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isseminated intravascular coagulation (DIC) is

A novel fibrinolylic enzyme, Fll,, was isolated from Agkistrodon acufus venom,
which can degrade fibrin/fibrinogen and dissolve thrombus without activating plas-
minogen or influencing the activities of tissue plasminogen activator (i-PA) and
plasminogen activator inhibitor fype-1 (PAI-1). In this study, we evaluated the effect
of Fll, on lipopolysaccharide (LPS)-induced experimental disseminated Intravascu-
lar coagulation (DIC) in rabbils, through the continuous Infusion of 100-p.g/kg/h LPS
for a period of § h. Seven groups were established: LPS contral, Fll, (0.1, 0.3, and 0.6
ma/kg/h, respectively), heparin contral (100 IU/kg/h), heparin + Fll, (heparin 100
IU/kg/h associated with Fll, 0.3 mg/kg/h), and a saline control group. A continuous
injection of LPS induced a gradual impaiment in hemostalic parameters, kidney fibrin
deposition, and o high morality rate. The intfravenous administration of Fll, improved
the concentration of fibrinogen, the activities of protein C, plasminogen, t-PA, anti-
thrombin Il ¢ATIN, cnd PAI-1. Kidney fibrin deposition and the mortality also decreased,
In the in vifro experiments, Fll, can degrade fibrinffibrinogen and high-dose Fll, en-
hanced the acfivity of profein C. These findings suggest that the effects of Fll, on
LPS-induced DIC were from fibrinogen degradation and enhanced protein C activity.
The simultaneous administration of Fll, and heparin further improved all the hemostatic
parameters, including decreased kidney fibrin deposition, and none of the rabbits died
within 24 h, which indicates that the effects ware mediated by degradation of fibrin/
fibrinogen together with thrombin inhibition. We conclude that Fil, may be useful in the
treatment of DIC. (Translational Research 2007;150:295-302)

Abbreviations: ATl = ontithrombln Il DIC = disseminated infrovascular coogulstion: LIPS =
lipopolysaccharde; PAI- = plasminogen octivator inhibifar fype-1; t-PA = lissue plasminogen
activator

fibrinolysis,'* which frequently results in organ failure

sccondary 1o an underlying disorder, which
can be defined as an acquired syndrome char-
acterized by the activation of intravascular coagulation
and subsequent intravascular fibrin formation. This pro-
cess may be accompanied by secondary fibrinolysis,
which often leads to a bleeding tendency, or deficient
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causcd by the disturbance of microcirculation by nu-
merous microthrombi formed in many organs.™ This
process is often a sertous complication and a cause for
the poor prognosis in DIC, Although the bleeding ten-
dency can be treated with replacement therapy, such as
platelet concentrates and plasma, the intravascular fi-
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Fig 1. Fibrinolytic activity of F1l,. A, The lysed arca of different concentrations. 1-5: F1I, after purified 0.6, 0.4

0.2, (.1, 005 mg/ml., respectively; 6; Urokinase 5000 [U/nL: T- NS, B, The Iysed area was obtained by using
the human fibrin plate method. The activities wene expressed as the diameter product (mm?) {mean = standard

deviation, n = 3,

brin formation and organ failure are often irreversible.
Anticoagulant therapy such as heparin is thought 1o
enhance the effects of thrombolysis by preventing for-
mation of new fibrin. However, anticoagulants cannot
always prevent the progressive organ failure as en-
hanced fibrinolysis is a defense mechanism to prevent
the disturbance of microcirculation in organs by dis-
solving microthrombi. Thus, it may be reasonable to
assume that fibrinolytic therapy is effective for DIC>®
Current thrombulytic agents such as tissue plasminogen
activator (t-PA) and urokinase act as plasminogen ac-
tivators that are effective at dissolving intravascular
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Fig 2. Fibrinogenolytic activity of FII,. Fibrinogen was determined
in humon plasma after incubation with FII, at 2, 4, and 6 h. The
resulis wene expressed as 9 (n = 3).
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Table I. Hemostatic parameters 2and &6 0 aftar LPS infusion
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into rabbits In different frecrtrnent groups

Time Fibrinogen Protein C AT Plosminogen -PA PAl-1
Group (n} () (%) (%) () (3} (%)
Saling control o {0265 x8.36" 1011 B.307 go.as + 488" 104122 ig.12t 10253+ 23347 108.04 = aos!
§ 0508010877 10157 = 061t 10328 x8760 13608 anoet 10132 £ 8037 10476 9.4a!
LFS control 2  Bl.13£17.84 G1.83 = 2414  EBBST + 1457 BO.5E 3200 7762 L1806 161.48 = 23.10
6 4BOS+ 2147 5222 £2060 5751 = 1873 3793 = 1842 5108« 2697 172.20x 28.75
Heparin centrol 2 g4+ 1677 TEES = 2047 8475+ 1037  70.53 + 2043 B0.03 + 17.687 16057 = 2047
6 7045 =1833F 7573+ 1580° BAAG = 1237 6084 =1834° 7045+ 2480 140.21 £ 226877
Fil, {01 makghy 2 04,18 + 1632 9207 = 26.44° 0B.65 +7.73" 102.84 % a4.24t 10320 = 31.83° 119,35 + 18.48
& 73BT 1358" 0006x sq0a! 036+ 12211 0284 =% 346" 11431 = ao7at 9455 = 30.36"
Fl, (0.3 makath) 2 g4.71 = 13.20 10906 = 94300 0913+ 562" 12514 % ag.A7! 82333574 03.32 + 34.62¢
& 8004+ 15997 11232 = 24731 0OB.04 + 1084 12817 £ ag3.35!  BT.23+3202° 9455 % 30.36"
Fll, 0.6 mg/kag) 2 aa.41 = 31.04 10006 £ 31.48° 100,30 = 10.22* 127685 = 085" 108.40 £ 19.767 12534 % 15.081
6 BB24 1341 12604 = 2040 103.80 £ 4147 17750 % azpat 1006 g3 74t 107,74 = 10,73
Fll, + heparin 2 BOFT 1243 10504 % ooa3al  gya3+4ee 12087 = an7E 8377 £ 2668 9840 25,66
6 7947 = 1445" 11048 = 94,707 10944 £ 8030 12418 a2.43" g9a.20=x o709 9743+ 20.04

MNote: Dafa shown os mean = 50 parcant aof tha bosal vatue, n = 10,

'p = .05 comparned with the LPS control group.
10 = 001 comparad with he LPS confal group.

microthrombi. These agents act on the microthrombi
indircctly by activating plasminogen, circulating plas-
minogen as well as fibrin-bound plasminogen, which is
the primary enzyme responsible for removal of fibrin
deposits. It has also been observed that circulating
concentrations of plasminogen activator inhibitor
lype-1 (PAI-1) increase during DIC. Increased PAl-1
has been associated with a predisposition to thrombo-
sis, which is a specific inhibitor of t-FA released from
endothelial cells. These conditions may “pyerflow™
the systemic circulation that leads to systemic fibri-
nolysis and degradation of other clotting pvn:nlc.ins,T
increases the bleeding tendency, or results in local
activation of coagulation caused by the insufficient
administration of thrombolytic agents.

FII, is a novel fibrinolytic enzyme purified from Anhui
Aghistrodon acutus venom, which is a member of snake
venom metalloproteinase. Based on its crystal structure,
binding to the 7n" was found to be essential for hydro-
Iytic activity.®” I vitro FII, can directly degrade ar-chains
and B-chains of fibrin/fibrinogen, whereas in vive studies
show it dissolves thrombus without activating plasminagen
or influencing the activities of t-PA and PAI-1." This shows
that FI1, has a different mechanism of action from 1-PA and
urokinase. Additionally, in the examination of tissue sections
from kidney, liver, heart, and lung,'! the thrombolytic activ-
ities of FII, lacked hemorrhaging. These results suggest that
FII, may be a safe and aliractive agent for treating DIC.

In this study, we determined the effect of FII, on a
lipopolysaccharide (LPS)-induced model of DIC and
investigated the mechanism of its action in an attempt
to gain a better understanding of its clinical potential of
i,

MATERIALS

Snake venoms. Agkistrodon arufus venom Iyophilized
was collected from Qimen Snake Farm { Anhui, China) and
stored in desicealors.

Reagents LPS, heparin, and human fibrinogen (955 clottable)
were purchased from Sigma (51 Louis, Mo}, The fibrinogen
concentration determination reagent pack (Clauss method) and
the reagent packs for the activity assays of antithrombin 111
{ ATIL), protein C, plasminogen, PAL-1, and -PA were oblained
from Sun Biotechnology Company {Shanghai, China); all other
reagents were analytical grade from commercial sources.

Animals, Adult male New Zealand white rabbits {(weight
2-3 kg, Grade 11, Certificate 2001 AD33) were supplicd by the
Experimental Animal Center of Zhongshan Medical College,
Sun Yat-san Universily.

METHODS

purlficalion of the enzyme. FIl, the fibrinolytic enzyme
jsolated from Agkistrodon acufus VENRM, Wik prepared ac-
cording to the method previously described.”

Fibrinogenalylic and fibrinolylic aclivities. Fibrinogeno-
lytic activity was measured by fibrinogen content in human
plasma at various time intervals, namely 2, 4, and 6 h; when
incubated with a different amount of FIl, (FII, 10 pl al
several different concentrations, 0.1, 0.2, 0.4, (1.6 mg/mL), the
determination of fibrinogen content used the method of Ram-
pling and CGaffeny. '

Fibrinolytic activity used a fibrin plate technigue as de-
seribed by the method of Astup and Millertz,”? FIL, 10 pL
al several different concentrations, 0,05, 0.1, 0.2, 0.4, and 0.6
mg/mL, were applied. Urokinase given 5000 [U/mL was used
as positive control; each concentration was tested 3 times. NS
was used as negative control.

Experimental models. All procedures were conducted ac-
cording to the cthical puidelines of the Animal Care and Use
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Fig 3. Effect of FII, on LPS-induced renal microvascular
thrombosis. A, Mo fibrin deposition was detected in the saline-
control groop. B, Intense fibrin deposition was detected in the
LPS-control group. C, A high level of fibrin deposition was
detected in the low-dose FII, group less thon in the LPS-
codntrel group, D, Little fibrin deposition was detected in the
medium-dose FIl, group, E, Mo fibrin deposition was detected
in the high-dose FII, group. F, Little Ghrin deposition was
detected in the heparin control group. G, Mo fibrin deposition
wis detected in the FII, 4+ heparin group,
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Committee at SUN Ya-Sen U niversity, INC experimental mod-
¢ls were performed by the method of Jose Hermida," which
were induced by infusing LPS in 60 mL of saline solution at a
rale of 100 pafketh (10 mlJh) through the marginal ear vein of
rabbits over a period of 6 h. Animals were anesthetized by an
intrmuscular injection of 30-mpfkeg ketamine hydrochloride,
followed by intramuscular supplements of ketamine hydrochlo-
ride given throughout the experiment.

Treatments  staried simultaneously  with LPS  infusion
through the contralateral marginal ear vein, Seven different
groups were established, containing 10 animals each: Trear-
ment groups (low-, medium-, and high-dose FIL,) were given
0.1, 0.3, and 0.6 mg/kg'h in 60 mL of saline solution over a
period of 6 h (10 mLh). The LPS cantrol group was inlused
with saline solution (at a rate of 10 mL/h) over a period of 6 h,
The heparin control group was infused with heparin at a rate
of 100 1U/ke/h (10 mL/h) over a period of 6 h, Heparin -+ FII
group was infused with 100-IU/kg/h heparin + 0.3-mgkph
FI1,, (at a rate of 10 mL/h) over a period of 6 h. The additional
rabbits, which were given neither LPS nar FIL,, were infused
with saline solution through both marginal ear veins.

Surviving rabbits were sacrificed at 24 h after the start of cach
experiment with an inlravenous injection of 60-mgfk pentobar-
bital sodium. The right kidneys were extracted from animals
(survivors and nonsurvivors) for subsequent histologic study.

Sample collection and handling. Blood samples were
taken through a catheter inserted into a femoral artery imme-
diately before LPS infusion and at 2 and 6 h postinfusion,
Blood samples were collected in 3,85 sodium cilrate (110
volfvol citrate/blood). The hlood was centrifuged at 2000x g
for 15 min at 4°C. Blood for the measurement of -PA was
collected in Stabilyte tubes (Biopool, Umes, Sweden) in order
to avoid the interference with its inhibitars, All samples were
stored at =70°C until assayed.

Laboratery methods. Fibrinogen concentration was mea-
sured according to the method of Clauss. ATIIL, protein C,
plasminogen, PAT-1, and -PA activity were measured according
tor the reagent pack instruction based on chromogenic substrates,

Tissue preparalion for histologie examination. Kidney
lissue specimens were fixed in formalin, embedded in paraffin,
stained with phosphotungsiic acid-hematoxylin stain, and exam-
ined for the presence of fibrin microthrombi by a pathologist,

Data analysis. Data at 2 and 6 hours were converted 1o
percentages, with a value of 100% assumed for basal data and
Wwas expressed as mean * standard error of the mean. Student
Fiest was used to seek differences between the LES contral
and saline solution control groups. Ome-way analysis of vari-
ance, followed by the Tukey B test Tor multiple comparisens,
was used 1o compare the LPS and FII, heparin and heparin-+
FlIl, groups. Differences in maortality at 6 and 24 I were
assessed with the Fisher exact test, Differences with P values
of less than 0.05 were considered to be statistically signifi-
canL.

RESULTS

Fibrinogenclytic and fibrinalytic activities. Fibrinol ylic
activity of FII, was determined on fibrin plate formed
by human plasma. Increasing concentration of FII,
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demonstrated a dose-dependent lysis (Fig 1). Fibrin-
ogenolytic activity of FII, of different concentrations
was also determined (Fig 2). The amounts of fibrin-
ogen remaining in plasma were determined at 2, 4,
and 6 h.

LPS-induced DIC. Two-hour post-intravenous injec-
tion of LPS (100 pgfkgm) into rabbits caused a signif-
icant decrease in the concentration of fibrinogen and the
activities of protein C, ATIII, plasminogen, and t-PA
(F =< 0.05, compared with the saline solution group).
However, PAI-1 activity increased under similar ex per-
imental conditions (P < 0.05), At 6 hours postinjection,
fibrinogen concentration and the activities of protein
C, plasminogen, t-PA, and ATII decreased (P << 0.05),
whereas PAI-1 activity increased (P < 0.05, Table I
which is consistent with the data obtained at 2 h.
Intense fibrin deposition was detected in most LPS-
treated rabbits (Fig 3). Five of the 10 rabbits in the LPS
control group died within the first 6 b, and 9 died within
24 h.

Evaluations of drugs. Effects of Fil, on DIC. We found
that infusion of a low, medium, and high dose of FII,
ameliorated the activities of protein C, ATIII, plasmin-
ogen, and PAI-1 at 2 h when compared with LPS
control group (P < 0.05). Six-hour measurements made
at all doses of infused FII, showed a significant increase
in the activities of protein C, plasminogen, 1-PA, and
ATII (P < 0.05), whercas PAI-1 activity decreased
(£ < 0.05). Low and medium doses of FII, also ame-
liorated fibrinogen concentration. The activities of pro-
tein C and plasminogen were increased at the high-dose
FlI, group (£ < (.05, Table I, compared with the
saline control group.

A high level of fibrin deposition was detected in most
of the low-dose FII, group, whereas a lower layer of
fibrin deposition was detected in most of the medium-
dose FII, group. No fibrin deposition was detected in
most of the high-dose FII, group (Fig 3). Two of the 10
rabbits in the low-dose FII, group died within the first
6 h, and 8 died within 24 h. However, none of the 10
rabbits in the medium- and high-dose groups died
within the first 6 h, whereas 5 died within 24 h. The
mortality rates in the medium- and high-dose groups
were signilicantly lower than in the LPS control group
(P = 0.05),

Effect of heparin on DIC. No changes were detecied in
hemaostatic parameters measured 2 h post-heparin infu-
sion, when compared with the LPS control group. Mea-
surements made al 6 h postinfusion showed a signifi-
cant increase in fibrinogen concentration and higher
activities of protein C and plasminogen (P < (1L03),
whereas PAL-1 activity decreased (P = (.05, Table L.
Little fibrin deposition was detected in most of the
treated heparin group (Fig 3). Two of the 10 rabbits in
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the heparin treated group died within the first 6 h, and
7 died within 24 h,

Effect of Fil, + heparin en DIC. A signilicant increase
in the activities of protein C, plasminogen (P < 0.05)
was observed at 2 h postinfusion with both FII, and
heparin, when compared with the LPS control group, A
decrease in PAI-1 activity was found at 2 h (P << 0.05).
Similar changes were also observed at the 6-h time
point (£ < 0.05, Table I). Mo fibrin deposition was
detected in most of the FII, + heparin group (Fig 3),
and no mortality was observed in the FII, + heparin
group 24 h postinjection.

DISCUSSION

LPS, a constituent of the outer membrane of the
gram-negative bacteria, is a major pathogenic factor
contributing to the initiation of DIC in humans and
animals, Induction of DIC leads to the generation of
cytokines by monocytes and endothelial cells, which
activate coagulation and fibrinolytic pathways." In this
study, the administration of LPS resulted in typical
changes of DIC characterized by a significant decrease
in the activities of plasminogen, ATII, protein C, -PA,
and fibrinogen concentration. A dramatic increase in
PAI-1 activity, intense kidney fibrin deposition, and a
high mortality observed in this study are consistent with
the results described previously by Jose Hermida
eval.-18

Using this rabbit model of DIC, we found that all 3
doses of FII, administered could not only improve the
activities of plasminogen, ATII, protein C, t-PA,
PAl-1, and the concentration of fibrinogen (P < 0.03),
but also could decrease the mortality of animals treated
with medium- and high-dose Fll, (P < 0.05). This
dramatic benefit was further verified by a significant
reduction in fibrin deposition observed in the histologic
kidney section.

The initial decrease in protein C and/or ATIT may
have particular prognostic significance in the clinical
management of DIC, with almost absolute lethality ob-
served amang DIC."™%2 In this study the improvements in
protein C and AT activity by FII, were remarkable
among the changes observed in coagulation-related pa-
rameters, Furthermore with increasing dosage of FIL,
the activity of protein C increased over baseline, The
chiefl cause of protein C and AT deficiency in LPS-
induced DIC is not a decrease in production but en-
hanced generation of thrombin.™ Our previous study
showed that FII, influenced blood coagulation by in-
hibiting platelet aggregation induced by adenosine
phosphate and degradation of prothrombin and factor
X Protein C provides important control of blood
coagulation by regulating the activities of factor VIII
and factor V, which are cofactors in the activation of
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factor X and prothrombin, respectively. In addition 1o
anticoagulant activity, FII, is also related to the degra-
dation of gelatin and collagen,™ whereas activated pro-
tein C can activate gelatinase A, This evidence sug-
gests that such a dose might have succeeded in
enhancing the activity of protein C. Additional work is
needed to assess the effect of FII, on the coagulation
changes occurring,

A severe reduction in anticoagulant capacity and
inhibition of fibrinclysis are opposed to a massive ac-
tivation of coagulation, which leads to overwhelming
fibrin formation. Abundant intravascular fibrin forma-
tion results in microvascular thrombosis causing wide-
spread organ ischemic, The kidneys are thought to be
especially prone to fibrin formation in DIC. In the
LPS-induced DIC model, FII, did influence fibrinolysis
concomitant with the changes in the activities of PAI-1,
-PA, and plasminogen. In addition, such treatments
with FII, reduced kidney microvasscular thrombosis
induced by LPS. When compared with the respective
baseline values, 1-PA and PAI-1 activity remained un-
changed, which suggests that FII, has no direct effect
on 1-PA and PAI-1 activity.” Protein C has a secondary
antithrombotic action by forming complexes with
PAI-1 to prevent its inhibition of fibrinolysis,™ and the
activity of protein C was found to be enhanced by FIL,.
Therefore, the improvement in the activities of -PA
and PAI-1 by FII, could be partly explained by the
enhanced activity of protein C. It was interesting that
the activity values of plasminogen showed a significant
change with the respective baseline values in the high-
dose FIL, group. In a previous study FIIL, had no direct
effect on plasminogen in vitro.” It seems likely that FII,
might stimulate the production of plasminogen in vive,
Additional work is needed o assess this issue,

FII, can improve the fibrinogen concentration caused
by LPS-induced DIC and reduce Kidney deposition.
Although FIL can degrade fibrinogen/fibrin in vitro,”
previous in vitro experiments have demonstrated that
FII, degraded more fibrinogen than urokinase but in
vive experiments had disparate results where less fi-
brinogen was degraded compared with urokinase.””
Collectively, these data propose a model that the im-
provement of fbrinogen and the reduction of fibrin
deposition are caused by the degradation of fibrinogen/
fibrin and the dissolution of the microvascular throm-
bosis by FII.

In this investigation, FII, reduced the mortality
caused by LPS-induced DIC, DIC can have widespread
activation on blood coagulation, which results in the
intravascular formation of fibrin. This process may lead
to thrombotic ocelusion of small and mid-sized vessels
that contribute to multiple organ failure, These vessels
have been considered the important causes of DIC
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death. Furthermore, protein C also plays a role in patho-
genesis of microthrombosis, In the light of our data,
FIl, not only degrades fibrinogen and dissolves the
microvascular thrombosis in vive, but it may also cn-
hance the activity of protein C. These findings suggest
that FIT, can have a benefit in improving LPS-induced
DIC by degrading fibrinogen and enhancing the activity
of protein C.

We also analyzed the effects of FII, and heparin on
DIC, Heparin, the traditional anticoagulant used for
modulation of the DIC process, had variable effects on
both prophylaxis and treatment, When rabbits were
treated with heparin alone, hemostatic parameters were
improved. However, mortality was not significantly
reduced, which suggests that lethality cannot be ex-
plained merely by hemostatic imbalance,

The simultancous administration of medium-dose
FII, and heparin induced further improvement of the
hemostatic parameters elicited by cach drug alone. The
most magnetic result was that none of the rabbits with
simultaneous administration of FII, and heparin died
when compared with the animals given heparin alone
(7710 died) or FII, alone (5/10 died in the medium- and
high-dose FII, groups). From these experiments, Fll,
and heparin given simultaneously has a more effective
result than medium-dose FIT, or heparin alone for DIC.
Effective degradation of fibrinogen/fibrin together with
the thrombin inhibition would be sufficient to explain
these resulis.

In conclusion, FII, can reduce LPS-induced DIC
mortality not only by its effects on anticoagulant activ-
ity but also by its fibrinolytic activity. The simultaneous
administration of FII, and heparin can be a more effi-
cient treatment toward LPS-induced DIC,
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