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Unfractionated heparin (UFH) is an anionic glycosaminoglycan that is

widely used to prevent blood clotting. However, in certain cases, unwanted

side effects can require it to be neutralized. Protamine sulfate (PS), a basic

peptide rich in arginine, is the only approved antagonist for UFH neutral-

ization. Many adverse reactions occur with the clinical application of PS,

including systemic hypotension, pulmonary hypertension, and anaphylaxis.

We previously described R15, a linear peptide composed of 15 arginine

molecules, as a potential UFH antagonist. In this study, the in-depth safety

of R15 was explored to reveal its merits and associated risks in comparison

with PS. In vitro safety studies investigated the interactions of R15 with

erythrocytes, fibrin, complement, and rat plasma. In vivo safety studies

explored potential toxicity and immunogenicity of R15 and the UFH–R15

complex. Results showed that both PS and R15 can induce erythrocyte

aggregation, thicken fibrin fibers, activate complement, and cause anticoag-

ulation in a concentration-dependent manner. However, those influences

weakened in whole blood or in live animals and were avoided when R15

was in a complex with UFH. We found dramatically enhanced complement

activation when there was excess UFH in analyses involving UFH–PS
complexes, and a slight increase in those involving UFH–R15 complexes.

Within 2 h, R15 was degraded in rat plasma in vitro, whereas PS was not.

Enhanced creatinine was found after a single intravenous injection of PS

or R15 (900 U�kg−1, body weight), suggesting possible abnormal renal

function. The UFH–PS complex, but not the UFH–R15 complex, exhibited

obvious immunogenicity. In conclusion, R15 is nonimmunogenic and

potentially safe at a therapeutic dose to reverse the effects of UFH.

Protamine sulfate (PS), a series of cationic arginine-rich

peptides, was discovered in 1868 and approved by the

Federal Drug Administration (FDA) for unfractionated

heparin (UFH) reversal at the end of extracorporeal cir-

culation in cardiopulmonary surgeries since 1939 [1].

Although PS is widely in clinics used as an UFH
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antagonist, it has several side effects, including sys-

temic hypotension, anaphylactoid reactions, and catas-

trophic pulmonary hypertension, and some of these

can be life-threatening [2,3]. Recently, case reports

have described some adverse reactions after PS appli-

cation, including profound hypotension, cardiac arrest,

ventricular fibrillation, bronchospasm with elevated

peak airway pressure, decreased oxygen saturation,

and catastrophic pulmonary hypertension [4–7]. PS

preparation occurs mainly through extraction from sal-

mon milt, which can result in unstable batches and dif-

ficulty in establishing well-defined quality standards.

Furthermore, the supply of protamine depends on

marine fish resources, which can be at a shortage risk.

Therefore, novel UFH antagonists with an exact

known dose–response relationship and minimum side

effects are needed not only to meet the needs of the

heparin market but also for patients’ safety. The

underlying mechanisms of the adverse reactions caused

by PS remain unknown by virtue of its complex effects

on the blood system, tissues, and organs. The unclear

etiology of these side effects can lead to difficulties in

the design and screening of novel UFH antagonists.

Therefore, researchers often start their studies with the

properties of PS that may induce clinical adverse reac-

tions. The properties of PS that may induce adverse

reactions are as follows: (a) highly cationic charges

that may interact with cells or proteins in the blood

system [8,9]; (b) antigenicity derived from heteroge-

neous species, which may lead to anaphylaxis [10,11];

and (c) influences of UFH–PS complex, a polyelec-

trolyte with a tendency to coacervate and precipitate,

on the blood system [12–14]. Currently, the most

advanced clinical heparin antagonist is andexanet alfa

(not approved for UFH reversal) [15] or preclinically

cationically modified dextrans [16], and universal hep-

arin reversal agents (UHRAs) [17]. Other candidates,

including recombinant inactive antithrombin, poly-l-

lysine, and low-molecular-weight protamine, exhibit

the ability to reverse UFH in animals [18–20]. Previ-
ously, we reported the potential UFH antagonist R15

(a linear peptide composed of 15 arginine) that has

similar efficacy and avoids immunogenicity in compar-

ison with PS [21]. In this article, the factors mentioned

above, as well as the efficacy–toxicity relationship,

were considered to design the experiments. We aimed

to compare the advantages and disadvantages of PS

and R15 and to provide the basis for further develop-

ment of arginine-based heparin-neutralizing drugs. The

unit of U was mainly used as the concentration and

dose unit of PS and R15 in our experiments to facili-

tate the comparison between PS and R15 at the same

efficacy. The therapeutic concentration and dose of

UFH is 4 U�mL−1 and 300 U�kg−1, respectively (for

details, please see Materials and methods).

In the present study, in vitro and in vivo safety studies

of R15 and UFH–R15 complex were investigated in

comparison with PS. The major findings were as fol-

lows: (a) Both PS and R15 induced erythrocyte aggrega-

tion, accelerated fibrin polymerization, thickened fibrin

fibers, activated complement, and disturbed coagulation

function of rat plasma in a concentration-dependent

manner. Those changes were weakened in whole blood

and live animals and were avoided by UFH–PS complex

and UFH–R15 complex; (b) R15 was degradable in

plasma of rats within 2 h, whereas PS was not; (c) dra-

matically enhanced complement activation was found in

UFH–PS complex with excess UFH; (d) 3 times the

therapeutic dose of PS and R15 disturbed the function

of rat’s kidney. UFH neutralization by PS and R15 at

therapeutic dose affected some hematological parame-

ters (RBC, PLT, and HCT) statistically, and those

short-term abnormalities recovered in a week; and (e)

UFH–PS complex possessed immunogenicity that was

completely avoided by UFH–R15 complex.

Results

Potency determination and verification

Three methods were applied to determine the potency of

PS and R15 on UFH reversal, and the methods were

compared. Anti-FXa and APTT assays were widely

used in efficacy evaluations of PS and PS-like chemicals

[22–26]. In comparison, determination of turbidimetric

change was the most sensitive method compared with

the other two methods. As shown in Fig. 1A,B, the

potency of PS determined using APTT assays was

170 U�mg−1, whereas that using anti-FXa and turbidity

assays was 150 U�mg−1. Anti-FXa and turbidity assays

determined the same potency of PS (150 U�mg−1) at

which the turbidimetric curves reached a plateau with a

steeper slope than that of anti-FXa assays (Fig. 1B).

These two methods were used to determine the potency

of R15 and found it to be 170 U�mg−1 (Fig. 1C). Next,

we confirmed the potency via efficacy evaluation in rats

in vivo. The results from the APTT assays showed that

the UFH injected into the rats was fully neutralized by

PS and R15 at their determined potency (Fig. 1D).

Interaction with erythrocytes

We investigated the influences of positively charged PS

and R15 on negatively charged erythrocytes. Hemoly-

sis, aggregation, and osmotic resistance of erythrocytes

were evaluated.
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The negative charges on the membranes of erythro-

cytes were neutralized by positively charged PS,

decreasing the electrostatic repulsion force and causing

the erythrocytes to aggregate [27]. Under optical obser-

vation with a microscope, PBS-treated erythrocytes

were randomly scattered throughout the field of view

(Fig. 2, Fig. S1). The first evidence of aggregation

occurred in PS- and R15-treated erythrocytes at the

concentration of 500 μg�mL−1 (Fig. 2A). When the

concentration increased to 1000 and 5000 μg�mL−1,

bulk aggregates of erythrocytes were observed in both

PS- and R15-treated erythrocytes. To further investi-

gate the degree of erythrocyte aggregation induced by

PS and R15 below 500 μg�mL−1, the apparent viscosity

of whole blood incubated with the test substances (PS,

R15, and UFH–PS and UFH–R15 complexes) at a

high and low shear rate was measured using a

rheometer, and the aggregation index of erythrocytes

was calculated using Eqn (2). No erythrocyte aggrega-

tion was found in any tested concentrations from 4 to

40 U�mL−1 (40 U�mL−1 is 10 times the mean concen-

tration (4 U�mL−1) of UFH expected in patients

undergoing CPB surgery [28]) (Fig. 2B). In erythrocyte

hemolysis assays, up to 5000 μg�mL−1, the degree of

hemolysis induced by PS, R15, and UFH–PS and

UFH–R15 complexes was less than 2% (Fig. 2C,D).

To investigate the influences of PS and R15 on mem-

branes of erythrocytes, erythrocyte osmotic resistance

assays were carried out according to the method described

elsewhere [16]. An increasing susceptibility to hypotonic

lysis was found after incubating erythrocytes with PS and

R15 at increasing concentrations, though there was no

statistical significance in PS- and R15-treated groups,

compared with the vehicle group (Fig. 2E).

Fig. 1. Comparisons of three methods to measure the potency of PS and R15. (A) Comparison of PS potency determination between an

active partial thromboplastin time (APTT) clotting assay and anti-FXa assay. A fixed dose of UFH (APTT: 4 U�mL−1, final; anti-FXa: 1 U�mL−1,

final) was neutralized by the addition of PS with increasing concentrations. The y-axis on the left represents changes of O.D. value of anti-

FXa assays, and the y-axis on the right represents clotting times measured with APTT assays. (B, C) Potency determination of PS (B) and

R15 (C) measured by both turbidity assays and anti-FXa assays. Comparisons were made between anti-FXa assays (UFH: 1 U�mL−1, final)

and turbidity assays (4 U�mL−1, final). The x-axis from (A–C) represents the supposed potency of either PS or R15. (D) APTT measurement

of blood samples collected 3 min after UFH neutralization by PS and R15, respectively. The determined potency of PS and R15 was verified

in Wistar rats in vivo aided by APTT assays (4 groups, n = 6 rats per group). Data are presented as mean � SD. A one-way ANOVA

followed by Dunnett’s multiple comparisons test was used for the statistical analysis. n.s. represents P > 0.05. Tests of (A, B, and C) were

performed in triplicate.
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Interaction with fibrin

We investigated the interaction of PS and R15 with

pure fibrinogen using a modified turbidimetric fibrin

polymerization assay [24]. Before the initiation of poly-

merization, fibrinogen containing PS and R15 was

measured at 405 nm with a microplate reader. The

mixing of PS and R15 with fibrinogen increased the

O.D. at 405 nm, which may be ascribed to negatively

charged fibrinogen binding to positively charged PS

and R15, as shown in Fig. 3C.

When the polymerization was initiated, a turbidi-

metric curve with slope was produced by recording

Fig. 2. Interaction between PS and R15 on erythrocytes of Wistar rats. (A) Optical microphotographs of erythrocytes incubated with

different concentrations of PS and R15 for 1 h at 37 °C, respectively. 50, 100, 500, 1000, and 5000 μg�mL−1 of PS and R15 were tested,

and only 100, 500, and 1000 μg�mL−1 are depicted. BLK represents PBS-treated erythrocytes taken as the control. There was no sign of

aggregation in PS- and R15-treated erythrocytes at concentrations of 50 and 100 μg�mL−1. The tendency of erythrocyte aggregation induced

by PS and R15 was observed at a concentration of 500 μg�mL−1. Bulk aggregates of erythrocytes were seen at concentrations of 1000 and

5000 μg�mL−1. All images are at 400× magnification. The scale bar is 10 μm. The whole blood drawn from 3 rats through heart was mixed

before the test. (B) The degree of erythrocyte aggregation measured with a viscosity conversion method. Erythrocytes were incubated with

PS and R15 at 37 °C for 1 h, followed by the measurement of high and low shear rates. The aggregation index (AI) was calculated from the

ratio of the low shear rate (1 s−1) to the high shear rate (200 s−1). The data are expressed as the mean � SD, analyzed with a one-way

ANOVA and Dunnett’s multiple comparisons test. The whole blood collected from 6 rats through heart was mixed before the test. (C, D)

The degree of hemolysis of erythrocytes incubated with PS, R15 (C), UFH–PS complex, and UFH–R15 complex (D) with varying

concentrations for 1 h at 37 °C. PBS and 1% Triton were used as negative (0% of lysis) and positive controls (100% of lysis), respectively.

The whole blood collected from 3 rats through heart was mixed before the test. (E) The mean osmotic resistance (MOR50) exposed to PS

and R15. Increasing concentrations of NaCl in whole blood were incubated in the presence or absence (control) of different concentrations

of PS and R15 at room temperature. MOR50 is the concentration of NaCl at which 50% of erythrocytes were lysed. Saline-treated samples

were set as a control (0%). Erythrocyte suspensions were centrifuged, and the degree of hemolysis was determined from the absorbance

of supernatant at 540 nm. The whole blood collected from 3 rats through heart was mixed before the test. The results are expressed as the

mean percentage of total hemolysis in comparison with controls � SD. Kruskal–Wallis test, with Dunn’s multiple comparisons test. n.s.

represents P > 0.05.
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the absorbance at 405 nm. The curve became steeper

when higher concentrations of PS and R15 were

added (Fig. 3A). The curves were fitted using nonlin-

ear regression (four parameters), and the time taken

for TMT50 was achieved. The addition of PS and

R15 shortened the TMT50 in a concentration-

dependent manner, indicating a faster fibrin polymer-

ization when increased concentrations of PS and R15

were added (Fig. 3B). At the end of the polymeriza-

tion, elevated turbidities were observed in each group

compared with the buffer controls, indicating that the

changes in the polymerized fibrin fibers were influ-

enced by PS and R15 (Fig. 3D). For fibrin treated

with UFH–PS and UFH–R15 complexes, the slight

increase in turbidity before the thrombin addition or

at the end of the polymerization may be ascribed to

their intrinsic turbidity.

To further investigate the changes in fibrin due to PS

and R15, SEM was used to detect fibrin fibers in pure

fibrin and whole blood clots. Directed visualization of

Fig. 3. Impact of PS and R15 on pure fibrin formation. (A) Pure fibrin polymerization curves influenced by varying concentrations of PS, R15,

UFH–PS complex, and UFH–R15 complex. Fibrinogen incubated with or without (control) PS and R15 for 10 min at 37 °C turned into fibrin

after the addition of thrombin and CaCl2, resulting in enhanced turbidity at 405 nm. Turbidimetric changes in fibrin polymerization curves

were recorded with microplate reader at 405 nm every 30 s for 60 min at 37 °C. (B) Time taken for half maximal turbidity (TMT50)

calculated from fibrin polymerization curves. Turbidity was recorded before fibrin polymerization (C) and at the end of fibrin polymerization

(D). (B) The addition of PS and R15 into fibrinogen increased the turbidity concentration-dependently. (D) Turbidity at the end of fibrin

polymerization. The data are expressed as the mean � SD, analyzed with a one-way ANOVA and Dunnett’s multiple comparisons test.

*P < 0.05, **P < 0.01, and ***P < 0.001 vs. buffer control. Tests were performed in triplicate.
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the fibrin clot structure revealed changes in the mor-

phology and mean fiber diameter of the PS- and R15-

treated groups. Compared with the buffer controls,

thicker fibrin fibers and disarrayed fibrin strands were

observed after incubating fibrinogen with PS and

R15. The fibrin fibers twisted around each other, like

hemp rope forming an irregular fibrin mesh as

opposed to the silk-like fibrin fibers of the control

group. When the concentration of PS and R15

decreased, these changes became less obvious (Fig. 4

A, Fig. S2).

The influence of PS and R15 on fibrin in whole

blood clots was also investigated. Whole blood drawn

from the heart of Wistar rats was added to silicone-

coated tubes containing test substances (PS, R15, and

UFH–PS and UFH–R15 complexes). Whole blood

treated with 40 U�mL−1 of PS did not coagulate over

2 h at 37 °C. The changes seen in pure fibrin (thicker

and hemp rope-liked fibrin fibers) were less obvious

in all tested whole blood clots (Fig. 4B,E, Fig. S3).

To further investigate the changes in fibrin fibers

due to PS and R15, the mean fiber diameter was

measured using IMAGEJ software. As seen in Fig. 4C,

fibrin fibers treated with PS and R15 at concentra-

tions of 16 and 40 U�mL−1, respectively, were statisti-

cally thicker than buffer-treated fibrin. The fibrin

diameters increased from approximately 200 nm to

approximately 400 nm, leading to the elevated final

turbidity observed in the fibrin polymerization assays

(Fig. 3D). However, the mean fiber diameter calcu-

lated from whole blood clots treated with PS, R15,

and UFH–PS and R15 complexes was not statistically

significantly different except for PS at 16 U�mL−1

(Fig. 4D,F).

Complement activation assay

The complement activation ability of PS, R15, and

UFH–PS and UFH–R15 complexes was evaluated by

hemolytic complement assay. The results showed that

UFH, PS, and R15, when used alone, activated com-

plement in a concentration-dependent manner (Fig. 5

A). The CH50 of UFH, PS, and R15 was 1.42, 3.34

and 2.28 U�mL−1, respectively. UFH was the strongest

complement activator of the three test substances, and

PS was the weakest.

Although UFH and R15 led to complement activa-

tion, formation of the UFH–R15 complex at all

tested concentrations prevented complement activation

(Table 1). Slight degree of complement activation

induced by UFH–PS complex was found at final con-

centrations of 0.2 and 0.4 U�mL−1 (Table 2). However,

if there was excess UFH after neutralization, UFH–PS
or UFH–R15 complexes with excess UFH activated

complement in a concentration-dependent manner

(Tables 1 and 2). We calculated the final concentrations

of free UFH (Eqn 4) and total UFH (free plus bounded

UFH) (Eqn 5) in sera and presented them on the X-axis

of two diagrams with complement levels (%) illustrated

on the Y-axis (Fig. 5B,C). CH50 of each curve in the

two figures was also calculated using nonlinear regres-

sion (four parameters). When the concentration of free

UFH was used as the X-axis, the CH50 of the UFH–PS
complex and UFH–R15 complex was 0.018 and

0.14 U�mL−1, respectively. When the concentration of

total UFH was used as the X-axis, the CH50 of UFH–
PS complex and UFH–R15 complex were 0.14 and

1.16 U�mL−1, respectively. If there was excess PS or

R15 after neutralization, the mixture of UFH–PS com-

Fig. 4. Morphology of fibrin strands formed in fibrinogen and whole blood of Wistar rats in the presence of PS, R15, and UFH–PS and UFH–
R15 complexes with varying concentrations. The clot samples, whether pure fibrin fibers or whole blood fibrin fibers, were fixed with 2.5%

glutaraldehyde for SEM observation. Images of all clots were captured from different areas at 5000× and 10 000× magnifications. The fiber

diameters of 30 fibrin fibers from four separate areas of each image (prepared in a blinded fashion) were measured with IMAGEJ. (A)

Characteristics of pure fibrin formed by adding thrombin and CaCl2 into fibrinogen in the presence of PS and R15 with increasing

concentrations. PS and R15 at concentrations of 2, 4, 16, and 40 U�mL−1 were tested, and only 4 and 16 U�mL−1 are depicted. BLK

represents HEPEs buffer-treated fibrin taken as control. Both PS and R15 at a concentration of 16 U�mL−1 or greater thickened the fibrin

fibers and twisted fibrin strands in an irregular manner, which was not found at a concentration of 4 U�mL−1 or lower. (B and E)

Characteristics of whole blood fibrin of Wistar rats formed in blood in the presence of PS, R15 (B), UFH-PS complex, and UFH–R15
complex (E). BLK represents HEPE buffer-treated whole blood taken as control. (B) PS and R15 at concentrations of 2, 4, 16, and

40 U�mL−1 were tested, and only 4 and 16 U�mL−1 are depicted. (C) Fibrin fiber diameters measured from pure fibrin fibers in the presence

of PS and R15. (D, F) Fibrin fiber diameters measured from whole blood clots in the presence of PS, R15 (D), UFH–PS complex, and UFH–
R15 complex (F). No obvious changes in fibrin morphology or fibrin fiber diameters were found in the whole blood clots, except for PS-

treated fibrin at a concentration of 16 U�mL−1. In test (E), the whole blood was drawn from one rat through heart before the test. The scale

bar of (A, B, E) is 10 μm (5000× magnification) and 5 μm (10 000× magnification), respectively. Data are presented as mean � SD.

Comparisons were made using Kruskal–Wallis test, with Dunn’s multiple comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001 vs.

buffer control. n.s. represents P > 0.05.
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plex with excess PS did not activate complement in any

tested concentrations (Fig. 5D). The mixture of UFH–
R15 complex with excess R15 activated complement at

the maximum tested concentration, maybe because the

overdosed R15 activated complement (Fig. 5E).

Influences on coagulation function of rat plasma

Excess PS increased the value of APTT, perturbing the

coagulation of rat plasma [29]. Given the toxicity of

PS and R15 that was exhibited in the rat plasma, we

investigated the influence of exposure time of PS and

R15 to the rat plasma using APTT assays. The pres-

ence of PS and R15 elevated the APTT of plasma

right after the addition of PS or R15. Then APTT in

all R15-treated plasma declined to the normal level

within 2 h, whereas the elevated APTT affected by PS

remained (Fig. 6A). Next, we incubated the UFH–PS
and UFH–R15 complexes (4 U�mL−1; 4 U�mL−1) with

rat plasma for up to 4 h. The increased UFH levels

were detected by both APTT assays and anti-FXa

assays, indicating the disassociation of UFH from

UFH–R15 complex (Fig. 6B).

We next performed an in vivo experiment with

Wistar rats to check whether the UFH release from

UFH–R15 complex affects UFH neutralization by

R15. Two doses of UFH (300 and 1000 U�kg−1)
were applied to Wistar rats, followed by correspond-

ing reversal doses of R15 (300 and 1000 U�kg−1).
UFH levels were monitored with both APTT assays

and anti-FXa assays. The results showed no detect-

able UFH release in heparinized rats reversed by PS

and R15 (Fig. 6C,D).

Short-term toxicity in rats

To reveal the toxicity of R15 and UFH–R15 complex,

900 U�kg−1 of PS and R15 was intravenously injected

into heparinized or nonheparinized Wistar rats, respec-

tively. The blood parameters, biochemical parameters,

complement level, coagulation function, and organ

toxicity were investigated. The rats that were only

injected with saline functioned as the control group.

Fig. 5. Complement activation by PS, R15, and their UFH binding complexes. The complement activation assay was conducted with a

hemolytic complement assay using sera of guinea pigs. The x-axis represents the concentration of test substances in the form of a

logarithm. The y-axis represents the complement levels (%). Free UFH was theoretical unbound UFH when UFH was not fully neutralized

by PS or R15. Free PS or free R15 was theoretical unbound PS or R15 when UFH was neutralized by overdosed PS or R15. Total UFH was

the total amount of UFH, regardless of it being a binding antagonist. For a detailed description of this assay, please see Materials and

methods. (A) Influence of UFH, PS, and R15 alone with varying concentrations of complement in the sera of guinea pigs. (B, C) Influence of

UFH-antagonist complex with excess UFH on complement in the sera of guinea pigs. Concentrations of free UFH (B) and total UFH (C) in

the form of a logarithm are shown on x-axis. (D, E) Influence of UFH-antagonist complex with excess antagonist on complement in the sera

of guinea pigs. Concentrations of free PS (D) and free R15 (E) in the form of a logarithm are shown on the x-axis. Data are presented as

mean � SD. Tests were performed in triplicate.
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The results showed that all the test substances did

not affect complement levels (Fig. S4A), coagulation

function (Fig. S4B), and organs (heart, liver, kidney,

spleen, and lung; Figs S5–S9), as well as changes in the

lung alveolar areas (Fig. S10). A single injection of PS

and R15 alone increased the level of CREA, suggesting

potential damages in renal function (Table 3). Com-

pared with the rats in the saline group, the rats treated

with UFH or UFH followed by R15 reversal had

increased WBC count (Table 4). The injection of

R15 alone decreased platelet counts significantly,

which still needs further verification (P = 0.0465).

Repeated UFH reversal in BALB/c mice

Repeated reversal of UFH by PS and R15 was applied

once a week for 5 weeks in BALB/c mice, aided by

blood count analysis, antigenicity detection, and

histopathological examination. Mice with only saline

injection functioned as the control group. No sign of

drug-related toxicity was observed in the tested mice

during the study. No statistically significant difference

was found in the mean baseline body weights between

the randomized treatment groups (Fig. S11). No

pathological change was found in the examined organs

(heart, liver, spleen, lung, and kidney; Fig. S12–S16
and Table S1), as well as changes in the lung alveolar

areas (Fig. S17). No antigenicity was found in any

tested group (Fig. S18). Blood counts including WBC,

HCT, HGB, MCV, RBC, MCHC, and PLT were car-

ried out to observe changes in blood parameters. In

each group (n = 16), 6 of 16 had blood counts deter-

mined at 1 h after UFH reversal on the 1st, 3rd, and

5th week (day 1 and days 15 and 29), and the other 10

mice in each group were tested at the 6th week (day

36). Tables 5 and 6 showed increased WBC (found at

the 1st and 3rd weeks) and decreased PLT counts

(found at the 1st week) in heparinized mice. A slight

but significant decline in the RBC count (found at the

3rd week) was observed in PS- and R15-treated hep-

arinized mice, and deceased HCT levels were found in

R15-treated heparinized mice (found at the 3rd week).

Fig. 6. Influence of PS and R15 on plasma of Wistar rats aided by APTT assays and anti-FXa assays. (A) Incubation of PS and R15 with

plasma of Wistar rats in vitro for 4 h. PS and R15 elevated APTT of rat plasma concentration-dependently. The increased APTT induced by

R15 declined to normal levels within 2 h, whereas the APTT of PS-treated plasma was maintained. (B) Incubation of the UFH–PS and UFH–
R15 complexes with the plasma of Wistar rats in vitro for 4 h. The release of UFH was detected after incubating UFH-R15 complex with rat

plasma aided by APTT assays and anti-FXa assays. No detectable UFH release was found in the plasma treated with UFH-PS complex. In

test (A and B), the mixed rats’ plasma was prepared from whole blood of 3 rats. (C, D) UFH neutralization by PS and R15 in Wistar rats

in vivo. Two doses of UFH (C: 300 U�kg−1 and D: 1000 U�kg−1) were injected into Wistar rats (4 groups, n = 6 rats per group), followed by

PS or R15 reversal (C: 300 U�kg−1 and D: 1000 U�kg−1). Both PS and R15 completely neutralized the amount of UFH injected into Wistar

rats without detectable UFH release. Data are presented as mean � SD.

2477FEBS Open Bio 11 (2021) 2468–2489 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

T. Li et al. In vitro and in vivo safety studies on R15



T
a
b
le

4
.
B
lo
o
d
p
a
ra
m
e
te
rs

a
n
a
ly
ze
d
a
t
1
h
a
ft
e
r
a
n
IV

s
in
g
le

in
je
c
ti
o
n
o
f
9
0
0
U
�kg

−
1
o
f
P
S
o
r
R
1
5
in

h
e
p
a
ri
n
iz
e
d
o
r
n
o
n
h
e
p
a
ri
n
iz
e
d
ra
ts

(n
=

4
).
S
a
lin
e
-t
re
a
te
d
ra
ts

fu
n
c
ti
o
n
e
d
a
s
a
c
o
n
tr
o
l

g
ro
u
p
.
T
h
e
s
ta
ti
s
ti
c
a
lly

s
ig
n
ifi
c
a
n
t
d
a
ta

a
re

h
ig
h
lig
h
te
d
in

b
o
ld
.
W
h
it
e
b
lo
o
d
c
e
ll
(W

B
C
);
re
d
b
lo
o
d
c
e
ll
(R
B
C
);
h
e
m
o
g
lo
b
in

(H
G
B
);
h
e
m
a
to
c
ri
t
(H
C
T
);
m
e
a
n
c
o
rp
u
s
c
u
la
r
v
o
lu
m
e
(M

C
V
);
m
e
a
n

c
o
rp
u
s
c
u
la
r
h
e
m
o
g
lo
b
in

(M
C
H
);
m
e
a
n
c
o
rp
u
s
c
u
la
r
h
e
m
o
g
lo
b
in

c
o
n
c
e
n
tr
a
ti
o
n
(M

C
H
C
);
a
n
d
p
la
te
le
t
(P
L
T
).
D
a
ta

a
re

s
h
o
w
n
a
s
a
m
e
d
ia
n
w
it
h
lo
w
e
r
a
n
d
u
p
p
e
r
lim

it
s
.
*P

<
0
.0
5
,
**

P
<

0
.0
1
,

a
n
d
**
*P

<
0
.0
0
1
v
s
.
s
a
lin
e
g
ro
u
p

#
P
=

0
.0
4
6
5
.
K
ru
s
k
a
l–
W
a
lli
s
te
s
t,
w
it
h
D
u
n
n
’s

m
u
lt
ip
le

c
o
m
p
a
ri
s
o
n
s
te
s
t.
T
h
e
s
ta
ti
s
ti
c
a
lly

s
ig
n
ifi
c
a
n
t
d
a
ta

w
e
re

h
ig
h
lig
h
te
d
in

b
o
ld
.

P
a
ra
m
e
te
rs

(u
n
it
)

S
a
lin
e

P
S
9
0
0
U
�kg

−
1

R
1
5
9
0
0
U
�kg

−
1

U
F
H

9
0
0
U
�kg

−
1

U
F
H

9
0
0
U
�kg

−
1
+

P
S
9
0
0
U
�kg

−
1

U
F
H

9
0
0
U
�kg

−
1
+

R
1
5
9
0
0
U
�kg

−
1

W
B
C

(1
0
9
L
−
1
)

5
.8

(4
.1
–7

.0
)

8
.7

(6
.3
–1

0
.3
)

7
.5

(7
.0
–8

.4
)

1
0
.6
*
(8
.5
–1

2
.3
)

6
.6

(3
.9
–9

.5
)

1
1
.2
*
(9
.6
–1

5
.3
)

R
B
C

(1
0
1
2
L
−
1
)

4
.2
7
(4
.0
3
–4

.6
2
)

4
.5
4
(4
.1
4
–5

.1
2
)

4
.3
2
(4
.1
8
–4

.4
9
)

4
.0
3
(3
.6
6
–4

.4
7
)

4
.1
5
(3
.8
8
–4

.4
4
)

4
.4
6
(4
.3
1
–4

.5
5
)

H
G
B

(g
�L−

1
)

1
0
6
.5

(9
8
.0
–1

1
3
.5
)

1
0
8
.4

(1
0
4
.3
–1

1
4
.7
)

1
0
6
.0

(1
0
3
.0
–1

1
0
.3
)

1
0
2
.9

(9
8
.2
–1

0
9
.1
)

1
0
5
.6

(1
0
3
.9
–1

0
8
.0
)

1
0
9
.9

(1
0
5
.9
–1

1
1
.7
)

H
C
T
(%

)
2
5
.9

(2
4
.0
–2

8
.0
)

2
7
.3

(2
5
.1
–2

8
.7
)

2
5
.6

(2
5
.0
–2

5
.9
)

2
4
.4

(2
3
.7
–2

5
.3
)

2
5
.0

(2
3
.4
–2

6
.2
)

2
7
.1

(2
5
.8
–2

9
.1
)

M
C
V
(f
L
)

6
0
.7

(5
8
.4
–6

3
.9
)

6
0
.4

(5
6
.0
–6

4
.7
)

5
9
.3

(5
5
.8
–6

2
.2
)

6
1
.0

(5
5
.8
–6

6
.3
)

6
0
.6

(5
5
.8
–6

6
.9
)

6
0
.1

(5
8
.2
–6

2
.2
)

M
C
H

(p
g
)

2
5
.9

(2
4
.0
–2

8
.0
)

2
7
.3

(2
5
.1
–2

8
.7
)

2
5
.6

(2
5
.0
–2

5
.9
)

2
4
.4

(2
3
.7
–2

5
.3
)

2
5
.0

(2
3
.4
–2

6
.2
)

2
7
.1

(2
5
.8
–2

9
.1
)

M
C
H
C

(g
�L−

1
)

4
1
1
(4
0
1
–4

2
1
)

3
9
7
(3
8
1
–4

1
7
)

4
1
4
(4
0
0
–4

3
0
)

4
2
2
(4
0
5
–4

3
8
)

4
2
2
(4
0
1
–4

4
6
)

4
0
6
(3
6
3
–4

2
9
)

P
L
T
(1
0
9
L
−
1
)

4
1
9
(3
7
8
–4

9
2
)

4
4
0
(4
8
2
–5

0
4
)

3
2
9
*,
#
(3
1
9
–3

4
4
)

3
6
4
(3
3
2
–4

0
5
)

3
8
7
(2
1
7
–4

7
1
)

3
7
7
(3
6
4
–3

9
1
)

T
a
b
le

3
.
B
io
c
h
e
m
ic
a
l
p
a
ra
m
e
te
rs

a
n
a
ly
ze
d
a
t
1
h
a
ft
e
r
IV

s
in
g
le

in
je
c
ti
o
n
o
f
9
0
0
U
�kg

−
1
o
f
P
S
o
r
R
1
5
in

h
e
p
a
ri
n
iz
e
d
o
r
n
o
n
h
e
p
a
ri
n
iz
e
d
ra
ts

(n
=

4
).
S
a
lin
e
-t
re
a
te
d
ra
ts

fu
n
c
ti
o
n
e
d
a
s
a

c
o
n
tr
o
l
g
ro
u
p
.
T
h
e
s
ta
ti
s
ti
c
a
lly

s
ig
n
ifi
c
a
n
t
d
a
ta

a
re

h
ig
h
lig
h
te
d
in

b
o
ld
.
A
la
n
in
e
tr
a
n
s
a
m
in
a
s
e
(A
L
T
);
a
s
p
a
rt
a
te

tr
a
n
s
a
m
in
a
s
e
(A
S
T
);
a
lk
a
lin
e
p
h
o
s
p
h
a
ta
s
e
(A
L
P
);
c
re
a
ti
n
in
e
(C
R
E
A
);
c
re
a
ti
n
e

k
in
a
s
e
(C
P
K
).
D
a
ta

a
re

s
h
o
w
n
a
s
th
e
m
e
d
ia
n
w
it
h
lo
w
e
r
a
n
d
u
p
p
e
r
lim

it
s
.
*P

<
0
.0
5
,
**

P
<

0
.0
1
,
a
n
d
**
*P

<
0
.0
0
1
v
s
.
s
a
lin
e
g
ro
u
p
.
K
ru
s
k
a
l–
W
a
lli
s
te
s
t,
w
it
h
D
u
n
n
’s

m
u
lt
ip
le

c
o
m
p
a
ri
s
o
n
s

te
s
t.

P
a
ra
m
e
te
rs

(u
n
it
)

S
a
lin
e

P
S
9
0
0
U
�kg

−
1

R
1
5
9
0
0
U
�kg

−
1

U
F
H

9
0
0
U
�kg

−
1

U
F
H

9
0
0
U
�kg

−
1
+

P
S
9
0
0
U
�kg

−
1

U
F
H

9
0
0
U
�kg

−
1
+

R
1
5
9
0
0
U
�kg

−
1

A
L
T
(U

�L−
1
)

6
7
.7

(1
1
3
.9
–1

.2
)

5
1
.8

(1
3
.1
–1

0
6
.0
)

2
3
.8

(5
0
.9
–1

.0
)

4
3
.3

(9
4
.6
–7

.3
)

3
4
.3

(8
9
.8
–2

.8
)

3
4
.5

(1
1
6
.6
–0

.7
)

A
S
T
(U

�L−
1
)

2
2
.2

(1
.5
–4

4
.7
)

4
2
.2

(1
.1
–1

1
2
.8
)

2
6
.2

(0
.2
–5

0
.8
)

1
9
.1

(3
.1
–3

3
.7
)

8
.3

(0
.2
–2

0
.8
)

9
.8

(0
.6
–2

5
.0
)

A
L
P
(U

�L−
1
)

2
2
.1

(1
7
.2
–2

6
.2
)

3
7
.7

(2
1
.1
–5

1
.1
)

4
0
.1

(2
6
.4
–5

8
.9
)

2
7
.1

(1
4
.8
–3

4
.7
)

2
8
.3

(2
3
.9
–3

4
.7
)

3
0
.6

(2
0
.6
–4

5
.9
)

C
R
E
A

(μ
m
o
l�L

−
1
)

9
.4

(0
.9
–1

9
.5
)

1
1
9
.2
*
(5
5
.5
–1

9
3
.3
)

1
1
4
.4
*
(3
2
.5
–2

0
9
.4
)

4
0
.2

(1
7
.7
–5

3
.5
)

2
9
.2

(3
.1
–8

2
.7
)

4
2
.3

(1
3
.3
–7

4
.7
)

C
P
K
(U

�m
L
−
1
)

0
.2
2
8
(0
.0
1
0
–0

.4
8
7
)

0
.2
4
7
(0
.1
6
7
–0

.3
7
5
)

0
.1
6
5
(0
.0
0
3
–0

.2
7
9
)

0
.1
2
4
(0
.0
3
3
–0

.2
1
9
)

0
.1
0
9
(0
.0
1
8
–0

.2
4
9
)

0
.1
1
8
(0
.0
7
7
–0

.1
6
7
)

2478 FEBS Open Bio 11 (2021) 2468–2489 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

In vitro and in vivo safety studies on R15 T. Li et al.



Immunogenicity of the UFH–PS and UFH–R15
complexes

Guinea pigs were used to evaluate the immunogenicity

of the UFH–PS and UFH–R15 complexes. As seen in

Fig. 7, all of the guinea pigs survived to the end of the

experiment. Overall, 8 of the 12 guinea pigs immunized

with UFH–PS complex exhibited high levels of anti-

bodies, whereas none of the 12 guinea pigs immunized

with the UFH–R15 complex produced any detectable

Table 5. Blood parameters of BALB/c mice treated with UFH alone (300 U�kg−1) or followed by PS (300 U�kg−1) or R15 (300 U�kg−1; n = 6).

Test substances were given to BALB/c mice once a week for five weeks, and the blood parameters were analyzed at 1 h after

administration every other week. Saline-treated mice were taken as a control group. White blood cell (WBC); red blood cell (RBC);

hemoglobin (HGB); hematocrit (HCT); mean corpuscular volume (MCV); mean corpuscular hemoglobin (MCH); mean corpuscular hemoglobin

concentration (MCHC); and Platelet (PLT). Data are shown as the median with lower and upper limits. *P < 0.05, **P < 0.01, and

***P < 0.001 vs. saline group. Kruskal–Wallis test, with Dunn’s multiple comparisons test. The statistically significant data are highlighted in

bold.

Parameters

(unit)

Analyzing

time Saline UFH 300 U�kg−1
UFH 300 U�kg−1 + PS 300

U�kg−1
UFH 300 U�kg−1 + R15 300

U�kg−1

WBC (109 L−1) 1st week 5.0 (3.3–7.2) 10.6*** (7.9–13.9) 6.2 (4.9–9.3) 6.5 (6.1–7.1)
3rd week 4.9 (4.2–5.9) 9.3*** (7.8–10.8) 6.8 (6.1–8.9) 6.0 (5.2–6.9)
5th week 5.6 (4.0–6.9) 6.7 (5.9–7.6) 6.5 (4.8–7.5) 6.8 (3.7–12.2)

HGB (g�L−1) 1st week 149.0 (143.6–160.7) 144.1 (134.2–149.9) 145.5 (139.6–150.9) 144.4 (136.1–150.1)
3rd week 136.0 (133.5–139.1) 129.5 (124.6–137.7) 130.8 (125.7–136.0) 130.4 (122.4–136.3)
5th week 137.1 (130.2–141.4) 136.9 (131.8–140.9) 139.4 (130.6–147.4) 137.7 (133.7–142.1)

MCH (pg) 1st week 20.7 (20.2–21.3) 20.3 (19.6–21.1) 20.0 (19.6–20.6) 20.6 (19.8–21.1)
3rd week 20.9 (20.6–21.2) 20.5 (20.3–20.8) 21.1 (20.3–21.5) 21.1 (20.2–21.8)
5th week 20.3 (19.8–20.5) 20.5 (19.9–21.4) 20.4 (19.5–21.0) 19.9 (19.5–20.2)

MCHC (g�L−1) 1st week 398 (388–412) 398 (391–405) 381 (371–394) 402 (385–414)
3rd week 406 (394–414) 399 (392–404) 407 (395–420) 412 (400–418)
5th week 387 (380–394) 397* (390–411) 394 (385–401) 388 (384–393)

RBC (1012

L−1)

1st week 7.19 (6.99–7.88) 7.08 (6.56–7.42) 7.27 (6.81–7.67) 7.00 (6.50–7.35)
3rd week 6.48 (6.39–6.63) 6.30 (6.12–6.71) 6.20* (5.97–6.41) 6.17** (6.04–6.30)
5th week 6.74 (6.53–7.04) 6.66 (6.48–6.98) 6.80 (6.62–7.04) 6.90 (6.66–7.06)

MCV (fL) 1st week 52.0 (51.6–52.9) 51.3 (49.7–52.4) 52.5 (51.6–53.0) 51.4 (50.6–52.4)
3rd week 51.8 (50.9–52.5) 51.5 (50.5–52.4) 51.9 (50.8–52.9) 51.3 (50.4–52.3)
5th week 52.5 (51.5–53.4) 51.9 (50.8–53.5) 52.1 (50.8–53.2) 51.5 (50.9–52.8)

HCT (%) 1st week 37.4 (36.2–40.8) 36.2 (33.3–37.6) 38.1 (36.0–40.6) 35.9 (32.8–37.8)
3rd week 33.5 (32.7–34.2) 32.4 (31.4–35.1) 32.2 (30.8–33.9) 31.6* (30.6–32.8)
5th week 35.4 (34.2–36.2) 34.5 (33.2–35.4) 35.4 (33.9–37.3) 35.5 (34.2–37.0)

PLT (109 L−1) 1st week 403 (346–432) 357* (334–378) 414 (372–450) 403 (360–503)
3rd week 416 (386–487) 413 (355–449) 419 (379–452) 438 (395–468)
5th week 479 (405–716) 457 (437–514) 444 (378–482) 447 (405–502)

Table 6. Blood parameters of BALB/c mice treated with UFH alone (300 U�kg−1) or followed by PS (300 U�kg−1) or R15 (300 U�kg−1;
n = 10). Test substances were given to BALB/c mice once a week for 5 weeks, and the blood parameters were analyzed at the 6th week.

Saline-treated mice functioned as a control group. White blood cell (WBC); red blood cell (RBC); hemoglobin (HGB); hematocrit (HCT); Mean

corpuscular volume (MCV); mean corpuscular hemoglobin (MCH); mean corpuscular hemoglobin concentration (MCHC); and platelet (PLT).

Data are shown as a median with lower and upper limits. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. saline group. Kruskal–Wallis test,

with Dunn’s multiple comparisons test.

Parameters (unit) Saline UFH 300 U�kg−1 UFH 300 U�kg−1 + PS 300 U�kg−1 UFH 300 U�kg−1 + R15 300 U�kg−1

WBC (109 L−1) 4.3 (2.7–6.3) 4.5 (1.6–8.3) 4.2 (2.8–6.8) 4.0 (2.4–6.6)
HGB (g�L−1) 154.6 (146.9–160.7) 158.6 (148.4–167.8) 155.1 (144.6–164.7) 153.8 (147.2–165.7)
MCH (pg) 17.7 (16.8–18.4) 17.8 (17.3–18.4) 17.8 (17.1–18.1) 17.5 (16.6–18.2)
MCHC (g�L−1) 336 (321–349) 343 (331–360) 341 (330–349) 337 (322–350)
RBC (1012 L−1) 8.74 (8.18–9.12) 8.89 (8.06–9.41) 8.70 (8.37–9.07) 8.78 (8.46–9.29)
MCV (fL) 52.6 (51.5–54.2) 52.0 (51.0–53.4) 52.3 (50.8–53.9) 52.0 (50.4–53.2)
HCT (%) 45.9 (42.4–47.8) 46.2 (41.2–49.0) 45.2 (41.1–47.7) 45.6 (43.6–47.8)
PLT (109 L−1) 436 (375–510) 433 (379–548) 399 (353–458) 417 (386–461)
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antibodies. Skin damage on the immune spots or

around the nose were observed in the guinea pigs after

UFH–PS complex immunization, which was not pre-

sent in the guinea pigs immunized with UFH–R15

complex.

Discussion

It has been 153 years since PS was discovered, and PS

remains the only approved agent to reverse UFH. The

regular needs for UFH reversal include heart

transplantation, CABG, repair of congenital heart

problems, and cardiac valve repair, and occasional

needs include aortic aneurysm repair, PCI, carotid

endarterectomy, femoral popliteal bypass, complex vas-

cular reconstruction, and arteriovenous fistula grafts for

dialysis [30]. However, the use of PS clinically often

includes adverse reactions characterized by pronounced

systemic hypotension, refractory ventricular fibrillation,

dilated right ventricle and impaired heart contractility,

widespread pulmonary infiltrates, acute respiratory dis-

tress syndrome, hypoxemia, and mixed acidosis [4,7,31].

In addition, the etiology of PS-induced adverse reac-

tions is multifactorial, and we do not know exactly what

causes these side effects. This plight has retarded the

design and development of PS substitutes. Given that

PS is a series of peptides rich in arginine, the strong

alkaline nature promotes the binding of PS to cells or

proteins in the blood system, including erythrocytes, fib-

rinogen, and coagulation factors [32]. In addition, the

heterogeneous property and formation of UFH–PS
complex are also risk factors associated with the appli-

cation of PS. Therefore, our studies start from the influ-

ences of R15 on erythrocytes, fibrin polymerization,

complement activation, and coagulation functions. Ani-

mal experiments were performed to explore the poten-

tial toxicity of R15 and UFH–R15 complex on the

blood system, immune system, and organs. Further-

more, comparisons were made between PS and R15

during all the experiments.

Potency determination and verification

Three methods were employed and compared to deter-

mine the potency of PS and R15 on UFH reversal.

APTT assays and anti-FXa assays were often used to

monitor heparin clinically and determine the potency

of PS and PS substitutes in preclinical research [22–
26]. It was observed that the binding of PS and R15 to

UFH in PBS increased turbidity at 500 nm, and a

method depicting turbidity change was applied for

potency determination. Three potency determination

methods were compared, and we found turbidity

assays were the most sensitive. The calculated potency

of PS when using the turbidity method was the same

as that from anti-FXa assays, and the results were dif-

ferent from the results observed with APTT assays

(Fig. 1A,B). Considering the limitation of APTT in

monitoring UFH [33], and the recommendation of

anti-FXa assays in the application of UFH

Fig. 7. Detection of the UFH–PS and UFH–R15 complexes antibodies with enzyme-linked immunosorbent assays (ELISA). Guinea pigs

(n = 12) were immunized using the UFH–PS and UFH–R15 complexes (premixed before immunization). High-affinity microplates coated

with the UFH–PS and UFH–R15 complexes were used to detect antibody levels. Sera were diluted 2000 times with PBS buffer for

detection. Data are presented as mean � SD. The samples were measured with an ELISA method in triplicate.
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determination [34,35], the anti-FXa assays and turbid-

ity assays were chosen to determine the potency of PS

and R15, followed by verification in rats in vivo.

Interaction between erythrocytes, fibrin,

complement, and rat plasma

The interaction between erythrocytes and polycations

depended not only on charges but also on their chemi-

cal nature. Polycations, in PS, for instance, neutralize

the negative charges on the membrane surface of ery-

throcytes, leading to hemagglutination [27]. Besides

electrostatic interactions, the residues of hydrophobic

groups on polycationic peptides and membranes of

erythrocytes induce severe changes in the lipid bilayer

of erythrocyte membranes, leading to hemolysis or

lipid bilayer permeabilization without irreversible dis-

ruption of the membrane [36]. Therefore, considering

the highly cationic nature, influences of PS and R15

on erythrocytes were investigated using the hemolysis

assay, microscope observation of erythrocyte morphol-

ogy, an erythrocyte aggregation assay, and an erythro-

cyte osmotic resistance assay. Both PS and R15 can

neutralize the surface charges of erythrocyte. However,

they do not affect the membrane of erythrocytes at 4

U�mL−1 (the mean concentration of UFH expected in

a patient undergoing cardiopulmonary bypass surgery)

[37].

Fibrinogen, an anionic protein circulating in the

blood system, interacts with cationic PS, resulting in

disturbance of fibrin polymerization and fibrinolysis

[38]. The binding of PS and R15 to fibrinogen

increased the initial turbidity (before thrombin

addition) and final turbidity of fibrin (end of polymer-

ization), accelerating the process of polymerization

and disarraying and thickening fibrin strands

concentration-dependently. R15 in whole blood did

not affect fibrin fibers whether in morphology or diam-

eter, whereas the changes in fibrin treated with PS

remained.

PS and UFH–PS complex induce activation of com-

plement via the classical complement pathway, gener-

ating potent anaphylatoxins C3a and C5a [39].

Although the specific mechanism of PS-induced pul-

monary hypertension remains unknown, there is a

strong correlation between complement activation and

acute pulmonary syndromes, including catastrophic

pulmonary hypertension, increased airway pressure,

and pulmonary edema [14,40]. We found that UFH

and R15 lost their complement activation ability when

UFH–R15 complex was formed. A confusing phe-

nomenon was observed in that complement was acti-

vated by the UFH–PS complex at 0.2 and 0.4 U�mL−1

(Table 2). Further studies are warranted to verify and

decipher this finding. We also found that when the

UFH was neutralized by insufficient PS or R15, the

mixture strongly activated the complement. To reveal

the possible cause, we calculated the free and total

concentrations of the substances in the mixture. In

Fig. 5B,C, when UFH is excess, the ability of the

UFH–PS complex to activate the complement was 7–8
times stronger than that of the UFH–R15 complex by

comparison of CH50. It was still unclear how the

UFH-antagonist complex with excess UFH activated

complement even at very low concentrations, at which

the UFH alone did not activate complement. It is also

unclear whether the difference in the ability of the

UFH–PS and UFH–R15 complexes in excess of UFH

to activate complement is due to the immunogenicity

of PS or other unknown factors. Further studies are

needed to decipher this phenomenon. Finally, we

investigated activation of complement by the UFH–PS
complex and the UFH–R15 complex when PS and

R15 were in excess. The results demonstrated that the

activation of complement by the UFH–R15 complex

with excess R15 may be due to free R15 in the mix-

ture, because R15 alone can activate complement at

the same concentrations (Fig. 5E).

PS has anticoagulant properties that have been

attributed to the inhibition of coagulation factors

involving factor V, factor VII, and factor X [41,42].

Therefore, we tested the APTT of Wistar rats in the

presence of PS and R15. R15, similar to PS, elevated

the APTT value of plasma concentration-dependently.

When we extended the incubation time, APTT of

plasma with R15 returned to a normal level within

2 h, whereas APTT of plasma treated with PS

remained. When we incubated UFH–R15 complex

with plasma for 4 h, increases in amount of free UFH

were detected by both APTT assays and anti-FXa

assays, suggesting the release of UFH from UFH–R15

complex, indicating the possible enzymatic hydrolysis

of R15. This may partially explain the difference in the

effect of PS and R15 on fibrin fibers in whole blood.

PS-treated whole blood at 40 U�mL−1 did not coagu-

late, whereas whole blood with R15 regained its func-

tion of coagulation within 1 h. In addition, R15 at

concentrations of 16 and 40 U�mL−1 strongly influ-

enced the fibrin fibers formed by pure fibrinogen. This

influence became less obvious in whole blood incu-

bated with R15, which may be due to the degradable

property of R15.

The reappearance of UFH after UFH reversal, called

heparin rebound, may cause continuous bleeding and

excess blood loss [43]. Animal studies show that PS

(half-life for rats: 24 min) is metabolized and excreted
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by the kidneys, and UFH–PS complex (half-life for rats:

18 min) is mainly metabolized in the liver [44,45]. The

specific mechanism underlying heparin rebound is still

unknown. Considering the potential heparin rebound

of R15, two doses of UFH (300 and 1000 U�kg−1)
were applied to induce heparinization in rats, fol-

lowed by a corresponding reversal dose of R15 or

PS. No signs of heparin rebound were found in two

animal experiments, possibly because the clearance of

UFH–R15 complex was quicker than the disassocia-

tion of R15 from UFH–R15 complex. R15 can be

degraded by carboxypeptidase that cleaves off the C-

terminal arginine residue [46]. The main metabolites

of R15 were R12, R13, and R14, which also possess

the binding ability of UFH [21]. Further studies are

needed to monitor heparin rebound in large animals

(dogs or monkeys) with extended observation times.

In consideration of the blunt degradation of PS in

plasma and strong complement activator of UFH–PS
complex in the presence of free UFH, the deposit of

UFH–PS complex in pulmonary and renal capillaries

may be related to PS-induced pulmonary syndromes,

which were thought to be caused by complement acti-

vation [47–49]. Further studies are needed to support

this idea.

Safety studies in vivo

To investigate the safety of R15 in vivo, three animal

experiments were carried out: (a) short-term toxicity of

a single injection of PS or R15 (900 U�kg−1) into Wis-

tar rats in the absence or presence of UFH; (b)

repeated UFH reversal toxicity in BALB/c mice by PS

or R15 (300 U�kg−1); and (c) immunogenicity of the

UFH–PS and UFH–R15 complexes using guinea pigs.

Increased WBCs were found 1 h after a single injection

of UFH both in rats and in mice. Therefore, it is

uncertain whether UFH–R15 complex or UFH itself

elevated WBC. Slight decreases in RBC were observed

in heparinized mice at 1 h after UFH reversal by PS

and R15 (300 U�kg−1), which was not found in hep-

arinized rats reversed by PS and R15 (900 U�kg−1).
This decrease in RBC was only observed once in three

events of short-term hematological analysis. A total of

900 U�kg−1 of PS and R15 injection into rats increased

CREA levels, indicating possible kidney damage. This

may be due to the cationic PS that could neutralize

anionic sites in the glomerulus, causing reversible

epithelial damage [50,51]. In immunogenicity detection

experiments, antibodies were detected in guinea pigs

immunized with UFH–PS complex, whereas no detect-

able evidence was found in guinea pigs with UFH–
R15 complex immunization.

In conclusion, in vitro and in vivo safety studies on

R15 were undertaken. All experiments demonstrated

that UFH neutralization by R15 was safe at therapeu-

tic dose or concentration. The influences of R15, simi-

lar to PS, on erythrocytes, fibrin, complement, and the

function of rat plasma were concentration-depended,

and these influences weakened or were avoided in

whole blood or live animals, which may partially be

ascribed to the metabolism of PS and R15. UFH–PS
complex possessed immunogenicity that was com-

pletely avoided by UFH–R15 complex. We found the

dramatically enhanced ability of the UFH–PS complex

with excess UFH to activate complement, which may

be associated with PS-induced pulmonary syndromes.

This study provides methodological support for the

efficacy and safety evaluation of PS substitutes and

paves the way for further development and clinical

application of arginine-based heparin antagonists. Our

future studies will focus on the mechanism of PS-

induced pulmonary syndromes, the influences of R15

on platelets, and the monitoring of heparin rebound of

R15 in dogs or monkeys.

Materials and methods

Reagents

PS, complete Freund’s adjuvant, and incomplete Freund’s

adjuvant were purchased from Sigma-Aldrich (St. Louis,

Missouri, US); UFH was purchased from Guoyao Com-

pany (Shanghai, China); R15 (supplied as chloride salts)

was synthesized by SciLight Biotechnology, LLC (Beijing,

China); thrombin, 6% sheep red blood cell, anti-SRBC

hemolysin, and freeze-dried guinea pig serum were pur-

chased from Solarbio (Beijing, China); fibrinogen was pur-

chased from China Biological Product, LLC (Shandong,

China); heparin anti-FXa kit (reagents inside: Factor Xa,

Factor Xa substrate, AT, and buffer) were purchased from

Biophen BioMed Company (Neuville-sur-Oise, FR); goat

anti-guinea pig IgG-HRP was purchased from Boaosen,

LLC (Beijing, China); goat anti-mouse IgG-HPR was pur-

chased from Gene-star (Beijing, China); total complement

determination kit was purchased from Kexing Shangmao,

LLC (Shanghai, China); and actin cephaloplastin and cal-

cium chloride were purchased from Siemens Company

(Marburg, Germany).

Animals

Male Wistar rats (250–300 g), female guinea pigs (300–
320 g), and male BALB/c mice (8–10 weeks) were pur-

chased from Charles River (Beijing, China). All animals

were housed under standard conditions (temperature:

25 � 3 °C, humidity: 50 � 5%, and 12-h light–dark cycle)
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for at least 7 days before the experiments. All animal pro-

cedures were approved and reviewed by the National Insti-

tutes of Health Guide for the Care and Use of Laboratory

Animals and the regulations derived by the Animal Care

and Welfare Committee of the Institute of Radiation Medi-

cine, Academy of Military Medical Sciences (Beijing,

China; IACUC-DWZX-2020-503).

Concentration and dose unit of UFH, PS, and R15

in the study

PS and PS-like chemicals with different positive charges are

not only related to the UFH reversal ability, but are also

related to PS-induced toxicity [52]. The determined poten-

cies of PS and R15 were 150 and 170 U�mg−1, suggesting

that each mg of PS or R15 can neutralize 150 or 170 U of

UFH, respectively. The unit of U was mainly used as the

concentration and dose unit of PS and R15 in our experi-

ments to facilitate the comparison between PS and R15 at

the same efficacy. All dilutions and concentrations are final

unless otherwise specified.

For example, PS (X U�mL−1) represents the amounts of

PS per mL that can neutralize exactly X U of UFH. When

PS was added to a solution or matrix comprising UFH, it

is expressed as UFH–PS (Y U�mL−1; Z U�mL−1), indicat-

ing that the final concentrations of PS and UFH in the

solution or matrix is Y and Z U�mL−1, respectively. When

Y is equal to Z, UFH is exactly neutralized by PS. When

Y is higher than Z, PS is thought to neutralize UFH to

form UFH–PS complex with excess PS and vice versa.

Therapeutic concentration and dose of UFH in

the study

Although there is no clear and accurate method for the cal-

culation of the initial UFH dose for patients in need of car-

diopulmonary bypass (CPB), 300 U�kg−1 of UFH is

recommended as the optional dose for maintaining activated

clotting time (ACT) of more than 400 s [53]. 4 U�mL−1 was

considered as the mean concentration of UFH expected for

a patient undergoing CPB [28]. Accordingly, 4 U�mL−1 of

UFH was used as the therapeutic concentration in our in

vitro studies. In our animal experiments, 300 U�kg−1 of

UFH was used as the therapeutic dose; that is, to neutralize

300 U�kg−1 of UFH, we assumed that 300 U�kg−1 of PS or

R15 was needed.

Potency determination in vitro

Three assay methods, namely, APTT, anti-FXa, and tur-

bidity assays, were applied to determine the potency of PS

and R15 for UFH reversal. In those methods, fixed concen-

trations of UFH were neutralized using increasing concen-

trations of PS and R15 each. In APTT assays, a modified

procedure was followed [54] wherein 15 μL of UFH

(4 U�mL−1, final) in Wistar rat plasma was reversed using

15 μL of increasing concentrations of PS and R15 each and

the APTT clotting time was measured after adding actin

cephaloplastin and calcium chloride. In anti-FXa assays,

UFH (1 U�mL−1, final) was reversed by PS and R15 each

in increasing concentrations aided by a heparin anti-FXa

kit. In turbidity assays, UFH (4 U�mL−1, final) in PBS was

reversed by adding increasing concentrations of PS and

R15 each. The samples were vortexed and allowed to stand

at room temperature for 5 min. Then, the absorbance of

the mixtures at 500 nm was measured using a microplate

reader (Spectra Max 190, Molecular Devices, Silicon Val-

ley, California, USA).

Potency verification in rats in vivo

A modified procedure that was described elsewhere was fol-

lowed [21]. In brief, 24 Wistar rats were randomized into 4

groups (six rats per group). Rats were anesthetized with a

mixture of isoflurane and oxygen. A total of 300 U�kg−1 of

PS or R15 was injected through the tail vein of rats 3 min

after the intravenous injection of UFH (300 U�kg−1). A total

of 0.5 mL of blood was collected from the heart into a tube

containing 3.8% of sodium citrate at 5 min after the injection

of PS or R15. The blood samples were centrifuged at 5867

g�min−1 for 10 min, and the APTT assays were performed

immediately. Rats injected with UFH and saline alone were

taken as the positive and negative control separately.

Hemolysis and morphology of erythrocytes

Two microliters of citrated whole blood that was drawn

from the heart of Wistar rats was incubated at 37 °C for

1 h with 198 μL of either PS or R15 with different concen-

trations (100 to 5000 μg�mL−1). The mixtures were cen-

trifuged for 10 min at 1000 g�min−1, and the supernatants

were analyzed at 540 nm with a microplate reader. PBS

and 1% Triton were used as negative and positive controls,

respectively. The percentages of erythrocyte hemolysis were

obtained from this Eqn (1):

Yð%Þ¼ ððAsample�AnegativeÞ=ðApositive�AnegativeÞÞ�100%

(1)
The same procedures abovementioned were followed to

obtain the erythrocytes incubated with different concentra-

tions of PS or R15 (50–5000 μg�mL−1). A total of 10 μL of

the mixtures was applied to erythrocyte morphology study

using an optical microscope (XDS-1B, COIC, Chongqing,

China).

Erythrocyte osmotic resistance assay

A total of 108 μL of whole blood (4% EDTA-2K as anti-

coagulant) drawn from the heart of Wistar rats was incu-

bated with 12 μL of varying concentrations of PS or R15
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at 37 °C for 1 h. Then, 10 μL of the mixtures was added to

the saline solutions at nine different concentrations, ranging

from 0.2% to 0.8% g�mL−1, at room temperature. After

incubation for 30 min, the mixtures were centrifuged at

1000 g�min−1 for 5 min. Finally, the hemoglobin levels were

measured at 540 nm using a microplate reader. NaCl solu-

tions at 0.9% g�mL−1 and 0% g�mL−1 were set as 0% and

100% hemolysis, respectively. Erythrocyte hemolysis per-

centages were calculated using Eqn (1), and the results were

presented as the mean osmotic resistance (MOR50), which

is the concentration of NaCl at which 50% of the erythro-

cytes were lysed.

Erythrocyte aggregation assay

Blood collected from the heart of Wistar rats was anticoag-

ulated by 4% EDTA-2K. Some of the blood was cen-

trifuged at 5867 g�min−1 for 10 min, and platelet-poor

plasma (PPP) was achieved to adjust hematocrit (HCT) to

40%. Then, 100 μL of the test substances (PS, R15, and

UFH–PS and UFH–R15 complexes) with varying concen-

trations was incubated with 1000 μL of HCT-adjusted

blood for 1 h at 37 °C. The degree of erythrocyte aggrega-

tion was measured with a rheometer (BT-300; Bolaitetong,

Beijing, China). The results were presented as the aggrega-

tion index (AI) calculated with Eq (2) [55]:

AI¼ ηL=ηH (2)

where η represents apparent viscosity, ηL is the appar-

ent viscosity at a low shear rate (1 s−1), and ηH is the

apparent viscosity at a high shear rate (200 s−1).

Fibrin polymerization assay

HEPE buffer solution (20 mM HEPEs with 150 mM NaCl)

was prepared and used to dilute fibrinogen, PS, UFH, and

R15. Then, 150 μL of fibrinogen (1 mg�mL−1), 20 μL of

CaCl2 (25 mM), and different concentrations of test sub-

stances (PS, R15, and UFH–PS and UFH–R15 complexes)

were mixed at 37 °C for 10 min. Fibrin polymerization was

initiated by adding 20 μL of thrombin (25 U�mL−1). The

polymerization curves were constructed by recording the

changes in the optical density at 405 nm every 30 s for 1 h

at 37 °C using a microplate reader. The time taken for half

maximal turbidity (TMT50) was calculated on the basis of

these fibrin polymerization curves. The assay was repeated

thrice, and the average TMT50 value was reported.

Scanning electron microscopy of pure fibrin and

whole blood clots

Fibrin was prepared for scanning electron microscopy

(SEM) as per the procedure mentioned above. Briefly, fib-

rinogen was incubated with varying concentrations of PS

or R15 and CaCl2 at 37 °C for 10 min. The transformation

from fibrinogen to fibrin was initiated by adding thrombin.

After incubation for 1 h at 37 °C, the clots were washed

thrice with HEPEs buffer and fixed overnight using 2.5%

glutaraldehyde, after which the clots were washed with

deionized water thrice. The clots were then dehydrated

using ethanol/water (50/50 to 100/0, v/v) and dried using a

CO2 critical point dryer. Images were captured at magnifi-

cations of 5000× and 10 000× from different areas of gold

sputter-coated clots. The diameters of the fibrin fibers were

measured using IMAGEJ software (National Institute of

Health, Bethesda, MD, USA).

The influences of PS, R15, and UFH–PS and UFH–
R15 complexes on fibrin in whole blood were also deter-

mined. A total of 170 μL of citrated whole blood drawn

from the heart of Wistar rats was incubated with 20 μL
of CaCl2 (25 mM) and 10 μL of test substances (PS, R15,

and UFH–PS and UFH–R15 complexes) at 37 °C in

silicone-coated tubes, and blood clots were acquired

20 min later. The same procedures were applied for the

preparation of whole blood clots for SEM. The diameters

of the fibrin fibers in the clots were measured using IM-

AGEJ software.

Complement activation assay

The influence of PS and R15 on complement was investi-

gated with a modified hemolytic complement assay using

the sera of guinea pigs [56]. Six percent of sheep red blood

cells (SRBCs) were washed with TEAE buffer (0.21 M tri-

ethanolamine, 0.18 M HCl, 1.28 M NaCl, 4.9 mM MgCl2,

and 1.4 mM CaCl2). Six percent of sensitive SRBCs was

achieved by mixing 6% SRBC with anti-SRBC hemolysin

for 30 min at 37 °C. Then, 200 μL of PS or R15 with

increasing concentrations was incubated with 400 μL of

diluted guinea pig sera at 37 °C for 30 min. The mixtures

were then centrifuged at 367 g�min−1 for 10 min, and the

supernatant was pipetted into a 96-well plate to read the

absorbance of 541 nm on a microplate reader. TEAE buf-

fer with or without guinea pig serum was set as negative

(100%) and positive controls (0%), respectively. The level

of complement remaining in sera samples was calculated

with Eqn (3) as follows:

Yð%Þ¼ ðAsample�A0%Þ=ðA100%�A0%Þ�100% (3)

The complement level–concentration curves were

depicted, and CH50 (concentration at which 50% of the

SRBCs were lysed) was achieved.

We also evaluated the ability of the UFH–PS and UFH–
R15 complexes to activate complement in the sera of gui-

nea pigs. A total of 150 μL of UFH (0.24–96 U�mL−1, pre-

pared concentration) was neutralized with 150 μL of PS or

R15 (0.24–96 U�mL−1, prepared concentration). A total of

200 μL of the mixture was added to 400 μL of diluted sera
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at 37 °C for 30 min. The final concentration of the UFH–
PS and UFH–R15 complexes in the sera samples was 0.04–
16 U�mL−1, and the complement levels were determined by

the procedures mentioned above. Then, we adjusted the

mixing ratio of UFH antagonists (PS and R15) to UFH to

allow excess antagonists or UFH in the UFH-antagonist

complex solutions. To acquire excess UFH, 160 μL of

UFH (0.24–96 U�mL−1, prepared concentration) was mixed

with 140 μL of PS or R15 (0.24–96 U�mL−1, prepared con-

centration). To acquire excess antagonists, 140 μL of UFH

(0.24–96 U�mL−1, prepared concentration) was mixed with

160 μL of PS or R15 (0.24–96 U�mL−1, prepared concen-

tration).

UFH was considered theoretically unbound when it was

not fully neutralized by PS or R15. PS or R15 was consid-

ered theoretically unbound when UFH was neutralized by

excess PS or R15. Total UFH was the total amount of

UFH in the solution, regardless of the presence of a bind-

ing antagonist. The final concentration of free UFH, free

PS, or free R15 in sera was calculated with Eq (4):

Cðfree conc:Þ ¼Cðprepared conc:Þ=45 (4)

where C(prepared conc.) is the prepared concentration of

UFH, PS, or R15 before mixing. C(free conc.) was the

theoretical concentration of unbound UFH, PS, or

R15 in the sera.

The final concentration of total UFH, total PS, or total

R15 in sera was calculated with Eqn (5):

Cðtotal conc:Þ ¼Cðprepared conc:Þ �8=45 (5)

where C(prepared conc.) is the prepared concentration of

UFH, PS, or R15 before mixing. C(total conc.) is the

final concentration of UFH, PS, or R15 in sera,

whether bounded or not.

Interaction with rat’s plasma in vitro

We investigated the influence of PS and R15 on coagula-

tion functions of Wistar rat plasma. Three factors were

considered: (a) concentrations of test substances; (b) expo-

sure time to plasma; and (c) the absence or presence of

UFH. First, we investigated the influence of PS and R15

with varying concentrations on the plasma of Wistar rats

using APTT assays. PS and R15 at different concentrations

were added into the plasma, followed by 2-h incubation at

37 °C. Samples were collected at different time points and

measured with APTT assays immediately. Plasma with sal-

ine was set as a control. Secondly, the influence of the

UFH–PS and UFH–R15 complexes with varying concen-

trations on plasma was investigated. Varying concentra-

tions of UFH in plasma were exactly neutralized with PS

and R15, followed by 4-h incubation at 37 °C. Samples

from different time points were measured with APTT

assays and anti-FXa assays simultaneously.

UFH monitoring in heparinized rats reversed by

PS or R15

Twenty-four male Wistar rats were divided into four

groups: (a) saline group (only saline was given); (b) UFH

group (only UFH was given); (c) PS reversal group (UFH

was given followed by PS reversal); and (d) R15 reversal

group (UFH was given followed by R15 reversal). The rats

were anesthetized using 3% pentobarbital and cannulated

through the left jugular artery for blood collection. UFH

(300 U�kg−1) was injected through the tail vein, followed

by PS or R15 reversal (300 U�kg−1). Blood samples were

collected from the left jugular artery every 30 min up to

4 h. Blood samples were anticoagulated by 3.8% sodium

citrate at the ratio of 9 : 1, followed by centrifugation of

5867 g�min−1 for 10 min at 4 °C. The plasma samples were

acquired and stored at −80 °C for APTT and anti-FXa

assays. Next, we increased the dose of UFH from 300 to

1000 U�kg−1, and the same procedures were followed

except that only anti-FXa assays were performed for sam-

ple measurements.

Short-term toxicity in rats

Twenty-four male Wistar rats were randomly divided into

six groups (four rats per group) and anesthetized with a

mixture of isoflurane/oxygen mixture: (a) saline group

(only saline was given); (b) UFH group (only UFH was

given); (c) PS group (only PS was given); (d) R15 group

(only R15 was given); (e) PS reversal group (UFH was

given followed by PS reversal); and (f) R15 reversal group

(UFH was given followed by R15 reversal). The dose of

UFH, PS, or R15 injected into the rats of each group

was all 900 U�kg−1. The saline group was used as the

control. For each group, blood samples of rats were col-

lected from the heart at 1 h after administration of the

test substances, followed by hematological and biochem-

istry analysis, determination of complement level, and

APTT assays. The levels of total complement in the sera

samples of rats were determined with a total complement

determination kit. Fragments of organs (heart, liver,

spleen, lung, and kidney) were harvested and fixed in

10% formalin, embedded in paraffin, and sectioned for

hematoxylin and eosin (H&E) staining. The lung alveolar

area from the images of lung sections was measured with

IMAGEJ software. The analyzed hematological parameters

included the following: white blood cells (WBCs), hemo-

globin (HGB), hematocrit (HCT), mean corpuscular

hemoglobin (MCH), mean corpuscular volume (MCV),

mean corpuscular hemoglobin concentration (MCHC), red

blood cells (RBCs), and platelets (PLTs). Biochemical

parameters included the following: aspartate aminotrans-

ferase (AST), creatinine (CREA), alkaline phosphatase

(ALP), alanine aminotransferase (ALT), and creatine

kinase (CPK).
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Repeated UFH reversal in BALB/c mice

Sixty-four female BALB/c mice aged 8–10 weeks were ran-

domly divided into four groups (16 rats per group): (a) sal-

ine group (only saline was given); (b) UFH group (only

UFH was given); (c) PS reversal group (PS was given

3 min after UFH injection); and (d) R15 reversal group

(R15 was given 3 min after UFH injection). The doses for

UFH, PS, and R15 were all 300 U�kg−1. The hepariniza-

tion/neutralization regimen was that all test substances

were given through the tail vein once a week for five weeks

(day 1 and days 8, 15, 22, and 29). During the whole exper-

iment, the body weight of the mice in each group (16/16)

was recorded once a week for five weeks. Six of 16 mice in

each group were under hematological analysis at 1 h after

administration of the test substances at the 1st, 3rd, and 5th

week (day 1 and days 15 and 29). At the 6th week (day 36),

the rest of the mice in each group (never bled for hemato-

logical analysis previously) were subjected to hematological

analysis. Then, all mice were sacrificed and the organs

(heart, liver, spleen, lung, and kidney) were harvested for

histology examination. The lung alveolar area from the

images of lung sections was measured with IMAGEJ software.

Blood samples from each mouse were collected for anti-

genicity evaluation.

An enzyme-linked immunosorbent assay (ELISA) was

used for immunogenicity evaluation [57]. Briefly, the UFH–
PS (1 U�mL−1; 1 U�mL−1) and UFH–R15 (1 U�mL−1;

1 U�mL−1) complexes were coated onto a high-affinity 96-

well plate and incubated at 4 °C overnight. The wells were

blocked using 1% BSA and incubated at 37 °C for 1.5 h.

Diluted sera (1 : 50) from each mouse were added to the

wells and then incubated at 37 °C for 2 h. Then, goat anti-

mouse IgG-HRP and TMB substrates were used to detect

the level of antibodies produced in the mouse sera.

Immunogenicity of the UFH–PS and UFH–R15
complexes

Guinea pigs were used to evaluate the immunogenicity of the

UFH–PS and UFH–R15 complexes. Female guinea pigs

were immunized with UFH–PS complex or UFH–R15 com-

plex in complete Freund’s adjuvant (n = 12 for each group).

The first booster and second booster in incomplete Freund’s

adjuvant were given at the 28th and 42nd day. After 2 weeks,

blood samples of the guinea pigs were collected.

For immunogenicity evaluation, the UFH–PS (1 U�mL−1;

1 U�mL−1) and UFH–R15 (1 U�mL−1; 1 U�mL−1) complexes

were coated onto a high-affinity 96-well plate and incubated

at 4 °C overnight. The wells were blocked using 2% BSA

and incubated at 37 °C for 1.5 h. Diluted sera (1 : 2000)

from each guinea pig were added, and the plate was incu-

bated at 37 °C for 30 min. Goat anti-guinea pig IgG-HRP

and TMB substrates were used to detect the level of antibod-

ies produced in the sera of guinea pigs.

Statistical analysis

In the study, n refers to the number of animals in each

experimental group. All tests were performed at least in

triplicate. Data are presented as the median with range,

and data were analyzed with GRAPHPAD PRISM 8 (GraphPad

Software Inc., San Diego, CA, USA) using a nonparamet-

ric Kruskal–Wallis test. Analysis of variance was applied to

analyze the data and presented as the mean � SD when-

ever the data passed a normality test. MOR50, TMT50,

and CH50 were calculated from curves fitted by nonlinear

regression with four parameters using GRAPHPAD PRISM 8. A

P value < 0.05 was considered statistically significant.
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Fig. S1. Optical microphotographs of erythrocytes

incubated with different concentrations of PS or R15

for 1 h at 37°C.

Fig. S2. Characteristics of pure fibrin formed by add-

ing thrombin and CaCl2 into fibrinogen in the pres-

ence of PS and R15 with increasing concentrations.

Fig. S3. Characteristics of whole blood fibrin of Wistar

rats formed in blood in the presence of PS and R15.

Fig. S4. Influence of PS and R15 on total complement

activity and coagulation function of Wistar rats.

Fig. S5. Microscopic observation of heart from Wistar

rats at 1 h after drug administration.

Fig. S6. Microscopic observation of liver from Wistar

rats at 1 h after drug administration.

Fig. S7. Microscopic observation of spleen from Wis-

tar rats at 1 h after drug administration.

Fig. S8. Microscopic observation of lung from Wistar

rats at 1 h after drug administration.

Fig. S9. Microscopic observation of kidney from Wis-

tar rats at 1 h after drug administration.

Fig. S10. Percentage of lung alveolar areas of Wistar

rats.

Fig. S11. Mean body weight of Balb/c mice (n = 16

mice per group) from baseline to day 29.

Fig. S12. Microscopic observation of heart from Balb/

c mice at 6th week.

Fig. S13. Microscopic observation of liver from Balb/c

mice at 6th week.

Fig. S14. Microscopic observation of spleen from

Balb/c mice at 6th week.

Fig. S15. Microscopic observation of lung from Balb/c

mice at 6th week.

Fig. S16. Microscopic observation of kidney from

Balb/c mice at 6th week.

Fig. S17. Percentage of lung alveolar areas of Balb/c

mice.

Fig. S18. Detection of UFH-PS complex and UFH-

R15 complex antibodies by ELISA assays.

Table S1. Vital organ index of Wistar rats treated with

test substances (n = 4 rats per group).

2489FEBS Open Bio 11 (2021) 2468–2489 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

T. Li et al. In vitro and in vivo safety studies on R15


	Outline placeholder
	feb413240-aff-0001

	 Results
	 Potency deter�mi�na�tion and ver�i�fi�ca�tion
	 Inter�ac�tion with ery�thro�cytes
	feb413240-fig-0001
	 Inter�ac�tion with fib�rin
	feb413240-fig-0002
	feb413240-fig-0003
	 Com�ple�ment acti�va�tion assay
	feb413240-fig-0004
	 Influ�ences on coag�u�la�tion func�tion of rat plasma
	 Short-term tox�i�c�ity in rats
	feb413240-fig-0005
	feb413240-tbl-0001
	feb413240-tbl-0002
	 Repeated UFH rever�sal in BALB/c mice
	feb413240-fig-0006
	feb413240-tbl-0004
	feb413240-tbl-0003
	 Immuno�genic�ity of the UFH-PS and UFH-R15 com�plexes
	feb413240-tbl-0005
	feb413240-tbl-0006

	 Dis�cus�sion
	 Potency deter�mi�na�tion and ver�i�fi�ca�tion
	feb413240-fig-0007
	 Inter�ac�tion between ery�thro�cytes, fib�rin, com�ple�ment, and rat plasma
	 Safety stud�ies in&thinsp;vivo

	 Mate�ri�als and meth�ods
	 Reagents
	 Ani�mals
	 Con�cen�tra�tion and dose unit of UFH, PS, and R15 in the study
	 Ther�a�peu�tic con�cen�tra�tion and dose of UFH in the study
	 Potency deter�mi�na�tion in&thinsp;vitro
	 Potency ver�i�fi�ca�tion in rats in vivo
	 Hemol�y�sis and mor�phol�ogy of ery�thro�cytes
	 Ery�thro�cyte osmotic resis�tance assay
	 Ery�thro�cyte aggre�ga�tion assay
	 Fib�rin poly�mer�iza�tion assay
	 Scan�ning elec�tron microscopy of pure fib�rin and whole blood clots
	 Com�ple�ment acti�va�tion assay
	 Inter�ac�tion with rat's plasma in&thinsp;vitro
	 UFH mon�i�tor�ing in hep�arinized rats reversed by PS or R15
	 Short-term tox�i�c�ity in rats
	 Repeated UFH rever�sal in BALB/c mice
	 Immuno�genic�ity of the UFH-PS and UFH-R15 com�plexes
	 Sta�tis�ti�cal anal�y�sis

	 Acknowl�edge�ments
	 Con�flicts of inter�est
	 Author con�tri�bu�tions
	 Data acces�si�bil�ity
	feb413240-bib-0001
	feb413240-bib-0002
	feb413240-bib-0003
	feb413240-bib-0004
	feb413240-bib-0005
	feb413240-bib-0006
	feb413240-bib-0007
	feb413240-bib-0008
	feb413240-bib-0009
	feb413240-bib-0010
	feb413240-bib-0011
	feb413240-bib-0012
	feb413240-bib-0013
	feb413240-bib-0014
	feb413240-bib-0015
	feb413240-bib-0016
	feb413240-bib-0017
	feb413240-bib-0018
	feb413240-bib-0019
	feb413240-bib-0020
	feb413240-bib-0021
	feb413240-bib-0022
	feb413240-bib-0023
	feb413240-bib-0024
	feb413240-bib-0025
	feb413240-bib-0026
	feb413240-bib-0027
	feb413240-bib-0028
	feb413240-bib-0029
	feb413240-bib-0030
	feb413240-bib-0031
	feb413240-bib-0032
	feb413240-bib-0033
	feb413240-bib-0034
	feb413240-bib-0035
	feb413240-bib-0036
	feb413240-bib-0037
	feb413240-bib-0038
	feb413240-bib-0039
	feb413240-bib-0040
	feb413240-bib-0041
	feb413240-bib-0042
	feb413240-bib-0043
	feb413240-bib-0044
	feb413240-bib-0045
	feb413240-bib-0046
	feb413240-bib-0047
	feb413240-bib-0048
	feb413240-bib-0049
	feb413240-bib-0050
	feb413240-bib-0051
	feb413240-bib-0052
	feb413240-bib-0053
	feb413240-bib-0054
	feb413240-bib-0055
	feb413240-bib-0056
	feb413240-bib-0057


