astragaloside IV (jug/mi)

100 pg/ml of AS-IV 30 pg/ml of AS-IV
10 pg/ml of AS-IV
D
250
* *
£ 200
*
g 150
;E 100
2
‘g 50
5 0
L 0 10 30 100
. iomof Astragaloside IV (ugfml)

Figure 2. AS-IV enhances HUVEC migration and invasion. (A) Migration assay for AS-IV-treated endothelial cells. (B) The migratory ability was ana-
lyzed by averaging the mean length of the scraped area of each well compared to the control group. (C) Invasion assay for AS-IV-treated endothelial cells.
(D) HUVEC invasion was quantified by counting the number of cells/insert using the Metamorph Imaging Series software. Data are provided as the mean
+ SEM (n=3), 'P<0.01. VEGF, vascular endothelial growth factor; HUVECs, human umbilical vein endothelial cells; AS-1V, astragaloside IV.

Results

AS-1V promotes proliferation and tube formation in HUVECs.
Metabolic rate, as an indirect indicator of cell number, was
measured using the XTT assay. The amount of the formazan
product in the cell culture medium revealed that proliferation
of HUVECs was dose-dependent, with a 54% increase in cell
number at the high dose (100 ug/ml) of AS-IV (Fig. 1B).

The process of angiogenesis is complex and typically
consists of proliferation and alignment to form tubular
structures (13,14). A Matrigel model was used in this study
to determine the effect of AS-IV in inducing endothelial cell
capillary tube formation. When HUVECs were cultured on
Matrigel, which is a solid gel of mouse basement membrane
proteins, they aligned easily and formed hollow, tube-like
structures. As shown in Fig. 1C and D, there was little tube
formation when HUVECs were plated on Matrigel in low-serum
medium. Both the VEGF- and AS-IV-treated groups demon-
strated marked morphogenetic changes in the tube formation
of HUVEC:s. Fig. 1C and D shows that greater formation of
branching points of the tube was found in the AS-I'V-treated
groups compared to the vehicle control. Statistical analysis of

the quantitative measurements confirmed that AS-IV triggered
a significant increase in terms of the number of branching
points.

AS-1V enhances HUVEC migration and invasion in vitro. We
determined the effects of AS-IV on endothelial cell migra-
tion using the wound-healing method. Fig. 2A illustrates that
little HUVEC migration was measured in the vehicle control
group at 16 h post-wounding, whereas a dramatic increment
in HUVEC migration was measured in the treatment groups.
Compared to the vehicle control group, AS-IV caused 44, 45
and 109% increases in HUVEC migration at concentrations of
10, 30 and 100 pg/ml, respectively (Fig. 2B). Therefore, AS-IV
significantly enhanced HUVEC migration in vitro.

We observed the effects of AS-IV on HUVEC invasion
using Transwell culture inserts. Compared to the vehicle
control group, VEGF-treated cells, positive control, exhibited
an incease in invasive ability. Notably, in terms of cell inva-
sion, HUVECs in the AS-IV-treated groups demonstrated
a similar pattern. Specifically, there were 22, 25 and 81%
increases in the AS-IV-treated groups at concentrations of 10,
30 and 100 pg/ml, respectively (Fig. 2C and D).
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Figure 3. AS-1V exerts pro-angiogenic effects via VEGF- and Akt-dependent signaling pathways. (A) Gene expression in AS-IV-treated HUVECs. Data are
provided as the mean + SEM from two individual experiments. (B) Effect of SU5416 on AS-IV-induced cell proliferation. HUVECs were pre-treated with
SU5416 (0.3 uM) for 30 min and then treated with AS-TV (100 ug/ml) for 48 h. (C) Effects of AS-IV on Akt activation. (D) Effects of SH-6 on AS-IV-induced
cell proliferation. Data are provided as the mean = SEM (n=3), "P<0.01 versus control, "P<0.05 versus AS-IV. VEGF, vascular endothelial growth factor;
HUVECsS, human umbilical vein endothelial cells; AS-1V, astragaloside IV; KDR, kinase-domain region.

AS-1Vincreases VEGF and KDR mRNA expression and VEGF
receptor tyrosine kinase inhibitor abolishes AS-1V-induced
HUVEC proliferation. We measured the mRNA expression
of VEGF and KDR using real-time quantitative PCR in order
to identify the molecular targets for the angiogenic effects of
AS-IV on HUVECs. As shown in Fig. 3A, AS-IV up-regulated
the gene expression of VEGF in a dose-dependent manner;
VEGEF expression was 1.2-fold and 1.7-fold higher than the
control group at concentrations of 10 and 100 pg/ml, respec-
tively. KDR (also known as Flk-1 or VEGFR2), the major
receptor responsible for the VEGF signaling pathway (15),
also induced a dose-dependent increased gene expression in
the AS-IV-treated groups.

To further examine whether the VEGF receptor plays a
role in AS-IV-mediated angiogenesis, we investigated the
effects of SU5416, a potent and selective inhibitor of the KDR
receptor tyrosine kinase, on AS-IV-induced cell proliferation
by the XTT assay. As shown in Fig. 3B, the proliferation of
HUVECs was significantly increased (P<0.01) following
treatment with AS-IV. Moreover, AS-IV-induced HUVEC
proliferation was partially inhibited by SU5416 but no statis-
tically significant difference (P<0.05) was noted between
the SU5416+ASIV and ASIV groups. Thus, this evidence
suggests that the pro-angiogenic activity of AS-IV may be
mediated by KDR.

AS-1V stimulates HUVEC proliferation via Akt activation.
The phosphorylation status of Akt,a central signaling molecule
in regulating angiogenesis, in AS-IV-treated HUVECs was
determined by Western blotting. As shown in Fig. 3C, AS-IV
stimulated the phosphorylation of Akt in a time-dependent

manner, which reached a plateau at 30 min and declined
rapidly thereafter. The result also demonstrates that the total
protein levels of Akt remained unaffected throughout the
course of these experiments.

To further confirm whether AS-IV-mediated activation
of Akt is essential to the angiogenic activity of AS-IV in
HUVECs, we determined the effects of SH-6, a synthetic AKT
inhibitor, on AS-IV-induced cell proliferation. SH-6 (1 M)
partially reversed the proliferation of HUVECs induced by
AS-IV (Fig. 3D). Overall, AS-IV promoted proliferation of
HUVEG:s via activation of the Akt signaling pathway, in addi-
tion to stimulation of the KDR signaling pathway.

AS-1V rescues VRI-induced blood vessel loss in zebrafish.
VRI, a pyridinyl-anthranilamide compound that displays
anti-angiogenic properties, has been shown to potently inhibit
the kinase activities of both VEGFRs 1 and 2. The 28 hpf
zebrafish embryos, pre-treated with 300 nM VRI for 3 h, were
placed into MilliQ-prepared water at 28.5°C for 24 h to allow
development of blood vessel loss in regions of intersegmental
vessels (ISVs) and dorsal longitudinal anastomotic vessels
(DLAVs), as well as the formation of impaired subintestinal
vessels (SIVs) (Fig. 4A). Following incubation the VRI-treated
embryos with 30 uM AS-1V instead of MilliQ-prepared water,
the VRI-induced blood vessel loss at ISV and DLAV regions
was significantly rescued, and the impaired SIV branching was
partially restored (Fig. 4D). However, contrary to our previous
reports that pro-angiogenic chemicals stimulate vessel spike
formation in SIVs of healthy zebrafish (16,17), AS-IV did not
produce the pro-angiogenic effect under the same conditions
(Fig. 4E).
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Figure 4. The pro-angiogenic effects of AS-IV on damaged blood vessels in Tg(fli-I:EGFP) zebrafish embryos. Zebrafish embryos (28 hpf) were treated
with 300 nM VRI for 3 h and then washed out. Pre-damaged blood vessel embryos were incubated with 0.1% (v/v) DMSO embryo medium, 10 uM AS-1V
or 30 uM AS-IV for 24 h. (A) Vehicle control: embryo (52 hpf); ISVs, SIVs and DLAVs appear as a well developed net structure. (B) VRI treatment only:
treatment of embryo (28 hpf) with VRI for 3 h leads to reduced blood vessel formation in ISVs, SIVs and DLAVs. (C and D) Incubated VRI-treated embryo
with 10 or 30 uM AS-IV. Rescue of damaged blood vessels in ISVs and DLAVs by AS-IV is dose-dependent. (E) Healthy embryo (without VRI treatment)
treated with 30 uM AS-IV. Normal ISV, SIV and DLAV development was similar to that observed in the vehicle control. (a-e) Enlarged (x4.5) ISV region of
A-E, respectively. White arrows, SIVs; red arrows, DLAVs; yellow arrows, ISVs. DMSO, dimethyl sulfoxide; AS-1V, astragaloside IV; VRI, VEGFR tyrosine
kinase inhibitor II; hpf, h post fertilization; ISVs, intersegmental vessels; SIVs, subintestinal vessels; DLAVs, dorsal longitudinal anastomotic vessels.

Discussion

Radix Astragali is a potential angiogenic modulator that
contains a considerable number of effective constituents (18).
The angiogenic activity of the ethanol extract of Radix
Astragali was further proved in multiple HUVEC angiogenesis
assays in our previous study (9), and one active constituent,
calycosin, was recently shown to be pro-angiogenic and
to promote endothelial cell proliferation in both HUVECs
and zebrafish larvae (19). In the present study, we identified
another angiogenic compound, AS-IV, which acts differently
in zebrafish in the angiogenesis assay in vivo compared with
the effect of calycosin, since AS-IV promotes angiogenesis
only in zebrafish that experienced vessel damage, rather than
in healthy animals. Our results revealed that treatment with
AS-IV promoted several features of angiogenesis in HUVECs
in vitro and rescued VRI-induced blood vessel loss in trans-
genic zebrafish in vivo, and that this pro-angiogenic effect may
involve activation of the KDR and Akt signaling pathways.

As demonstrated in Figs. 1 and 2, AS-I'V-enhanced prolif-
eration, migration, invasion and tube formation of HUVECs
in vitro was dose-dependent. The results of real-time quan-
titative PCR illustrated that there were significant increases
in mRNA expression of VEGF and its receptor (KDR)
following treatment with AS-IV. In addition to the fact that
AS-1V increased the expression of VEGF and KDR mRNAs,
we found that the AS-IV-induced HUVEC proliferation was

probably abrogated by SU5416, a selective inhibitor of KDR.
All these pieces of evidence suggest involvement of the VEGF
and KDR signaling pathways in AS-I'V-induced angiogenesis.

Moreover, Fig. 3C and D demonstrates that Akt plays a
significant role in AS-I'V-induced angiogenesis. As well as
the activation of KDR, VEGF has been reported to stimulate
angiogenesis in endothelial cells via activation of Akt (20,21).
In the present study, the increased phosphorylation of Akt
was triggered by AS-IV and the reversal of AS-IV-induced
HUVEC proliferation by Akt inhibitors suggests that AS-IV
activates angiogenesis via an Akt-related signaling pathway.
Together, these results suggest that AS-IV is likely to induce
angiogenesis involving activation of the VEGF-KDR and Akt
signaling pathways.

Angiogenesis deficiency may result in numerous human
vascular diseases (e.g., ischemic cardiac and cerebral prob-
lems). In the present study, VRI-induced blood vessel loss
in zebrafish in vivo was capable of mimicking angiogenesis
deficiency-associated human disease conditions. Our in vitro
data clearly showed that AS-IV exhibited pro-angiogenic
activity by stimulating HUVEC proliferation, migration and
differentiation, whereas our in vivo data further suggest that
AS-IV exerted a pro-angiogenic effect only in the damaged
blood vessel disease model rather than in healthy zebrafish.
This implies that AS-IV might be effective for the restoration
of angiogenesis deficiency only under pathophysiological
conditions, instead of in healthy subjects. In conclusion, these
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data suggest that AS-IV exerts its pro-angiogenic effects by
rescuing damaged blood vessels. More investigations are
required to elucidate the exact mechanism involved.
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